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Preface

International Conference on Industrial Engineering took place on May 17–21, 2021.
The spread of the coronavirus COVID-19 made adjustments to our lives that year,
including the organization of the ICIE conference. ICIE was held as a traditional
conference as a virtual conference. Both oral sections and poster sections were
organized by on-line. Oral sections were implemented as video conferences. Poster
sectionswere in a chatmode. The conferencewas organized by 4 universities—South
Ural State University (national research university),Moscow Polytechnic University,
Platov South-Russian State Polytechnic University and Volgograd State Technical
University.

The conference was carried out under financial support of the South Ural State
University (national research university).

The conference was really large-scaled and international. The international
program committee has selected more than 370 reports. The conferees represented
86 Russian cities from the western and central parts to the Far East regions. Interna-
tional participants represented 38 cities and 17 countries. These are countries such
as Azerbaijan, Belarus, Bolivia, China, Germany, India, Iraq, Kazakhstan, Lebanon,
Morocco, Poland, South Korea, Tajikistan, Turkey, Vietnam, Uzbekistan, Ukraine.

The conference participants submitted papers reflecting recent advances in the
field of Industrial Engineering, inRussian andEnglish. The conferencewas organized
in 13 sections, including:

Part 1. Mechanical Engineering (Machinery and Mechanism Design; Dynamics
of Machines and Working Processes; Friction, Wear, and Lubrication in
Machines; Design and Manufacturing Engineering of Industrial Facilities; Trans-
port and Technological Machines; Mechanical Treatment of Materials; Industrial
Hydraulic Systems; Green Manufacturing);
Part 2. Materials Engineering and Technologies for Production and Processing
(Polymers,Composites andCeramics; Steels andAlloys,Metallurgical andMetal-
working Technologies; Chemical and Hydrometallurgical Technologies; Surface
Engineering and Coatings; Processing and Controlling Technologies).

v



vi Preface

The international program committee has selected totally 203 papers for
publishing in the Lecture Notes in Mechanical Engineering (Springer International
Publishing AG).

The organizing committee would like to express our sincere appreciation to every-
body who has contributed to the conference. Heartfelt thanks are due to authors,
reviewers, participants and to all the team of organizers for their support and
enthusiasm which granted success to the conference.

Chelyabinsk, Russia Prof. Andrey A. Radionov
Conference Chair
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The Effect of Longitudinal Diffusion
on the Operation Parameters of the Packed
Distillation Column in Emulsification Mode

A. B. Golovanchikov, N. A. Prokhorenko(B), and O. A. Zalipaeva

Volgograd Technical University, 28, Lenin Prospekt, Volgograd 400005, Russia

Abstract. The operation parameters of the packed distillation column operating
in the emulsificationmode are compared taking into account longitudinal diffusion
along the boiling solution and ideal displacement by steam bubbles moving from
the bottom up in the ideal displacement mode. Using the binary mixture “methyl
alcohol–ethyl alcohol” as an example, the necessity of increasing the nozzle height
in both parts of the column is shown in comparison with the standard calculation
algorithm, which assumes that the continuous phase of the boiling solution and
the dispersed phase of the vapor bubbles move along the height of both parts of
the column in the ideal displacement mode. This need to increase the height of
the nozzle is ensured by a jump in the concentration of reflux at the entrance to
the strengthening part of the column and a similar jump in the concentration of
the initial mixture at the entrance to the exhaustive part of the column and the
nonlinearity of the working lines in both parts of the column, which leads to a
decrease in local and average driving forces in the concentration of the flows.

Keywords: Longitudinal diffusion · Peclet number · Rectification · Packing ·
Emulsification mode · Equilibrium and working lines · Concentration jumps in
the liquid phase · Local and average driving forces

1 Introduction

Until recently, a typical algorithm for calculating a packed distillation columnwas based
on the structure of ideal displacement flows in the vapor and liquid phases [1, 2].

However, in the middle of the last century, in the calculations of mass transfer and
reactor processes, including the calculations of the rectification process, they began to
take into account not the ideality of flow structures in both phases and reflect it in cell,
diffusion, and combinedmodels. This led to nonlinearity of the working lines, a decrease
in local and average driving forces, and a decrease in mass transfer coefficient [3, 4].

2 Methodology

The authors in articles [5, 6], based on the differential equations of material balance
and mass transfer, taking into account longitudinal diffusion in the vapor phase when

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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they are a continuous phase, and ideal displacement in a liquid dispersed phase when
it moves along both parts of the column in the form of droplets or it flows down the
film on the surface of the packed bodies, obtained calculation equations, developed a
calculation algorithm, and gave examples of such calculations for binary mixtures “ethyl
alcohol–water” and “chloroform-benzene,” which confirmed the concentration jumps at
the input RA cubic comprehensive parts and the lower part of the reinforcement of the
column, the nonlinearity of the working lines, reduction of local and secondary driving
forces in both parts of the column, and as a consequence, the related need to increase
the height of the nozzle and the volume of the column.

In articles [5–7], also based on the differential equations ofmaterial balance andmass
transfer, but already taking into account the longitudinal diffusion along the boiling liquid
solution in both parts of the column and ideal displacement for vapor bubbles, which
corresponds to the emulsification regime behind the phase inversion point. Equations of
working lines are derived that explains the jumps in the concentrations of the volatile
component at the phlegm inlet to the strengthening part of the column and at the outlet of
the initial boiling solution, at the inlet to the exhausting part of the column, nonlinearity
of the working lines in both parts of the column and, as a result, a decrease in local and
average driving forces [8–11].

For example, working lines take the form (Fig. 1) [12]:

Fig. 1 Graphs of the dependences of the concentrations of the volatile component A in the exhaus-
tive part of the column: 1—equilibrium line; 2—working line for a typical calculation algorithm,
when both phases move in the ideal displacement mode; 3—working line when longitudinal
diffusion is taken into account for a boiling solution atPe = 82, 259 (xf = 0, 4035; xn = 0, 3983)

• for the exhaustive part of the column:

y = xk +
(
F + R

R + 1

)
(x − xk) −

(
F + R

R + 1

)
· g/Pe; (1)
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• with the boundary condition at the entrance to the exhaustive part: xf = xn − 1
Pegn

y = xw + Rx

R + 1
− 1

Pe

(
R

R + 1

)
g; (2)

• with a boundary condition at the entrance to the reinforcing part: xw = xd − 1
Pegd ,

and the mass transfer equation:

1

Pe

d2x

dh2
= dx

dh
+ kvτ

(
Mj

ρj

)
(x − x∗); (3)

(designation of parameters is given in Table 1.

However, in these articles, the authors set the Pecle numerical values of the longitu-
dinal diffusion without their calculations, as a function of the Reynolds numbers of the
boiling solution in the strengthening and exhaustive parts of the column given in [1] for
packed columns. In this article, the Pecle numbers of longitudinal diffusion for a boiling
solution were calculated using the approximate criterion equation given in [13, 14]:

Pe = 7.58 × 10−3Rel
H

dn

and separately for the strengthening and exhaustive parts of the column, since the
Reynolds number in the liquid phase Rel and the height of the nozzle in these parts
of the column are not the same.

The aim of the work is to carry out numerical calculations for the binary methanol–
ethanol mixture according to the developed algorithm when the liquid boiling solution
moves in the packed column in the back mixing mode (taking into account longitudinal
diffusion) and the dispersed vapor stream in the form of bubbles in the ideal displacement
mode, which corresponds to the emulsification mode behind the phase inversion point
and comparing the results of these calculations with the calculations according to the
standard algorithm, which assumes that both flowsmove in the ideal displacement mode.

3 Results and Discussions

Tables 1 and 2 show the initial and reference data and the calculation results of the
technological and geometric parameters of the packed distillation column, designed to
separate the binary mixture “methanol–ethanol”, according to the developed algorithm,
taking into account longitudinal diffusion according to a boiling solution and a typical
algorithm.

Thus, taking into account longitudinal diffusion along the boiling solution reduces
the local and average driving mass transfer forces in both parts of the column. This leads
to an increase in the nozzle height in both parts of the column by 16–19%, and the total
nozzle volume by 17% compared to calculations using the standard algorithm, which
assumes that both phases move in the ideal displacement mode (Fig. 2).
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Table 1 Initial and reference data, for the binary mixture “methanol–ethanol”

Parameter Name Designations Value taking into account longitudinal
diffusion Pe = 82.259

Initial data

Stock solution performance, kg/h Gf 15,000

Absolute mass concentration of
volatile A:
in stock solution, kg A/kg (A + B)

xf 0.32

in the distillate, kg A/kg (A + B) xd 0.95

in cubed, kg A/kg (A + B) xk 0.02

Column pressure, at P 1.033

Reference data

Initial boiling point of the stock
solution, OC

t 20

Boiling point of stock solution, OC tf 73.2

Distillate boiling point, OC td 65.2

The boiling point of the bottoms
liquid, OC

tk 78

Heat capacity of the initial solution,
kJ/kg

cf 1.79

Heat capacity of the distillate, kJ/kg cd 1.05

The heat capacity of the bottom
solution, kJ/kg

ck 2.21

The specific heat of boiling of the
distillate, kJ/kg

rd 250

Specific surface of the nozzle, m2/m3 σ 87.5

The average viscosity of the vapor in
its entirety, Pass

μu 4.2 × 10–5

The average viscosity of the steam in
the strengthening part, Pass

μy 5.1 × 10–4

The average viscosity of the boiling
solution in the column, Pass

μl 4.4 × 10–4

The average density of the boiling
solution in the column, kg/m3

ρl 727

Outer diameter of the nozzle (50 × 50
× 3), m

dn 0.05
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Fig. 2 Graphs of the dependencies of the concentrations of the volatile component A in the
strengthening part of the column; 1—equilibrium line; 2—working line for a typical algorithm,
when both phases move in the ideal displacement mode; 3—working line, when longitudinal
diffusion is taken into account for a boiling solution at and the diagonal y = x

4 Conclusion

In addition, for comparison, the calculations of the numbers of units of the CEP transfer
in the liquid phase were carried out taking into account the back mixing without using
formulas (1–3) according to the algorithm described for packed absorption columns
in the manual [15–20]. The numbers of transfer units amounted to CH = 12.26. Cor-
respondingly, the coefficient of increase in nozzle height in the reinforcing part of the
column is koy = 1.15, for the exhaustive part of CHu = 16.56, kou = 1.21. Accounting for
longitudinal diffusion in both boiling solution and vapor bubbles according to the above
algorithm [1] leads to an increase in the coefficients of increasing the nozzle height to ky
= 1.16 and ku = 1.22. That is, the longitudinal diffusion of vapor bubbles in both parts
is practically zero and cannot be taken into account in a distillation column operating in
the emulsification mode. Thus, the proposed algorithm for calculating the packed dis-
tillation column operating in the emulsification mode, taking into account longitudinal
diffusion and related to the calculation of working lines and mass transfer according to
Eqs. (1–3) for the strengthening part of the column practically coincides with the results
of calculations by the algorithm for the packed absorption column given in the manual
[1]. Calculations using both algorithms show the need to increase the nozzle height with
longitudinal diffusion by 15% compared with ideal displacement. For the exhaustive
part of the column, this increase is different: according to the proposed algorithm by
19%; according to the textbook algorithm [1]—21%. But longitudinal diffusion along
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the vapor bubbles is practically absent, and its effect on increasing the height of the
nozzle and its volume in both parts does not exceed 1%.

The reported study was funded by RFBR, project number 19-38-90002.
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Theoretical Study of the Force Heterogeneity
of Airless Tires Made of Elastic Polyurethanes

V. V. Mazur(B)

Bratsk State University, 40, Makarenko, Bratsk 665709, Russia

Abstract. The advent of airless automobile tires that rival traditional pneumatic
tires in performance is an important step toward improving the safety of vehicles
and the survivability of military vehicles. However, by the time of the qualita-
tive leap in the development of the design of airless tires, a sufficient number
of published scientific works had not been accumulated, which contain theoret-
ical generalizations and make it possible to judge the optimality of the designs.
Despite this, airless tires fromwell-known companies such as Uniroyal, Michelin,
Resilient Technologies, Polaris, Yokohama, Bridgestone, Hankook, Toyo, Boeing,
Amerityre, Sumitomo, and Goodyear have scientifically based technical solutions
obtained as a result of theoretical research at the design stage. However, the meth-
ods and mathematical models they propose are intended to scientifically substan-
tiate their original technical solutions for airless wheels and tires. Therefore, the
task of the study is to develop a new structural scheme of an airless tire and create
its mathematical model to assess the influence of the mechanical properties of
elastic polyurethanes and the geometric parameters of structural elements on the
force heterogeneity of the wheel.

Keywords: Polyurethane tires · Characteristic of normal rigidity · Coefficient of
variation · Solid model · Mechanical characteristics · Flexible spoke · Support
ring

1 Relevance

The irremovable shortcomings of pneumatic tires are associated with the loss of excess
air pressure and force to look for fundamentally newdesign solutions forwheeledmovers
that can improve the safety of civilian vehicles and the survivability of wheeled armored
vehicles. One of these solutions are wheels with airless tires made of elastic polymeric
materials.

2 Literature Review

A very large contribution to the research and development of airless tires was made by
scientists atClemsonUniversity (USA),working in conjunctionwithMichelin,Oshkosh,
Gibbs Sports Amphibians, scientists at the University of North Texas, University of

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
Lecture Notes in Mechanical Engineering, https://doi.org/10.1007/978-3-030-85233-7_2
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North Carolina at Charlotte, and Saint Louis University. In their scientific papers, the
finite element method is widely used for numerical modeling of airless tires.

Thus, the article [1] presents the results of a theoretical study of hysteresis losses and
rolling resistance of an airless tire with flexible spokes and a support ring with hexagonal
axial cavities and an elastic layer, working in shear and made of a material with a low
elastic modulus.

The scientific article [2] simulates the dynamic interaction of the Michelin Lunar
Wheel with sandy soil and stone obstacles. The developed model makes it possible to
assess the deformations and local stresses of structural elements of an airless tire, tire
deflection and deformation of the bearing surface, longitudinal reactions and the nature
of the distribution of normal pressure in the tire–ground contact patch, and vertical
acceleration of the wheel hub when driving through obstacles at different speeds.

The joint scientific work of scientists from Clemson University, the University of
North Texas, andGibbs Sports Amphibians [3] is aimed at studying the rolling resistance
of an airless tire with flexible radial spokes and the nature of the pressure distribution in
the patch of its contact with the supporting surface. Based on the results of theoretical
studies using the developed viscoelastic finite element mathematical model, it was found
that in order to reduce the rolling resistance and pressure in contact of an airless tire with
the support surface, it is necessary to increase the thickness of the support ring and the
shear modulus of elastic polyurethane from which this support ring is made.

The work of scientists at the University of Clemson and the University of North
Carolina at Charlotte [4] is devoted to the study of the force heterogeneity of an airless
tire, as well as vibration and noise during its rolling.

In a joint work of scientists from Clemson University and the University of North
Texas [5], an airless tire with flexible spokes and a support ring with an elastic layer of
porous material, which works in shear and is reinforced with carbon fiber, is modeled.
The paper presents the results of theoretical studies of elastic properties and rolling
resistance of an airless tire.

The article [6] proposes a model of an airless tire with flexible spokes and a support
ring with axial cavities, which is shear and is made of AL7075-T6 aluminum alloy.

An equally significant contribution to the methodology for calculating and designing
airless tires was made by scientists from the Korea Aerospace University, working in
conjunction with scientists from the Hankook company, the Korea Aviation University,
the University of North Texas, and the Shanghai University of Transport. For example, in
their scientific work [7], the finite element method was applied for numerical modeling
of airless tires with axial cavities of a hexagonal shape, and inwork [8] with axial cavities
of a trapezoidal shape.

Russia’s research on airless wheeled movers are conducted by Vescom Research
Centre for Tire Industry LLC [9], BaumanMoscow State Technical University [10], and
others.

3 Formulation of the Problem

The flexible spokes of an airless tire are discretely arranged, which causes the radial
force to oscillate as the wheel rolls. Reducing radial force oscillations and reducing
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wheel vibration is an important scientific-technical challenge. Theoretical studies make
it possible to scientifically substantiate a new technical solution.

4 Design of a Wheel with an Airless Tire

The successes of foreign companies and the accumulated experience in the creation of
non-traditional wheels [11] served as an impetus for inventive activity aimed at creating
new designs of airless tires. Based on the results of patent research, a new scientifically
grounded technical solution [12–14] was proposed and implemented in the original
design of a wheel with an airless tire, and the structural scheme of which is shown in
Fig. 1.

Fig. 1 Automobile wheel with airless tire of elastic polymeric materials: (1) disk wheel; (2)
flexible spokes; (3) supporting ring; (4) protector; (5) fitting ring; (6) mounting ring

The elastic resistance and load-bearing capacity of the airless tire are provided by
flexible radial spokes and a support ring. In this case, the flexible polyurethane spokes
are bent in the longitudinal direction under the influence of the weight load in the contact
area of the wheel with the supporting surface and in the upper semicircle of the airless
tires that are in a stressed state under the influence of tensile forces.

It is known that a decrease in the total normal rigidity of flexible spokes allows one
to reduce the force heterogeneity of an airless tire caused by its cyclic symmetry, but in
response this also reduces the wheel bearing capacity [15].

We assume that in order to compensate for the elastic resistance of the flexible spokes
of an airless tire, which is insufficient to ensure the required bearing capacity, and also
to reduce the force of wheel heterogeneity during rolling, it is possible to use a support
ring made of a polyurethane elastomer with a high modulus of elasticity compared to
the material of flexible spokes.

5 Electronic Geometric Solid Model of Airless Tire

A theoretical study using an electronic solid-state geometric model [16] has shown that
the tread significantly affects the force heterogeneity of an airless tire, since the tread and
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flexible spokes have different characters of cyclic symmetry. This circumstance does not
allow to fully assess the influence of the geometric parameters of the structural elements
of an airless tire and the physical and mechanical properties of elastic polyurethanes on
the force heterogeneity.

The results of an experimental study of pneumatic tires in the well-known work [17]
showed that the tread has very little effect on the value of the coefficient of normal rigidity
of the tire and the parameters of its contact with the supporting surface. Therefore, to
justify the adopted technical solution, an electronic solid-state geometric model [18] of
an airless tire without a tread was used, shown in Fig. 2. The electronic model allows the
use of up to two grades of polyurethane elastomers for structural elements of an airless
tire. The main attributes of the model, which remain constant in the study, are given in
Table 1.

Fig. 2 Electronic solid-state dual-material airless tire model

Table 1 Constant attributes of a two-material airless tire model

Parameter Value

Number of flexible needles 30

Angle between flexible needles, deg 12

Length of flexible needles, mm 57

Width of the tire profile, mm 120

Height of the tire profile, mm 100

Overall tire diameter, mm 530

Landing diameter of the tire, mm 330

To calculate the output characteristics of airless tires by the finite element method,
we used the characteristics of the mechanical properties of Russian-made polyurethane
elastomers: SKU-PFL-100, SUREL TF-235, SUREL TF-228, and SUREL TF-682.
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For nonlinear static analysis with large displacements and deflections of structural
elements, nonlinear elastic isotropic models of airless tire materials and a linear elastic
isotropic model of the base plate material were adopted.

For example, Fig. 3 shows the mechanical characteristics of polyurethanes. The
dependence of the stress σ on the relative deformation ε in tension [19] has negative
values and positive values in compression [20].

Fig. 3 Mechanical characteristics of elastic polyurethanes: a SUREL TF-228 with MOCA
hardener; b SUREL TF-682 with Urelink-107 hardener

To shorten the notation of sets of variable attributes, alphanumeric designations were
adopted in the following format:

ST/M RT/M, (1)

where S as flexible spoke; R as support ring; T as thickness of the flexible spoke or
support ring, mm; M as material of the flexible spoke or support ring.

When using the characteristics of mechanical properties of the selected polyurethane
elastomers in the calculations of the output characteristics of an airless tire, theM can take
the following values: 100 for SKU-PFL-100, 228 for SUREL TF-228, 235 for SUREL
TF-235, and 682 for SUREL TF-682.

To reduce the number of finite elements and nodes and reduce the calculation time,
the stereometric two-material model was converted into a flat model. The calculation
was carried out by the iterative Newton–Raphson method with a constant (�t = 0.01 s)
pseudo-time interval.

Normal loading of the airless tire was carried out in different positions relative to
the central transverse plane. These positions were set by the angle between the central
transverse plane and the longitudinal axis of one of the flexible spokes. The angular
range σκ = 0 . . . 360◦/N, where the number of spokes of the airless tire is N = 30.

6 Results of Theoretical Study

As an example, Fig. 4 shows the calculated characteristics of the normal rigidity of an
airless tire with different attributes of the electronic model.

The analysis of the characteristics of normal rigidity showed that for all variations
of the sets of attributes of the electronic model, loading an airless tire with a normal load
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Fig. 4 Calculated characteristics of normal rigidity of airless tires: a S5/100 R4/682; b S5/228
R8/682

in each position relative to the central transverse plane is accompanied by oscillations
in this load due to the discrete arrangement of flexible spokes and loss of stability of the
spokes.

The largest mutual deviations of the normal load oscillation curves are observed at
loading angles ακ = 0◦ and ακ = 6◦, which is explained using Fig. 5. These deviations
with sufficient accuracy can be characterized as antiphase with increasing phase shift
and period. The extreme points of these curves correspond to the onset of deformation
of the flexible spokes, which is characterized by an increase in the normal load, or to the
loss of their stability, which leads to a sharp decrease in deforming forces.

Fig. 5 Calculated characteristics of the normal rigidity of the airless tire S5/100 R8/682: 1–5
as the smallest mutual deviations of the normal load oscillation curves; 61 as beginning of tire
deformation 01 and 02 as load at ακ = 0◦ and hz corresponding to the loss of stability of the
spokes at an angle ακ = 6◦; 62 and 63 as load at ακ = 6◦ and hz corresponding to the buckling
of the spokes at ακ = 0◦
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At the loading angle ακ = 0◦, point 61 on the graph corresponds to the beginning
of deformation of an airless tire and a spoke, whose longitudinal axis before loading
coincides with the normal to the bearing surface. At point 00, with a normal deflection
of hz = 2.8 mm, this spoke loses its stability and the normal load drops sharply. At point
01 (hz = 3.2 mm), the first pair of flexible spokes begins to deform (angle between the
spokes αC = 24◦), and the load increases again. At 10 (hz = 7 mm), the spokes of the
first pair also lose stability. The second pair of flexible spokes (αC = 48◦) loses stability
at 20 (hz = 22 mm). At a loading angle ακ = 6◦, point 16 (hz = 3.2 mm) corresponds
to the moment of loss of stability of the first pair of flexible spokes (αC = 12◦). In turn,
the second pair of flexible spokes (αC = 36◦) loses stability at point 26 (hz = 13.7 mm).

The assessment of the force heterogeneity of airless tires was carried out according to
the graphs of oscillation in normal load using the coefficient of heterogeneity (coefficient
of variation):

K = 100

Pz

√∑n
i=1

(
Pz(α i) − Pz

)2

n − 1
(2)

where Pz(ακ i) as the normal load on an airless tire at the i-th point of the oscillation
curve, N; Pz as arithmetic mean of normal load, N; n as number of points on the normal
load oscillation curve.

For all sets, the highest value of the coefficient K does not exceed 4.87% (set of
attributes S5/235 R8/228). The smallest value of K (points 1–5 as in Fig. 5) is in the
range from 0.023% to 1.65%. The average over the range of K is 0.691%.

7 Conclusion

The analysis of the given characteristics showed that the change in the weight load on
the wheel or the selection of the geometric parameters of the structural elements of the
airless tire and the mechanical properties of the structural materials in accordance with
the weight load makes it possible to ensure the minimum calculated force heterogeneity
close to zero.
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Abstract. The problems of electromagnetic, thermal, and hydraulic processes
of the valve with liquid to eliminate jamming during the heating are considered.
This effect is the characteristic of rigid wedge valves with an ambient tempera-
ture decrease. Heating the valve body is used to eliminate jamming. The use of
induction heaters is applied for local heating with a specified intensity. This heat-
ing method does not require the tight fitting of the heater to the valve body. The
power and location of the heat source are determined by taking into account the
limitations of the maximum value of the liquid temperature. Overheating can lead
to vaporization and pressure increasing. The analysis of convective flow inside the
cavity of the valve body which shows the mixing processes near the lower surface
of the wedge is less intense and limited by a small volume. The movement of fluid
at the side walls occurs along with the entire height of the valve body. This differ-
ence leads to local overheating of liquid in the lowers areas. The designing of the
induction heater’s location of the heating zones is provided. This is necessary to
prevent eddy currents in the areas of the housing where overheating is dangerous.
The design of the inductor’s cup-shaped magnetic core is made of ferrite to reduce
themagnetic dispersion field and increase the power factor. The lateral protrusions
of the magnetic core limit the area with eddy currents.

Keywords: Valve · Rigid wedge · Thermal–hydraulic processes · Induction
heating

1 Introduction

The flow control of the pumped-over liquids and gases is carried out by means of shut-
off elements, one of which is a wedge gate valve. It is used as a blocking structure and
is not intended to regulate flow. Wedge gate valves are considered the most reliable
type of valves. Their area of application is pipelines with various working media. The
contact surfaces of the valve body (seat) are located at a slight angle of inclination to
each other, and the valve has the shape of a wedge, which in the closed position fits
tightly between them. There are several types of steel gate valves [1]. In gate valves
with a solid wedge made of one-piece, good tightness is ensured; but with a significant
decrease in the ambient temperature, jamming is possible [2]. This problem is solved
in valves with a two-disk integral locking element or a rubber wedge. Nevertheless, in
spite of the advantages of constructions with a composite or rubberized wedge, gate
valves with a rigid wedge are in operation. A rigid wedge ensures reliable tightness of
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the shut-off element, which is achieved by increased precision of processing the surfaces
of the wedge and the body seat [2, 3].

Figure 1 shows a simplified design of a rigid wedge gate valve. Sealing surfaces
are welded with high-alloy steel, which allows long-term maintenance of the specified
tightness during operation. The valve body is made of A732 (2A) steel.

Fig. 1 Valve section: 1—body; 2—wedge; 3—cover; 4—rod; 5—cavity under the cover; 6—
lower cavity

A tight fit of the wedge with the body is ensured when a significant force is created.
For this, motors with a power of 0.025–7.5 kW are used with a nominal diameter of
50–1200 mm. The gate valve drive contains a reducer that reduces the rotation speed
and increases the torque. All this leads to an increase in the forces created when the
wedge is lifted, which, when jammed, can lead to a stem (spindle) breakage [4].

2 Task Formulation

Deformations of the body and components of the valve with temperature changes
occur disproportionately due to the difference in physical properties and geometric
non-symmetry.

A lot of works [2–9] are devoted to the problems of reliable operation of valves
and, in particular, jamming, where the issues of improving calculation methods [6, 9],
analysis of the causes of failure [7], modeling of deformation processes [10, 11] and
improvement of operational characteristics [12].

To explain this problem in [10], an analysis of the deformation processes of gate
valves with different body designs was carried out. The reason for the occurrence of
significant compressive forces in the lower part of the wedge is revealed. This phe-
nomenon occurs in valves in which the body is tapered at the bottom. In valves with a
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cylindrical body shape, no deformations occur during cooling that can lead to seizure.
Theoretically, it is possible to create a control system for the state of the valve. To do
this, it is required, when external conditions change, to apply short-term control actions
to the electric drive for opening and subsequent closing, so that the voltage in the valve
is always at an acceptable level. A similar approach is implemented in the drilling rig
[13].

In practice, the use of heating gate valves using a steam generator requires manual
labor and time-consuming equipment transportation to the location. It ismore convenient
to use electric heating. The complex shape of the bottom of the case makes the induction
method preferable to the resistive method.

Calculation of the parameters of an induction heater, including power, dimensions,
and location, requires taking into account the limitation on the maximum temperature
of the liquid inside the valve body, which depends on the thermophysical characteristics
and on convective processes. Thus, when designing a heater, it is necessary to develop
electromagnetic, thermal, and hydraulicmodels of the “gate valve—liquid” system, carry
out calculations and determine the parameters.

3 Development of Mathematical Models

When designing gate valve structures, a lot of work has been devoted to determining the
parameters of thermal deformation processes [10, 11, 14, 15].

Induction heating systems have been used for quite a long time, competingwith other
types of heating with great success. At the same time, such features of the technological
process as high temperature and increased frequency of the supply voltage significantly
limit the use of magnetic cores in the manufacture of inductors. This has a negative
effect on the energy characteristics of induction heating devices, mainly due to the
large stray magnetic fields. Recently, the use of magnetic cores made of new materials,
such as magneto dielectrics, has somewhat expanded, which has a positive effect on
the control of the distribution of the magnetic field and internal heat sources in the
load. The proposed work is aimed at expanding the capabilities of induction devices
through the use of magnetic circuits. The ultimate goal of such a solution is to increase
the controllability of the process of forming internal sources. The peculiarity of the
problems under consideration is the complexity of the mathematical apparatus and the
significant resource consumption of computations [16–21].

Modeling thermal processes in itself is not so resource intensive. However, taking
into account the increase in the sizes of the vectors of sources and stiffness matrices
when combining electromagnetic and thermal problems, this procedure significantly
complicates the calculation. It is much more economical and faster to identify the path
of the current flow and determine the heat release power, in order to transfer it to the
heat problem. Of course, it is unprofitable to do this in a one-time solution or in a
two-dimensional setting.

Induction heating systems usually use higher voltage frequencies, which, together
with low power factors, cause increased voltage and power losses in the network. The
solution to the problem of designing an induction system should be focused on achieving
such indicators as the minimumweight of the equipment complex, maximum autonomy
from engineering systems, and high accuracy of temperature control [5].
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Studies of deformation processes in the valve, occurring when the ambient temper-
ature decreases, revealed the main reason for jamming of valves with a rigid wedge
[10]. The narrowing of the body in the lower part leads to the appearance of forces
directed along the horizontal axis of the valve. In the upper part of the wedge, the forces
are directed to tension and in the lower part to compression. The tensile forces are not
strong enough to create a visible gap, but the compressive forces are sufficient to prevent
the valve actuator from seizing or breaking the stem. Thus, in order to eliminate the
jamming phenomenon in this situation, it is necessary to eliminate the cause, that is, to
warm up the valve. The complex design of the valve does not allow to act selectively on
individual elements, since heat fluxes in different areas are due to thermal conductivity
and convection processes in the liquid. To determine the effective design of the heater,
studies of thermal and hydraulic processes are required [22].

The use of industrial frequency currents makes it possible to use laminated iron as a
material for the magnetic circuit, but the lack of electrical conductivity in one direction
is not enough for the disk structures of the inductor. Therefore, for the magnetic circuit,
the use of ferrites is more profitable.

Two inductors for heating the vertical part of the housing are made in the form of
multi-turn coils located in an annular groove. The use of numerical calculation methods
makes it possible to obtain efficient heating systems for bodies of complex shapes [23,
24]. For the design of the induction heater, the software packages.

Ekcut, Comsol were used, which make it possible to calculate the electromagnetic
and thermal processes [19–21].

To describe the electromagnetic field, a combination of vector magnetic potential
A and electric scalar potential V is used to ensure the closure of magnetic fluxes and
currents when the direction of movement is changed.

jωσA + ∇ ×
(∇ × A

μ0μr

)
+ σ∇V = J e; (1)

−∇(
jωσA + σ∇V − J e

) = 0; (2)

There: ∇—nabla, ∇ = ∂
∂x

→
i + ∂

∂y

→
j + ∂

∂z

→
k , where

→
i ,

→
j ,

→
k—unit vectory along

the axes x, y, z, respectively, μ0, μr—vacuum magnetic permeability and i relative
magnetic permeability of the media.

The zero equality of the potential combination on a surface far from the structure is
used as boundary conditions�

A = 0; V = 0. (3)

A three-dimensional region is used to describe thermal processes. The equation of
thermal conductivity with internal heat sources has the form

ρCP
∂T

∂t
+ ∇ · (−k∇T ) = Q − ρCPu · ∇T ; (4)

There: ρ—material density; k—coefficient of conductivity; T—temperature; Q—
specific heat input, u—vector of the displacement velocity.
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The speed of movement is provided for the liquid filling the body.
Convective heat transfer in the formula is used as boundary conditions on surfaces

k
∂T

∂n
= α(T − Text); (5)

n—normal line in relation to the surface under consideration.
The condition of thermal insulation is set on the line of symmetry

k
∂T

∂n
= 0. (6)

The initial temperature value is assumed to be equal to the ambient temperature
T0 = Text = 253 K.

The fluid velocity is determined in the application for calculating hydraulic processes
and imported into the thermal model

u = [
u v

]T
. (7)

coefficient of conductivity k = 0.11 W/(mK), density ρ = 880 kg/m3, heat capacity
CP = 1700 J/(kgK).

TheNavier–Stokes equation for an incompressible fluid is used to simulate hydraulic
processes

ρ(u · ∇)u = ∇ ·
[
−pI + η

(
∇u + (∇u)T

)]
+ F, (8)

∇ · u = 0. (9)

coefficient of dynamic viscosity η = 0.005 Pa s.
The vertical component of the lift force is set for the formation of convective fluid

transfer flows

Fy = −9.81 · (880 − 0.6 · (T − 253)),

Fy = −g · (ρ − kV · (T − T0)).
(10)

There kV = 0.6 kg/(m3K)—coefficient of decrease in fluid density due to
temperature increases.

The zero velocity on the line corresponding to the wall is set as the boundary
conditions

u = 0, (11)

The velocity is set as a scalar value in the sections of axial symmetry Uw and the
condition prescribes.

n · u = 0, u · t = Uw. (12)

There: t—vector value t = (−nx,ny
)
.
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Thus, the boundary condition is written.

n · u = 0, t ·
[
−pI + η

(
∇u + (∇u)T

)]
n = 0 (13)

Simulation of hydraulic processes in this problem has features associated not only
with heating, but also with the complex shape of the internal cavity of the valve, which
complicates the calculation [25].

Thus, a complex ofmathematicalmodels for two- and three-dimensional formulation
has been formed, which makes it possible to calculate electromagnetic and thermal
processes when studying the properties of an induction heater with a magnetic core.

4 Calculation of the Heating System Parameters

Heat sources are provided in the lower part of the housing under thewedge, in the vertical
part in the area, from the base to the horizontal center line.

Modeling of thermal processes without taking into account hydraulic processes was
carried out on a three-dimensional model. One inductor is located in the lower part of
the housing and two inductors in the vertical part at a height not exceeding the point of
the centerline of the valve. The simulation implemented a temperature control system
that limits the maximum value.

When calculating thermal processes, the required heat release power in each zone
was determined. The power of the lower inductor is 2 kW, for vertical 1 kW. The total
power is 4 kW.

The considered approach to solving the heating problem has a large error in the
calculations due to the lack of consideration of hydraulic processes. The complexity of
the design, the size of the computational domain, and the combination of solid and liquid
media make it difficult to use a three-dimensional thermohydraulic model. To study the
processes of convective heat transfer, a two-dimensional model for a liquid medium is
used. Heat supply is specified using boundary conditions of the third kind. The heat
transfer coefficient is taken equal to 500, which allows one to correctly approximate the
real process of heat transfer from a metal wall into a liquid. In a real heating process,
the increase in the wall temperature and the heating of the liquid occur simultaneously.
To speed up the computational process, taking into account the duration of the heating
process of the walls of the valve body, it is assumed in the calculations that the wall
temperature is 100 °C. The temperature and velocity distributions shown in Fig. 2 for
times 2 s and 12 s illustrate the rapid formation of a convective fluid flow, which leads
to the rise of a thin layer along the outer surface, followed by lowering along the surface
of the wedge.

The small thickness of the liquid layer in the lower part does not allow the formation
of large vortices. At time 12 s, a large number of small moving vortices are formed in the
entire volume. Because of this, the density of the heat flux into the liquid from the wall
is unstable (Table 1). At the time of 10 s, there is some stabilization of the heat exchange
process and the movement of the liquid. After that, the density of the lower section flow
q2 changes within 3% and for the upper section q1—5%. The maximum velocity of the
liquid near the wall increases to 4 sm/s. This leads to the fact that the density of the heat
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Fig. 2 Temperature and velocity distributions of the liquid in the valve in the wedge subspace:
a at time 2 c; b at time 12 s

flux from the wall in comparison with the transfer of heat to a stationary fluid is more
than ten times. As can be seen from Table 1, the density of the heat flux q3 absorbed by
the wedge is only 24–34 W/m. This is much less than the flux absorbed by the liquid.

Table 1 Heat flux density from the walls

t (s) 4 6 8 10 11 12 14 16 18

q1 (W/m) 1009 875 823 799 806 819 841 839 855

q2 (W/m) 1988 2115 2238 2239 2220 2277 2232 2171 2170

q3 (W/m) 10 4 5 23 18 24 27 26 34

The results obtained show that heat transfer to the “saddle-wedge” connection with
a limitation on the maximum value of the wall temperature is more efficient due to
convective flows in the liquid. A significant part of the heat is absorbed by the upper
layers of the liquid above the wedge. Therefore, the heating of the wedge, when only
the convective heat transfer is taken into account, is a long process.
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The calculated value of the heater power can be determined based on the heat flux
density and the area of the side and bottom surfaces of the case, which are available for
placing the induction heaters. Based on the values of the surface area of the base and
a fragment of the vertical surface and heat flux densities, the heat release power in the
load is 800 W and 2 × 100 W. 1800s.

5 Determination of Inductor Parameters

The calculation of inductors for heating the lower bowl-shaped surface and the sector of
the frontal cylindrical surface is performed using two-dimensional models, which, with
some assumptions, provides an acceptable error. The appearance of the first inductor is
shown in Fig. 3. The multilayer coil is bounded on the lower side by a magnetic circuit,
which reduces stray fields and serves as a support structure.

Fig. 3 Inductor for the lower surface of the valve body

Two variants of the inductor design are considered—without cooling when using
power frequency voltage and with cooling when using increased frequency. At 50 Hz,
the limitation is the inductor temperature. Increasing the number of layers increases the
magnetic field strength and loading power. Each additional layer reduces the efficiency
and worsens the conditions for heat exchange between the coil and the environment. As
a result, due to the limitation on the current density, the power value in the load was
obtained P2 = 500 W instead of the required 800 W. The coil contains 135 turns of a
copper bus with a cross section of 1.5 × 3 mm2. The inductor current is 45 A, and the
voltage is 220 V. The power factor is 0.278, and the efficiency is 0.927.

The variant with the use of an increased frequency is more attractive from the point
of view of the reliability of the inductor, since the required power in the load is provided
without overheating of the conductors. However, the need for a semiconductor frequency
converter and an inductor cooling system reduces the reliability of the heating system,
which is unacceptable in the case of maintenance-free installations.

When calculating the parameters of the inductor, a profiled tube with sides equal to
10 mm is provided as conductors of the inductor coil. The calculation results given show
(Table 2) that a step-down transformer is required to match the frequency converter.
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Table 2 Parameters of inductors at different current frequencies

F (Hz) 2400 4000 10,000 20,000

I (A) 195 155 104 75

U (V) 27 31 43 54

P2 (W) 781 801 814 780

�Pind (W) 387 365 203 142

Pind (W) 1188 1154 1017 922

In general, a high-frequency heater is inferior to a low-frequency heater in terms of
costs and implementation complexity.

The inductor for heating the sector of the vertical front surface of the valve body has
a design with one annular groove in the magnetic circuit, in which a multi-turn coil has
the shape of a rectangle. With the power in the load increased to 200 W, the voltage is
220 V, the current is 71 A, the number of turns is 51, and the conductor cross section
is 10 mm2. The dimensions of the inner window are 10 × 10 mm, which is filled with
a core. Research has shown that without a central core, the performance of an inductor
degrades dramatically.

6 Conclusion

The development of an induction heating system for individual sections of the valve body
allows solving an important problem—eliminating jamming and ensuring operational
control of pipelines with oil products. Studies of electromagnetic, thermal, and hydraulic
processes in the “inductor–valve body–oil” system made it possible to determine the
parameters of induction heaters and the location of temperature sensors that guarantee
trouble-free operation.
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Abstract. The article discusses the drive of themainmovement for themachining
center with a modified toothed-belt drive. A three-dimensional model of the drive
in the environment of the integrated CAD KOMPAS-3D is built. The main parts
such as a stepped shaft, a belt pulley, and gears in the 3D-representation in the
special application “Shafts and mechanical transmissions-3D” are implemented.
A procedure for parametric modeling of the toothed-belt drive elements in CAD
APM WinMachine is proposed, intended for the design of both standard and
modified versions. The article presents the results of the two variants study with
toothed-belt drive constructive modification—with convex and concave in the
longitudinal direction of the belt teeth. The main parameters of both modifications
teeth, which showed their advantage over standard toothed belts in terms of load
capacity, have been obtained. The possibility of self-adjusting for the proposed
variants of belts with a curved shape of the working teeth surfaces is noted.

Keywords: Toothed belt · Convex · Concave belt · Base area · Tooth
parameters · Belt self-adjusting

1 Introduction

In the structure of universal CNC machines and machine-tool complexes, drives of the
main movement with a DC motor of the 2P series with two-zone regulation are often
used. For some technological operations performed on machine tools, the control range
must be increased, which is carried out by the introduction of an additional gearbox
and belt transmission [1–3]. The widespread use of toothed-belt drive (TBD) for these
machine configurations is associated with the ability to maintain the gear ratio when the
external load changes and reasonably high efficiency. TBD performance is determined
through the main criterion—belt tractive ability, which is estimated by the permissible
reduced specific force transmitted by 1 mm of the belt width [4–6].

Some design and performance improvements aim at increasing tractive ability and
reliability of the TBD drive.

The patent [7] proposes a new design TBD, the belt teeth of which have a convex
profile, and the pulley grooves are concave. The height of the belt teeth exceeds the
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depth of the pulley groove. The disadvantages of this patent solution include increased
deformation of the belt teeth and the presence of flanges on the end surfaces of the
pulleys, which leads to significant losses of friction power. It is impossible to discount
the additional costs for the technology of manufacturing the tooth profile.

In [8], the study of the process of increasing the toothed belt pitch and the change in
its length, which occur during operation and remains after unloading the belt is carried
out. It is proved that the maximum value of the transmitted power depends on the
shape and much less on the frictional forces in the contact zone. The main mechanism
of this phenomenon, according to the authors, is the plastic deformation of the belt
(tape)—about 70%. In [8], the analysis of the factor associated with rolling on the side
surface of the belt was carried out. Impact, sliding, and rolling within the confines of
tribo-mechanical systems are considered as the main movements of the toothed belt. Of
interest is the phenomenon of rolling with linear contact between the belt tooth which
occurs in the contact zone. During an engagement, an interference (preload) occurs when
the belt tooth cuts into the flank of the pulley tooth. In contrast to the gear transmission,
this phenomenon leads to a sharp increase in belt deformation, but with a simultaneous
increase in the contact surface of the belt with the pulley [8]. The authors point out the
importance of taking into account the friction force on the sides of the belt and pulley.
Besides, the frictional forces on the flange surfaces of the belt can also change the pitch
of the belt. Together, these processes lead to a disruption function of the toothed belt,
which is expressed in a change in load distribution, a decrease in carrying capacity and
uneven operation. There is a need for additional belt tension, which directly affects the
durability of the transmission. It was noted in [9] that the belt tension force has a constant
component (initial tension force) and periodic, caused by the contact of the belt teeth
and the pulley in the process of torque transmission. Moreover, a change in the last
component can cause the operating state to fall into the region of instability.

Modification of the belt design affects the specified service life. The condition of
TBD elements and their basic mechanical properties must be monitored online. In this
regard, themechanism formeasuring the thickness of the belt (conveyor tape) and assess-
ing the change in its transverse and longitudinal profile is promising. [10]. Evaluation of
the operability condition is carried out along the belt axis, and control is carried out by the
specialized DiagBeltSonic application. This information about the belt’s cross-section
along the entire length, as well as its longitudinal and transverse profiles, provides feed-
back to the designer of mechanical transmissions and, as a result, contributes to rational
design decisions aimed at increasing the reliability of the TBD. Along with the geomet-
ric characteristics, it is important to evaluate the level of loads arising in the belt drive.
In [11], algorithms for calculating the forces, arising in the transmission, taking into
account the parameters of the belt and the structural characteristics of the TBD elements
were developed. For these purposes, the authors have developed a specialized informa-
tion system for collecting complex data (technical and operational). The processing of
statistical data allows to give a reliable assessment of the transmission elements state
and is used for simulation calculations.

Another aspect of the influence of the tension layer on the mechanical properties
of toothed belts is considered in [12]. The analysis of materials, type of fibers, and
the number of the carrier layer fibers on the mechanical characteristics of the belt are
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carried out. The current study concerned T10 and AT10 trapezoidal toothed belts. It is
noted that in addition to the composition of the rubber compound, an important aspect
is the so-called mechanical stabilization and orientation of the structure, which reduces
energy losses caused by internal friction and increases the mechanical strength of the
belt material in tension and intensions.

Analysis of the above works showed the importance of research related to the search
for modified designs of belt drive elements, taking into account their correct orientation
in the working space of the machine.

Formulation of the problem. The purpose of this work is to improve a toothed-belt
drive design by finding a rational geometry of the belt teeth and the corresponding
geometry of the pulleys, as a result of which it is expected to increase the load capacity
of the transmission by the toothed belt.

2 Three-Dimensional and Parametric Modeling of a Toothed-Belt
Drive for Machining Center

A typical representative of CNCmachines with an extended control range is the machin-
ing center model MC200PF4V. This machine has a portal layout with a longitudinally
movable cross slide, along which a portal rack moves transversely, carrying a vertically
movable spindle head [13–15]. The torque from the engine to the input shaft of the
gearbox is transmitted by TBD, which is characterized by the module m = 4mm and
the gear ratio u = 1.4. In this work, a three-dimensional model of the main motion drive
with a toothed-belt drive (Fig. 1) is developed in an integrated CAD KOMPAS-3D [16–
18]. Models of mechanical transmissions and drive shafts are created in the specialized
application “Shafts and mechanical transmissions-3D” [19–21]. In a separate section of
the appendix, the design calculation of the TBD is carried out, and solid models of the
driving and driven pulleys are built.

Fig. 1 3D model of the main motion drive of the MC200PF4 machine

A large nomenclature of metal-cutting equipment predetermines a variety of types
and designs of belt drives [22–24]. This increases the time required to design workable
gear options. One way to improve the productivity of the design process is to use a
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parameterization mechanism. CAD/CAE APMWinMachine [25–27], which is compat-
ible with the CAD system KOMPAS-3D, is efficient in terms of constructing parametric
models of mechanical transmissions. The resulting parametric mechanical transmission
models will allow to streamline the design process in the 2D editor and modeling in
the 3D system editor. In the process of parameterization, the syntax of the APM Graph
module is used [28, 29]. Figure 2 shows the window of variables (Fig. 2a), in which the
input of the initial and derived variables, as well as logical expressions for building in
the command window a parametric model of the TBD belt and pulleys, is carried out.
The developed program is focused both on the classical design of the toothed-belt trans-
mission and on the modified versions (Fig. 2c). To do this, use the “Command execution
condition” option in the command window of the APMGraph module. Figure 2b shows
a drawing of the TBD design, made based on the constructed parametric model.

Fig. 2 a Parametric modeling of a pulley: fragment of the program; b drawing; c modification of
the tooth profile

3 Modification of Toothed-Belt Drive

To improve the technical and economic characteristics of the TBD and, first of all, to
increase the load capacity and reduce the friction of the lateral sides of the belt on the
flanges, this article discusses two new design varieties of toothed-belt transmission [4,
30].

The task is achieved by the fact that the shape of the lateral sides of the teeth in the
longitudinal direction changes in the toothed-belt transmission. The research is aimed
at finding opportunities to increase the contact length of the belt and pulley by using a
convex shape, outlined by an arc of a circle with a radius R and a central angle β.

There are two options for the modified design of the TBD.
Convex belt teeth—option (I).



36 S. Shevchenko et al.

In this design of the toothed-belt transmission, the sides of the belt teeth convex in
the longitudinal direction contact with the sides of the pulley teeth concave in the same
direction. Figure 3 shows a fragment of the developed 3D model of the modified design
TBD—option (I):

Fig. 3 Modified belt drive with convex teeth

Specified transmission parameters (Fig. 4): belt width b, module m, pitch P = πm
and height of teeth h, and the angle between the lateral sides of the teeth γ = 40◦. The
numerical values of these parameters are determined from the known dependencies from
[6]. The parameter S is also considered a given value, and we take S = 0.75P.

To identify the shape, we define three parameters (Fig. 4): the radius of the circular
arc of the convex tooth R, the central angle β, and the width of the belt teeth tip at its
end ST .

From Fig. 4a, two obvious relationships follow (1):{
sin(β/2) = 0.5 · b/R;
cos(β/2) =

√
R2 − 0.25 · b2/b. (1)

Solving these equations together, we find the values of two unknown parameters of
the belt teeth: R = b; β = 60◦. After simple geometric constructions, the third desired
parameter of the belt teeth is determined—the width of their tooth tip at the ends of the
belt ST (2):

ST = 0.75 · P − 2 · [R − Ra · cos(βa/2)], (2)

where Ra = R − h · tg(γ /2);βa = 2 · arcsin{0.5b/[R − h · tg(γ /2)
]}

.

The longitudinally convex shape of the belt tooth lengthens its lateral surface to
a value L = R · β = b · 60 · π/180 = b · π/3. This will lead to an increase in
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Fig. 4 a Modified transmission parameters with convex teeth; b cross-section

the total area of the side surfaces of the belt teeth on the arc of the belt contact for
the smaller pulley by at least a factor of (π/3) · z1min, where z1min = 3 ÷ 4—the
minimum number of belt teeth on this arc, which corresponds to the most unfavorable
combination of transmission parameters, when their values have maximum permissible
values:a = amin, d1 = d1min, u = umax. Side surfaces of each convex tooth in
comparison with straight teeth from [6], all other things being equal, are ~5%. This, in
turn, will reduce the specific pressure on the teeth and, as a result, will increase the load
capacity of the toothed-belt transmission with its unchanged dimensions.

Besides, the convex longitudinal shape of the belt teeth increases the tooth base area
AI , which increases their resistance to shear stress. The value AI (3) is determined by
the equality:

AI = b2 · (β − sin β) + b · {0, 75 · P − 2 · b · [1 − cos(β/2)]}. (3)

The base area of standard straight teeth A0 (4):

AO = 0, 5 · P · b = 0, 5 · π · m · b (4)

which is significantly less area AI . For example, for a toothed-belt transmission with
parameters: m = 5mm, b = 25mm, β = 60◦, numerical values AI and A0 will be (5):

AI = 252 · [π/3 − sin(π/3)] + 25 · {0.75 · 15.7 − 2 · 25 · [1 − cos(π/6)]} ≈ 240 mm2;
Ao = 0.5 · 15.7 · 25 ≈ 196 mm2. (5)

That is, the area AI exceeds the value A0 by 22%, which shows the potential
superiority of convex teeth over straight teeth in shear resistance.

Finally, another advantage of belts with modified teeth is the ability to self-adjusting
on pulleys, which is impossible with standard timing belts [6] due to the straight-line
shape of their teeth in the longitudinal direction.
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4 Discussion

(II) Concave belt teeth, Fig. 5.

Fig. 5 Modified belt drive with concave teeth

In comparison with (I), structural modification II) is its mirror opposite—the lateral
sides of the belt teeth concave in the longitudinal direction contact with the lateral sides
of the pulley teeth convex in the same direction.

The values of R and β remain the same as in (I): R = b; β = 600.
The fundamental difference in calculations (II) and (I) is that for concave belt teeth,

we set the minimum transverse dimension of the belt tooth—the width of its tips Sa in
the middle section of the belt, Fig. 6, b: Sa = 0.25P.

Omitting intermediate actions using the data in Fig. 6, a; b, we present the final
analytical dependences for calculating the remaining parameters belt teeth according to
option (II) taking into account the accepted value Sa(6):

S = 0.25p + 2h · tg(γ /2);
ST = 2R[1 − cos(β/2)] + 2h · tg(γ /2) + 0.25P;
STP = 0.75P − 2R[1 − cos(β/2)] − 2h · tg(γ /2);
AII = b · {2R[1 − cos(β/2)] + 2h · tg(γ /2) + 0.25P} − R2(β − sin β). (6)

Find the numerical value AII and compare it with AI (7):

AII = 25 · [
2 · 25(1 − cos 30◦) + 2 · 3.5 · tg20◦ = 0.25 · 15.7]

− 252 ·
(
600 · π

180
− sin 600

)
≈ 216mm2. (7)

The area AII is less than AI ≈ 240mm2, but more than AO ≈ 196mm2, that is,
AII > AI > AO. Therefore, both new design versions of the toothed belt are superior
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Fig. 6 a Modified transmission parameters with concave teeth; b cross-section

to the standard toothed belt in shear resistance but to a different extent. As for the areas
of the flank surfaces of the teeth, they are the same in versions (I) and (II), since the
parameters R, β, h defining them have the same numerical values.

At the same time, the method of designing modified belts does not differ from the
generally accepted one, [4–6], but taking into account the replacement of the parameter
b with an increased length of the teeth L = b · π/3.

Like belts with the modification (I), belts (II), due to the curved flank of the teeth,
have the ability to self-adjusting on the pulleys.

5 Conclusion

In the work, the 3D model of the assembly structure of the machine-tool drive was
created in the KOMPAS-3D computer-aided design system, consisting of more than
300 parts. This project became the winner of the International competition “Future
Aces of Computer 3D Modeling” held by the ASCON group of companies. A program
for parametric modeling of toothed-belt drives of standard and modified designs has
been developed. This program, written in the CAD / CAE APM WinMachine environ-
ment using the syntax of the APM Graph module, provides a more efficient design of
mechanical transmissions of various modifications.

Two constructive modifications of drive toothed belts with the curved shape of work-
ing surfaces of teeth have been developed. The proposed designs make it possible to
increase the contact length of the belt by about 5%, which, in turn, will reduce the spe-
cific pressure on the teeth and, as a consequence, increase the load capacity of the toothed
belt transmission with its unchanged dimensions. This modified design is patented.

An analytical model for determining the geometric parameters of modified toothed-
belt drives has been developed. Based on this model, it has been proved that the base
area of a modified convex belt exceeds the corresponding value of a standardized belt by
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about 22%. It shows the potential superiority of convex teeth over straight teeth in shear
resistance. This makes it possible to increase their traction capacity or, at a constant
level of external load, to increase the resource of the belts in comparison with standard
transmission toothed belts. The proposed new design modifications of the teeth allow
the toothed belts to self-adjusting on the pulleys, which eliminates the displacement of
the belts to the ends of the pulleys, which occurs with standard toothed-belt drives.
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Abstract. The drive of the main movement for the multioperational machin-
ing center with a modified V-belt and poly-V-belt drives is considered. A three-
dimensional model of the drive in the environment of the integrated CAD
KOMPAS-3D is built. The 3D-representation of stepped shaft and belt pulley
in the special application “Shafts and mechanical transmissions-3D” is imple-
mented. A procedure of parametric modeling for the V-belt drive elements in
CAD APMWinMachine intended for the design of both standard trapezoidal and
modified versions is proposed. The two design variants research results of V-belt
transmission with a profile variable geometry in the form convex and concave in
the longitudinal direction of the modified belt are presented. Themain parameters,
of both modifications’ teeth, which showed their advantage over standard V-belts
in terms of load capacity, have been obtained. The possibility of self-adjusting for
the proposed variants of belts with a curved shape of the working teeth surfaces
is noted.

Keywords: Poly-V-belts · Modified section · Arch contour · Durability belts

1 Introduction

Inmodernmechanical engineering, there is a problemof a rather short service life ofCNC
machine tool drives with various designs of belt transmissions. The V-belt transmissions
in drilling-milling-boring machines of the second and third standard sizes are widely
used. One of the research directions for designs of main motion drives is associated with
increasing their operational reliability.

One of the stages in determining the parameters of operational reliability is the
assessment the level of the belt drive elements stress–strain state. For this, an effective
finite element method, used in studies on three-dimensional modeling is intended [1–
3]. Analysis of various approaches to assess the reliability of mechanical transmissions
[4–6] showed the main directions to which the discussed below works are devoted.

Impact analysis of loads on the intensity of belt wear with the subsequent allocation
of deterioration parameters is presented in the work [4]. It is shown that the result of wear
in the belt cross section is decreased. As a consequence, the stress level is increased,
and the service life is shortened. A classification of a number of factors affecting belt
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wear is given. Research shows that the main factors relate the design features of the
belt transmission, including the shape and geometric characteristics of its elements. The
authors of [4] point out the importance of early detection of possible damage, which
allows researchers a more accurate schedule of current repairs is prepared. For this, an
effective device for measuring the thickness of the belt is proposed and, as a result,
assessing changes in the transverse and longitudinal profile of the belt.

The level of the stress state directly depends on the spatial system of forces arising
in the belt drive. The method for calculating the characteristics of the primary resistance
to the movement of the conveyor belt, as well as the design and operational parameters
of the conveyor are developed [5]. An automated system for collecting complex data
(technical, operational, diagnostic), and on this basis, a method for determining energy
characteristics has developed and implemented in [5].

The problem of belt lengthening associatedwith an increase in its pitch, which occurs
during operation and which remains after unloading the belt is considered in work [6].
The authors argue that the greatest amount of movement and power is transmitted by the
form, andmuch less—by friction.At the same time, themechanisms of this phenomenon,
themain factor ofwhich (about 70%) is the plastic deformation of the belt are discovered.

At the same time, the improvement of the belt construction and its impact on traction
characteristics and durability in these works insufficient attention is paid.

The purpose of this work is to improve the design of the V-belt transmission of the
metal-cutting machine drive, which ensures increased durability of the machine.

2 3D and Parametric Modeling of V-belt Transmission (VBT)

The drive of the main forming movement (rotation of the tool in the spindle head) in
drilling-milling-boring machines for highly efficient processing by various technolog-
ical operations when changing cutting conditions in a wide range is designed. These
capabilities of the equipment can be realized by introducing several mechanical trans-
missions into the drive to increase the range of speeds and torque. The main advantages
of such a drive are the ability to implement various technological operations of semi-
finishing and finishing. Besides, it becomes possible to flexibly regulate the range of
changes in technical characteristics, and its configuration can be changed by choosing
another engine or a different gear ratio of the VBT.

To analyze the design features and assess the stress–strain state of the designed
elements [7–9], a three-dimensional model of the drive of a drilling-milling-boring
machine was built in the CAD KOMPAS-3D environment [10–12]. Figure 1a shows
a three-dimensional assembly of the main motion drive, developed using the special-
ized application “Shafts and mechanical transmissions-3D.” [13, 14]. The kinematics of
this drive using a V-belt transmission are shown in Fig. 1b. Similarly, using the above
application, 3D-models of VBT-elements were built.

The pulleys used in machine tools in their shape in many cases do not differ from
the pulleys common in other machines. The variety of the nomenclature of pulleys used
in drives, on the one hand, and the availability of normative documentation regulating
the shape and size of their structures, makes it promising to use the parameterization
mechanism [15–17].
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Fig. 1 a 3D-modeling assembly of the drive; b 3D-kinematics

For a wide range of V-belt pulleys, design forms have been developed that are used
in the “Variable windows” of the APM Graph module [18–20] (Fig. 2a). At the first
stage of the design calculation of the belt transmission, the belt section is selected. By
the syntax of parametric modeling in CAD “APM WinMachine,” a calculation form
for choosing a belt section, consisting of a set of logical selection conditions has been
developed (Fig. 2b).

Fig. 2 a Variable windows; b selection belt section

To determine the dimensions of the pulleys and the dimensions of the belt, a corre-
sponding algorithm presented in the window of variables (Fig. 3a) has been developed.
Algorithms for determining the kinematic and power characteristics of the VBT are
determined similarly [21–23]. Based on the calculation form, a graphical procedure for
constructing a parametric model of VBT-pulleys (the command window of which is
shown in Fig. 3b) was developed.

3 Modification of V-belt Transmission

The ultimate goals of any frictional belt drive modernization are to improve belt traction
and durability. One of the reasons for the insufficient durability of V-belts and poly-V-
belts is the significant bending stress caused by the relatively large thickness of these
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Fig. 3 a Variable window; b command window

belts. In this regard, the task: to develop modifications to the designs of V-belts and
poly-V-belts with increased durability was formulated. At the same time, their traction
capacity should not be lower than that of standard V-belts and poly-V-belts [21, 22]. A
fundamental solution to this problem is proposed in [23].

To solve the problem of identifying the shape of the proposed modified design, the
following procedure has been developed.

The cross-sectional contour of the modified V-belt is outlined by an arch that turns
into a rectangle [23]. That is, the cross section is a combination of a circle segment of
radius R with a central corner β and a rectangle with dimensions

[
S × y

]
, Fig. 4.

Fig. 4 The contour of the cross section of the modified V-belt

Modification of V-belts is based on 3 conditions:

1. equality of the contact areas with the pulleys of standard V-belts [21] and modified
[23] belt transmission;

2. equality of the arch width S, where the cord of the modified belt is located, Fig. 1,
and the cross-sectional widths of a standard V-belt W;

3. equality of the cross-sectional areas of the standard belts [21] and modified [23].
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The first condition is realized when the total length of the two lateral sides of the belt
section [21]—L� and the length of the arch of the belt section [23]—∪ACB is equal,
Fig. 4, that is: ∪ACB = L�.

This condition is expanded (1):

2T/ cos(α/2) = R · β, (1)

hence follows (2):

R = 2T

β · cos(α/2)
, (2)

here T and α = 40◦—the height and angle between the lateral sides of the V-belt section
[21].

The implementation of this conditionwill provide equal areas of contact of these belts
with the pulleys. This, in turn, ensures the equality of the friction forces in the contact
between belts and pulleys [24–26], which means that it retains the same pretensioning
forces for modified belts as in standard V-belt transmissions.

According to the second condition S = W that is (3):

2R · sin(β/2) = W → R = 0, 5W

sin(β/2)
. (3)

Equating the right-hand sides of Eqs. (1) and (2), we obtain a transcendental equation
with one unknown (4)—the angle β

β · W · cos(α/2) − 4 · T · sin(β/2). (4)

The value β found from Eq. (3) ensures that the first and second conditions for
modifying the V-belts are performance. Condition (3) modification of standard belts
[21] lays in the design of modified belts [23] the equality of their cross-sectional areas,
that is: A1 = A0. It follows that such stresses as: σ0—from pretension, σt—from the
circumferential force, σV—from centrifugal forces, these belts will be the same, which
means that they will have the same traction capacity [27–29].

The section of a belt with an arched profile, as mentioned above, consists of two
shapes—a segment (seg.) of a circle and a rectangle (rec.). Accordingly, the total area
of such a section (A0) will be (5):

A0 = A0(seg) + A0(rec) = R
[
0, 5 · R · (β − sin β) + 2 · y · sin(β/2)

]
. (5)

From the equality of areas: A1 = A0, the desired value of y is found (6), for where
this equality holds:

y = A1 − 0, 5 · R2 · (β − sin β)

2 · R · sin(β/2)
. (6)

Height of the segment section (7) of the arch belt:

T0 = R · [1 − cos(β/2)]. (7)
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The total height of the modified section (T0�) with an arched contour will be the
sum of the heights of its segment (T0) and rectangular (y) parts that is T0� = T0 + y,
Fig. 4. As a result (8):

T0� = R · [1 − cos(β/2)] + A1 − 0.5 · R2 · (β − sin β)

2 · R · sin(β/2)
. (8)

Since the parameters of the sections of standard V-belts [21]—T , W ,α are used in
calculating the parameters of the arched sections of the modified belt [23], the designa-
tions for the latter are taken as in [21], but with the addition of a 0-index, for example,
B0.

The calculation results of the main parameters of modified belts with an arched
section are given in Table 1 (for comparison, it gives the corresponding parameters for
standard V-belts).

Table 1 Cross section designation Belts: Standard/Arched

Cross section parameters Cross section designation Belts: Standard/Arched

Z/Z0 A/A0 B/B0 C/C0 D/D0 E/E0

T/T0� 6/5.6 8/7.5 11/9.8 14/12.6 19/17.8 23.5/21.9

W = S 10 13 17 22 32 38

R 5.4 6.9 8.7 11.4 17.5 20.1

β (°) 134.3 140.9 152.8 149.0 131.5 142.1

A1 = A0 47 81 138 230 476 692

For a comparative assessment of the belts durability with standard and modified
sections, we use (9) the well-known relationship [24, 30]:

L′
h

Lh
=

(
σmax

σ ′
max

)8

= 1

[1 − k · (1 − c)]8
, (9)

where Lh and σmax—durability and maximum stress in a standard V-belt, L′
h and σ ′

max—
the same in a belt with a modified section;

k = σb/σmax ≈ 0.7—bending stress in a standard V-belt at the arc of the girth of
the smaller pulley);

c = σ ′
b/σb = T0�/T—calculated according to Table 1.

Calculations based on dependence (5) showed that replacing standard V-belts Z, A,
B, C, D, E with their modified versions with an arched profile Z0, A0, B0, C0, D0, E0
gives an increase in durability from 6 to 11%.

4 Discussion

Belts modification is based on one condition: equality of the areas of contact with the
pulleys [30] and modified (coincides with condition 1 for modifying V-belts [21]). To
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do this, it is enough to equate the total length of the two lateral sides of the section—L�

and the length of the belt section arch ∪ACB, Fig. 5, that is: ∪ACB = L� :
2 · h/ cos(α/2) = R · β. (10)

Fig. 5 The contour of the cross section of the modified poly-V-belt

From here, given the angle of the arch β, we find its radius R (11):

R = 2 · h
β · cos(α/2)

. (11)

As a result, the total height of the modified profile will be (12):

HO = hO + δO + y = R · [1 − cos(β/2)] + H − h + 0.5 · δ, (12)

where the dimensions: H , δ, h, y = H − (h + δ) – taken from the belt [30].
The width of the modified belt segment S (13) was determined using the same

algorithm as for the modified V-belt [23]:

S = 2 · R · sin(β/2). (13)

To compare the dimensions of the belts, we find the width of one wedge (14) of a
poly-V-belt [30]:

S1 = 2 · h · tg(α/2). (14)

Let us compare the areas of one edge (15) of a poly-V-belt [30]—A 1 and one edge
of a modified belt—AO :

A1 = 2 · h · (H − 0, 5 · h) · tg(α/2) ;
AO ≈ R · [0, 5 · R · (β − sin β) + 2 · (H − h + 0, 5 · δ) · sin(β/2)] . (15)

The calculation results for dependencies (11)–(15) are summarized in Table 2 (for
all sections of the belt, the angle of the arch β is taken the same: β = 140◦).
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Table 2 Cross section designation Belts: Standard/Arched

Section R S / SO H/H0 A/A0

K /K0 2.0 1.7/3.8 4/3 4.8/10.1

L/L0 4.2 3.5/7.
3.5/7.9

9.5/7.4 25/53

M/Mo 9.0 7.5/16.9 16.7/12.3 86.8/180.7

5 Conclusion

The article deals with the problems of constructing and researching three-dimensional
and parametric models of V-belt and poly-V-belt transmissions for the drive of metal-
cuttingmachines. Three-dimensional solidmodels of themainmotiondrive for a drilling-
milling-boringmachine of the second standard size, consisting ofmore than 500parts and
assembly units, have been built. The toolkit for creating solid models in the environment
of the integrated CAD KOMPAS-3D was used, in particular, the specialized application
“Shafts and mechanical transmissions-3D.” The 3D-project of this drive became the
winner of the International Competition “FutureASe of COMPuter 3DModeling"-2014,
held by the ASCON group of companies. The method and algorithms for parametric
modeling of the belt transmission basic elements in the syntax of theAPMGraphmodule
have been developed—the choice of the V-belt section and poly-V-belt section, the
determination of the type of pulley construction (monolithic, disk), the calculation of
energy parameters. The proposed toolkit provides an enlargement in the productivity of
a designer, and the level of design decisions is increased.

To increase the technical and economic parameters of drives and enlargement the
tractive capacity of the belt transmission, modified designs of V-belt and poly-V-belt
drives are proposed. The patent solutions for which have been obtained. An analyti-
cal calculation of their main geometrical and energy characteristics is carried out. The
obtained numerical results make it possible to assert that they have an advantage over
standardized belt drives in terms of traction capacity and durability. At the same time,
their dimensions are about twice as wide. These advantages are provided by a decrease
in stress (with an increase in the cross-sectional area of the order of 2.1 times) from the
pretension (σ0) and the circumferential force (σt) in the proposed modified designs of
the sections K0, L0, M0. A lower cross-sectional height of the modified belts will create
lower bending stresses σb compared to standard belts, which, in turn, will lead to an
increase in the durability of the modified belts by 6–11%.

Based on the structural similarity of a V-belt and one wedge in a poly-V-belt, it is
assumed that the bending stress in the latter is directly proportional to the height of the
belt cross section. Therefore, the obtained dependence (5) for a comparative assessment
of the V-belts durability with standard and modified sections can be used in the first
approximation to compare the durability of poly-V-belts.

Thus, if, according to the condition of the drive layout, the width of the belt trans-
mission is not a limiting factor, replacing the standardized poly-V-belt with a modified
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one will be one of the possible solutions to the problem of increasing the resource of the
belt transmission.
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Abstract. The article proposes a solution to a problem of a reduced flow of
round timber in the production conditions of Syktyvkar Plywood Factory LLC
(Syktyvkar, Komi Republic) located in the North-West Federal District of the
Russian Federation. The solution involves modernizing an element of loading
and unloading operations, an electric double-girder gantry crane KKS-10-26-8.5,
based on the improved design of the grapple jaw in the open state. Specifically,
we propose installation of a hydraulic grapple with a lifting capacity of 6000 kg,
model DGMg-3-10-L1-2.1 with a lifting swing beam DPT-10-0/1-83-U1U of a
newdesign, the boxes ofwhich aremade on the basis of FDM technologies on a 3D
printer to reduce theweight of the structure and energy consumption formovement.
In the article, the design diagram of the jaw strength (i.e., calculation of the main
structural elements) is presented, the strength of the metal structure of the jaw
checked, and the structural diagram of technological flows at Syktyvkar Plywood
Factory LLC taking into account the modernization of KKS-10 provided. The
possibility of scaling up the proposed solution in the conditions of the North-West
Federal District of the Russian Federation has been assessed. In the analytical part
of the article, the technological aspects of the operation of the enterprise (including
technical equipment) are discussed in the context of the general requirements of
the technological process in the timber warehouse, but with an emphasis on lifting
mechanisms. As a result of the research, the productivity of the KKS-10 crane has
been increased and working conditions in winter improved.

Keywords: Gantry crane · Jaw strength · Hydraulic grapple · Traverse · 3D
printer based · FDM technologies · Technological streams

1 Introduction

Forest industries are the major contributor to the economy of the Komi Republic. The
forest sector of the republic is a leader in terms of the volume of commercial products,
gross revenue, and the contribution to the regional budget. Thus, it largely determines
the overall economic and social state of the region. Syktyvkar Plywood Factory LLC
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is one of the largest manufacturers of wood-based panels in Russia and one of the
leading enterprises in the Komi Republic. The company processes over 540,000 m3

of raw materials annually. It produces 220,000 m3 of different types of plywood and
300,000 m3 of laminated chipboard with various decors and unique embossing. The
technological process of the enterprise starts with the raw material being supplied in
packages. Unloading of raw material is performed by cantilever gantry cranes which
then stack the unloaded timber for storage. Timber is supplied by two streams. In the
first stream, there are 12 pools, and in the second, 14 pools. Loading of timber and
feeding it to the tables is performed by gantry cranes, three in each stream. Timber is
lifted by cranes from the pools to the rolling tables. In total, the enterprise has six cranes:
two KKE-12.5, one KKD-12.5, and three KKS-10 (with an electric grapple with a lifting
capacity of 4700 kg).

2 Problem

The KKS-10-26-8.5 electric double-girder gantry crane is an old piece of equipment and
has insufficient productivity in the conditions of an increased load turnover. However,
due to the limited investment capacity of the enterprise, it is not possible to replace the
crane with a modern, more productive piece of equipment. Therefore, it is advisable
to modernize the existing equipment. It should be noted that the KKS-10 crane is a
specialized piece of equipment. It is a bridge-type lifting unit on supports; it moves
on wheels and has a fully electric control [1–4]. The KKS-10-26-8.5 electric double-
girder gantry crane is a universal crane with a medium operating mode. This crane is
widely used in cargo yards for lifting and transporting a wide range of goods. This is a
double-cantilever self-erecting equipment with a specific span length, which could be
placed outdoors or indoors [5]. So far, a substantial body of experience in the analysis
of operation [6, 7] and repair of KKS-10 [8, 9] has been accumulated; however, there is
a shortage of publications on the issue of its modernization.

3 Methodology

Taking into account [10–12], wewill design the grapple jaw in the open state. The design
diagram of the jaw strength is shown in Fig. 1.

O1P axis coordinate is determined by:

Y1P = 0.5Y1. (1)

From the point O1P to the point of contact with the X axis, we will draw a segment
O1PHP of the length Y1. To determine the position of the point BP, we will draw a
segment HPBP = HB from the point HP in the direction to the point O1P . Then, we will
draw a perpendicular with the height of BPB′

P = BB′ from the point BP. Let us draw a
horizontal segment B′

POBP = RB starting from the point B′
P and stretching from right to

left; it will define the position of the centerOBP . After that, let us build the inner contour
of the jaw.
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Fig. 1 Scheme for calculating the jaw strength

Let us measure the angle α from the contour of the left jaw in Fig. 1. On the contour
of the right jaw, let us draw a segment of the lengthHPH ′

P = HH ′ at an angle α from the
pointHP to the segment BPB′

P . From the pointH ′
P , let us draw a segmentH ′

POHP = RH

perpendicular to the straight line HPH ′
P , defining the position of the center OHP . From

the center OHP , let us draw an arc of the outer contour of the jaw with the radius RH.
Then, let us perform conjugation of the arc with a circle with the center O1Pand the
diameter d.

The position of the point O3P will be found at the intersection of the serifs with the
radii C and E drawn from the centers O1P and HP, respectively.

To determine the angle β of the inclination of the connecting rod in the open position
of the jaws, let us determine the position of the point O2P using the known length of the
connecting rod LT . Let us connect the points O2P and O3P. The position of the upper
traverse when the grapple is open conditionally coincides with the position when the
grapple is closed. The angle β of inclination of the connecting rod is assumed to be the
same as when the grapple is closed.

The second projection of the grapple (view on the left in Fig. 1) is built according to
the known dimensions and the rules of the IG.

The jaw width:

bch = d . (2)

The grapple width:

VGR = 1.52R + 1.2DB (3)

When opening the grapple, the O1 axis travel is determined by the difference in
heights of the point O1 in the closed and in the fully opened grapple:

hzakr = Y1 − Y1P + Y2P − Y2 (4)
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The length of the rope drawn in when closing the grapple is:

LK = hzakru. (5)

The jaw span with the grapple fully opened (distance between the edges of the jaws):

L = 2Y1 cos 30
◦. (6)

Let us check the strength of the jaw metal structure.
The jaw is acted upon by the force in the connecting rod T, the force in the closing

polyspast SP, the horizontal reaction SX in the joint O1, as well as half of the gravity of
the timber pack G and the thrust force F (Fig. 1).

The angle of inclination of the thrust axis to the vertical:

β = arctg

(
X3 − X2

Y2 − Y3

)
. (7)

The total effort in one closing polyspast:

S� = Smax. (8)

The traction effort in the connection rod:

T = S�

cosβ
(9)

The force T components:

TX = T sin β. (10)

TY = T cosβ. (11)

The sum of the moments of forces acting on the jaw, relative to the axis O1:

TX (Y1 − Y3) − TYX3 + F(Y1 − YB) = 0. (12)

Therefore,

F = TYX3 − TX (Y1 − Y3)

Y1 − YB
. (13)

The sum of the projections of all forces acting on the jaw along the horizontal X
axis:

TX − SX + F = 0. (14)

Therefore,

SX = TX + F . (15)
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The maximum bending moment in the section A–A:

MA = S�X3− SX (Y1−Y3) (16)

The bending moment acting in the section of one jaw segment, taking into account
the uneven distribution of the load:

M = 0.7MA (17)

The section height is taken as:

hC ≈ RH − RB. (18)

The wall thickness:

δC = 0.025hC . (19)

The belt thickness:

δ� = δC . (20)

The moment of inertia of the section without taking into account the moments of
inertia of the wall elements:

J = 0.5bChδ�

[
(hC + δ�)2 + (dO + δ�)2

]
. (21)

The section resistance moment:

W = 2J

h + 2δ�

. (22)

The bending stress:

σ = M
/
W . (23)

The resulting bending stress is σ = 113.1 MPa.
The permissible stress can be taken as [σ ] = 170 MPa.
The cross-sectional strength is provided when the following condition is met:

σ ≤ [σ ] (24)

Taking into account (24), we propose to install a hydraulic grapple with the lifting
capacity of 6 tons, model DGMg-3-10-L1-2.1. However, taking into account the mech-
anism of movement of the trolley, it is necessary to improve the proposed grapple by
making the traverse box on a 3D [13–16] printer based on FDM technologies [17–22],
to reduce the weight of the structure and energy consumption for movement. A load
gripping body of such a design (a load-lifting rotary traverse DPT-10-0/1-83-U1U) is
shown in Fig. 2.
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Fig. 2 Load gripping body DPT-10-0/1-83-U1U. (1) Traverse; (2) Grapple (Grip)

4 Conclusions and Recommendations

Based on the results of our research aimed to increase the productivity of the KKS-10
crane and improveworking conditions inwinter, we propose tomodernize the equipment
by replacing the electric grapplewith the lifting capacity of 4700kgwith ahydraulic grap-
ple with the lifting capacity of 6000 kg (model DGMg-3-10-L1-2.1 improved through
FDM technology).

Taking into account the modernization of KKS-10, the structural diagram of tech-
nological streams at Syktyvkar Plywood Plant LLC will take the following form
(Fig. 3).

5 Conclusion

The experience of modernizing the structural diagram of the technological flow of Syk-
tyvkar Plywood Plant LLC by improving the KKS-10 crane can be scaled up in the
North-West Federal District of the Russian Federation, the forest sector enterprises of
which have a comparable infrastructure.
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Fig. 3 Block diagram of the process flow of Syktyvkar Plywood Plant LLC, taking into account
the modernization of KKS-10. (1) Timber storage; (2) Timber processing unit; (3) Separation
and one-by-one feeding of round timber; (4) Warehouse of round timber for further processing;
(5) Sorting of round timber; (6) Package forming; (7) Waste; (8) Sawn timber warehouse; (9)
Warehouse of round timber for loading

References

1. Zhuravlev NP, Malikov OB (2006) Transport and cargo systems: a textbook for railway
transport universities. Marshrut, Moscow, p 368

2. Timoshin AA et al (2003) Complex mechanization and automation of loading and unloading
operations: a textbook for higher educational institutions of the railway transport. Marshrut,
Moscow, p 400

3. Kurochkin VA (2019) Transport and cargo systems. Machinery and equipment. Study guide.
Saratov

4. Kulikova NN, Alexandrov MP, Gokhberg MM, Kovin AA et al (1988) Cantilever and gantry
cranes, bridge cranes (Handbook of cranes: in 2 volumes. v 2). Mashinostroenie, Moscow, p
559

5. Boyko NI, Cherednichenko SP (2011) Loading and unloading operations and warehouses of
the railway transport: a textbook for higher educational institutions of the railway transport
UMC on education in the railway transport, Moscow, p 292

6. Kulkov M, Gulin N, Solyakov O, Ambartsumyan L (2015) Features of the monorail crane
KKS-10. Regulations 6(44):77

7. Akulin OI, Sekachev VA, Sorokin GE, Nikolaev AP, Berdnikov AG (2015) The main stages
of assessing the causes of destruction of cylindrical shanks of a single-horn forged hook on
the example of an electric gantry crane KKS-10-3K. Young Scientist 17(97):74–76

8. Kulkov M, Gulin N, Solyakov O, Ambartsumyan L (2016) Repair of the traveling monorail
KKS-10 crane made of I-beams. TechNadzor, 30M, 1(110): 55

9. Nikolaev AF, Burlakova EV, Khalikov IK, Semenikhin NA (2018) Restoration of the work-
ing capacity of the cargo beams of the gantry cranes in operation. Constr Mech Structures
2(17):111–116



Improvement of the Timber Supply Flow … 59

10. Karpenko GV (1976) The influence of the environment on the strength and durability of
metals. Naukova Dumka, Kiev, p 128

11. Barchenkova NA, Minaeva NV (2011) Analysis of the stress-strain state of an elastically
reinforced strip taking into account the initial imperfections. Build Mech Structures 1(2):24–
26

12. Belsky MR (1975) Strengthening metal structures under tension. Budivelnik, Kiev, p 120
13. Aravind Raj S, Muthukumaran E, Jayakrishnaa K (2018) A case study of 3D printed PLA and

its mechanical properties. Materials Today: Proceedings 5(5), part 2:11219–11226. https://
doi.org/10.1016/j.matpr.2018.01.146

14. Gantenbein S, Masania K, Woigk W et al (2018) Three-dimensional printing of hierarchical
liquidcrystal-polymer structures. Nature 561(7722):226

15. Gibson I, Rosen DW, Stucker B (2010) Additive manufacturing technologies. In: Rapid pro-
totyping to direct digital manufacturing. Springer, New York. https://doi.org/10.1007/978-1-
4419-1120-9

16. Gibson I, Rosen D, Stucker B (2015) Additive manufacturing technologies. 3D Printing,
Rapid prototyping, and direct digital manufacturing. Springer, New York. https://doi.org/10.
1007/978-1-4939-2113-3

17. Afrose MF (2016) Mechanical and viscoelastic properties of Polylactic Acid (PLA) Mate-
rials Processed Through Fused Deposition Modelling (FDM). B.Sc. (Hons) in Mechanical
Engineering. Hawthorn, Australia, Swinburne University of Technology, p 81

18. Samykano M, Selvamani SK, Kadirgama K, Ngui WK, Kanagaraj G, Sudhakar K (2019)
Mechanical property of FDM printed ABS: influence of printing parameters. Int J AdvManuf
Technol 102:2779–2796. https://doi.org/10.1007/s00170-019-03313-0

19. Hmeidat NS, Kemp JW, Compton BG (2018) High-strength epoxy nanocomposites for 3D
printing. Compos Sci Technol 160:9–20

20. Hill N, Haghi M (2014) Deposition direction-dependent failure criteria for fused deposition
modeling polycarbonate. Rapid Prototyping J 20(3):221–227. https://doi.org/10.1108/RPJ-
04-2013-0039

21. Petrova GN, Larionov SA, Sorokin AE, Sapego YuA (2017) Modern methods of processing
thermoplastics. In: Proceedings of VIAM: electron. Scientific and Technical Zhurn. 11(59)
Art. 07. https://doi.org/10.18577/2307-6046-2017-0-11-7-7

22. Platonov MM, Petrova GN, Larionov SA, Barbotko SL (2017) Optimization of the compo-
sition of the polymer composition with a reduced fire hazard based on polycarbonate for the
technology of 3D-printing with molten polymer filament. IzvestiyaVuzov Ser: Chem Chem
Technol 60(1):87–94

https://doi.org/10.1016/j.matpr.2018.01.146
https://doi.org/10.1007/978-1-4419-1120-9
https://doi.org/10.1007/978-1-4939-2113-3
https://doi.org/10.1007/s00170-019-03313-0
https://doi.org/10.1108/RPJ-04-2013-0039
https://doi.org/10.18577/2307-6046-2017-0-11-7-7


On the Issue of Designing Cantilever Shafts
with Joint Consideration of Strength,

Endurance and Rigidity
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Dushanbe 734042, Tajikistan

Abstract. The article considers a method for calculating cantilever shafts, which
simultaneously takes into account both the strength and endurance of the shaft,
and its rigidity. For this purpose, a so-called rigid shaft model is used. Usually, the
strength calculation is carried out as a design, and then the stiffness calculation
is carried out as a test, that is, separately from each other. In this case, it may
turn out that the design does not fully meet all the requirements. These require-
ments are usually related to the parts mounted on the shaft, including the type of
shaft supports. Gears, variable gear pulleys and rolling and sliding bearings have
strict requirements for shaft deformations at the point of their landing. Adjusting
the stiffness of the shaft when calculating its strength allows you to simultane-
ously take into account these requirements. This adjustment is possible because
it depends on the design of the shaft. If there is a need to change the stiffness of
the shaft in a certain section, the technique allows you to adjust its value to take
into account the need for this section. A concrete example is given for a cantilever
shaft with a rigid seal.

Keywords: Cantilever shaft · Strength · Stiffness · Deformation parameters ·
Joint accounting · Adjustment

1 Introduction

The calculation of the shafts is carried out taking into account their strength for power
load and endurance, determined by the operating conditions. Very often, it is also nec-
essary to calculate the shaft stiffness [1, 2], which is determined by the design of the
shaft, that is, the parts mounted on the shaft.

These calculations are performed independently of each other separately, and if the
shaft does not meet the conditions of rigidity, then its design is usually developed anew
(calculations for strength and endurance) [3–5]. In the article, it is proposed to adjust
the design of the shaft taking into account the required changes in its rigidity.

Cantilever, double-support and multi-support shafts with protruding elements, have
strong bending deformations in the cantilever sections (Fig. 1a, b) [6]. The diagram of
the cantilever shaft (Fig. 1a) shows the parameters of the shaft deformation: α—the
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Fig. 1 a Deformations of the cantilever shaft; b deformations of the cantilever sections of the
support shaft

angle of rotation of the section, y—the deflection (along the line of action of the power
load F). Figure 1b shows the deformations of the cantilever sections.

AC (length l1) and BD (length l3) over the action of the force F acting on the
two support shaft CABD. Since the shaft is designed to maintain and simultaneously
transmit the torque M of rotating parts (bearings, gears, belt pulleys, etc.) in order to
ensure their normal operation, the following conditions must be met: y ≤ [y], α <

[α], where α and y are the deformation parameters at the landing site of the part to
be fitted, [y] and [α] are the permissible values of the deformation parameters α and
y at the landing site. They depend on the type of part to be fitted [1, 5, 10–15]: [y] =
(0,005 ÷ 0,01) :m [millimeter]—under the worm wheel, [y] = (0.01 ÷ 0.03) :m—under
the cylindrical gear wheel (here-m-modulus in mm), [α] = 0.01 [radian]—under the
deep groove ball bearing, [y] = 0.001—under the plain bearing, and so on. Failure to
comply with these condition leads to the violation of normal operation of the stick part
and its rapid failure, as well as reduced quality performance of the whole mechanism
(machine) in general. For example, the condition y > [y] under the gear wheel leads to
incorrect engagement of the teeth (the condition of uniform load distribution along the
tooth length is violated), that is, it leads to increased wear of the tooth profiles and an
increase in friction losses. Failure to meet the condition α < [α] under the bearing (in the
shaft supports) leads to a violation of the conditions of normal operation of the bearing,
namely, the possibility of jamming of the rolling elements in the separator, increased
wear of the raceways, bursting of the separator, and so on. Therefore, it appears that
the account of rigidity of the shaft (restrictions on the deformation) is an important
objective in the design of rational design of the shaft that is under the min weight of the
shaft and the material consumption for its production, and at the max considering the
conditions of work planting parts, technology, its structure and providing strength and
endurance of the shaft [7]. Currently, cantilever shafts (however, like all other shafts) are
designed according to a method that does not take into account the rigidity of the shaft
and is based only on taking into account its strength and endurance. The calculation is
carried out in two stages. In step 1 based on the known from the kinematic calculation
of a drive torque M and kind of stick parts (including bearings) are designed based on
strength at a reduced allowable stress in torsion, design of shaft, that is, determined by
the diameter d and length l of the plots every plot is suitable for planting individual
stick details. Then, landing and transition elements and sections (chamfers, keyways,
collars, etc.) are introduced into the shaft structure. Phase 2—the known loads from
the stick components (obtained from calculation of gear which includes these details)
D the power P, radial and axial Pr , Pa forces—tested margin of safety in a dangerous
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(critical) cross section, the condition: n > [n], where [n] permissible (min) margin of
safety [4]. These plots are the bending M1 and torsional M moments for the critical
section (cross section where the maximum loadMmax = M1 +M and where the section
is the weakest—keyway, press fit parts, and the like) calculated effective coefficients of
stress concentration Kσ and Kτ (for normal fromM and tangential forM1 stresses) and
calculate the value of n. The stiffness (and therefore the values of α and y parameters of
its deformation) depends on the shaft material (usually the same for all sections of the
shaft), from its geometrical moment of inertia I (determined by the shaft diameter and
the presence of stress concentrators—the keyways, fillets and the like—in the considered
cross section), but also from the power loadon the shaft. The force load canbe represented
by a concentrated force P, a distributed load with intensity q, or a moment of forcesM2
usually, the distributed load q is represented as a concentrated force applied at the center
of mass of the plot q [8].

2 Method

In order to take into account, the rigidity of the shaft already at the stage of its design, it is
necessary to make a so-called “rigid” model of the cantilever shaft (or cantilever sections
of a two support or multi-support shaft). Instead of calculating the shaft for strength and
endurance, it is proposed to introduce changes in its design (correcting its rigidity in the
right areas), instead of calculating the shaft design anew, taking into account the newly
discovered circumstances [9–14].

Let us have a cantilever shaft ACDE (Fig. 2), which has different stiffness EI in
different sections (with the same material and moment of inertia of the cross section I
for all sections of the shaft).

Fig. 2 Cantilever shaft with rigid pinching

Assume that the sections to the left of section C (section AC in Fig. 2) retain their
position (for them, neither the power load Qy andMx nor the shaft stiffness EI change).
Let on the plot with the number “i” (plot CD in Fig. 2), we changed the stiffness from
Ei Ji to E′

iJ
′
i . This will cause a rotation of the shaft section by an angle �αD and a

deflection (additional) �yD, respectively. Then, the new position of the flexible axis of
the cantilever shaft will be ACD’ E’, respectively (see Fig. 2). Sections of the shaft to the
right of section “i” (to the right of point D of the modified section CD) will be subjected
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to deformation (deflections and turns of the section) as a rigid body, that is, without
changing the configuration [15].

In this case, their deformations can be found by dependencies:

�αE = �αD (1)

�yE = �yD + �αD · x (2)

where: x is the distance of the considered (arbitrary) section from the right end of the
section “I” (section D). The values of �αD and �yD are determined by known methods
depending on the changed parameters of the section “I”.

Consider their definition:
Figure 3a is showed a section of the shaft bounded by sections C and D, and Fig. 3b

shows the deformation parameters of the CD section.

Fig. 3 a Section CD of the shaft; b deformation parameters of the CD section

The section is affected by the transverse forceQy (constant in the section), the bending
moment Mx (variable in the section: MC in section C, MD—in section D). According
to [2], the differential equation of a curved shaft axis in an arbitrary cross section with
the coordinate x has the form:

EJx · d
2y

dx2
= EJx · y′′ = Mx = MC + Qy · (l − x) (3)

We integrate this equation twice with respect to the variable x, taking into account
the boundary conditions of G. U. for the section “i”:

x = 0 : α = αC , y = yC
x = l : α = αD, y = yD

(4)

equation of the angles of rotation of the section;

EJαD = EJαC + MC · l + Qy · l2
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the deflection equation.

EJyD = EJyC + EJαC · l + MCl2

2
+ Qy · l

3

3
(5)

Let us introduce the notation:

B = MCl2

2
+ Qyl3

3
,A = MC · l + Qyl2

2
(6)

Then the dependencies (5), taking into account (2) and (6), will take the form:

EJαD = EJαC + A,EJyD = EJyC + EJαC · l + B (7)

After changing the shaft stiffness in the section “i” fromEI to (EIˆ’), the dependencies
(7) will take the form:

(EJ )′α′
D = (EJ )′α′

C + A, (EJ )′y′
D = (EJ )′y′

C + (EJ )′α′
C · l + B (8)

Subtracting pairwise (7) from (8) and performing some transformations, we find:{
�yD = y′

D − yD = (k − 1) · (yD − yC − �αC · l)
�αD = α′

D − αD = (k − 1) · (αD − αC)
(9)

where k = (EJ )
(EJ )′—coefficient of change in shaft stiffness.

3 Results

Below is an example of calculating the shaft according to the proposed method.
Example. Let the cantilever shaft consisting of 3 sections—AC (length 2 l), CD

(length 2 l) and DE (length l) act in the cross section E force P. The stiffness of the
cross section of the shaft EI is the same in all sections. Graphoanalytic methods or the
method of initial parameters determine the parameters of deformation of sections 0, 1,
2, 3 of the shaft (Fig. 4).

Fig. 4 Design scheme of the cantilever shaft

The calculation results are presented in Table 1.



On the Issue of Designing Cantilever Shafts … 65

Table 1 Parameters of shaft deformation in calculated cross sections

N 0 1 2 3

α, [Pl2] 0 −8.0 −12.0 −12.5

y, [Pl3] 0 −8.667 −29.334 −41.667

For example, for section C, we have the deformation parameters:

αC = α1 = −8.0 · Pl
2

EJ

yC = y1 = −8.667 · Pl
3

EJ

Let us now change the stiffness EI on the sections AC and DE. Take (EJ)’ = 2:EJ
(increased the stiffness twice). We will determine the new values of α’E and y’E accord-
ing to the proposed method (after changing the stiffness on the “i” section). By the
dependencies (9), we find (for x = 2 l for the section D):

�αC = (k − 1) · (αD − αC) = −0.5 · (−12 + 8.0) · Pl
2

EJ
= +2 · Pl

3

EJ

�yC = (k − 1) · (yD − yC − �αC · 2l)
= −0.5 · (−29.334 + 8.667 + 8.0 · 2)

· Pl
3

EJ
= +2.334 · Pl

3

EJ

where k = (EJ )
(EJ )′ = 1/2.

By dependencies (1) and (2) for the section E (x = l) under consideration, we find:

�αE = �αD = +2
Pl2

EJ ′

�yE = �yD + �αD · l = (2.334 + 2 · 1) · Pl
3

EJ
= 4.334 · Pl

3

EJ

Now, we find the deformation parameters for the section E [9]:

y′
E = yE + �yE = (−41.667 + 4.334) · Pl

3

EJ
= −37.333 · Pl

3

EJ

α′
E = αE + �αE = (−12.5 + 2) · Pl

2

EJ
= −10.5 · Pl

3

EJ

Let us check the result obtained using the Mohr integral, which is convenient (quick
calculation andminimum calculations) for determining the parameters of the shaft defor-
mation in a small number of design points. Figure 5b shows the design scheme for cal-
culating the shaft deflection, and Fig. 5c—for calculating the angle of rotation of the
section.
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Fig. 5 Calculation scheme of the Mohr integral method

The calculation of the deformation parameter � (the angle of rotation of the section
α or the deflection of the section y) is carried out according to the formula:

� =
∑ li∫

0

Mw · M3 · dx
EJ

(10)

where Mw—the value of the moment from the working load (force P), M3—the value
of the moment from a unit load (unit force P = 1 when calculating the deflection of the
section y or a unit moment M = 1 when calculating the angle of rotation of the section
α).

When calculating the deflection y’E in section E, we obtain for 3 sections of the shaft
AC, CD and DE:

Plant section AC: Mw = P · (x − 5 · l),M3 = x − 5 · l and �1 = 98
3·EJ P · l3.

Plant section CD: Mw = P · (x − 3 · l),M3 = x − 3 · l and �1 = 13
3·EJ P · l3.

Plant section DE:Mw = P · (x − l),M3 = x − l and �1 = 1
3·EJ P · l3.

Now the deflection in section E is found by the formula:

y′
E = �1 + �2 + �3 = 112

3 · EJ P · l3

We perform a similar calculation for the angle of rotation α’E of the section E:

α′
E = �1 + �2 + �3 = 21

2 · EJ P · l3

Verification confirms the correctness of the proposed method.
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4 Conclusions

1. Verification of the obtained results (values of y’E and α’E) by the method of the
Mohr integral confirmed the correctness of the obtained results.

2. The proposed dependencies (1) and (2) establish a relationship between the parame-
ters of the original (having insufficient stiffness for this shaft design) and the corrected
(having sufficient stiffness for this shaft design) shafts. Thus, these dependencies
significantly reduce the amount of work and simplify the calculation of the shafts
(there is no need to re-design the shaft according to the condition of strength and
endurance), while taking into account their strength and stiffness.

3. The example shows that the proposed method of adjusting the stiffness of the beam,
taking into account the strength and endurance of the shaft, gives results, the relia-
bility of which is confirmed by other methods of calculating the stiffness of the shaft
(the Mohr integral method) and allows you to significantly simplify the design of
cantilever shafts or cantilever elements of support shafts.

References

1. Markhel II (1986) Machine parts. Mashinostroenie, Moscow, p 448
2. Darkov AV, Shapiro GS (1975) Resistance of materials. Higher School, Moscow, p 657
3. Serensen SV, Groman MB, Nadarevic RM, Chagaev VP (1970) Shafts and axles. Design and

calculation. Mashinostroenie, Moscow, p 320
4. Birger IA (1993) Calculation of the strength of machine parts: Handbook I. A. Birger, B. F.

Shorr, G. B. Iosilevich. - 4th ed., reprint. Mashinostroenie, Moscow, p 640
5. Lelikov OP (2006) Shafts and bearings with rolling bearings. Calculation and construction.

Constructor library. Mashinostroenie, Moscow, p 639
6. Potapova LB (2003) Complex resistance. Static and dynamic calculation of the shaft:Method-

ological guidelines for the implementation of computational and graphical work on the course
“Resistance of materials” for students of mechanical specialties. Khabar State Technical
University. University press, Khabarovsk, p 31

7. BorisovEA,KadermyatovaDSh, LobyntsevaOA (2007)Verification calculation ofKPDP-37
shafts. Synergy of Sciences. ISSN: 2500-0950 12:1010–1024

8. Kuzmin AA, Pavlova EA (2016) Calculation of shafts for torsional stiffness on the basis
of a method for determining the positions of fixed sections. Modern Sci-Intensive Technol
8–1:64–67

9. ZhernakovVS,Mardimasova TN,GazizovHSh (2013) Calculation of shafts for static, fatigue
strength and stiffness: Textbook UGATU. Ufa. p 76

10. Acherkan NS (1968) Machine parts. In: Acherkan NS (ed) Calculation and construction.
Guide., vol 1. Mashinostroenie, Moscow, p 440

11. Ivanov MN, Finogenov VA (2008) Machine parts: textbook for machine-building specialties
of universities. Higher School, Moscow, p 408

12. Iosilevich GB (1988) Details of machines: textbook for students of engineering specialties of
universities. Mashinostroenie, Moscow, p 368

13. Kuzmin AV, Chernin AB, Kozintsev BS (1986) Calculations of machine parts. Reference
manual. Higher School, Moscow, p 400

14. Guzenkov PG (1986) Machine parts. Higher School, Moscow, p 359
15. Ryakhovsky OA, Klypin AV (2002) Machine parts. Drofa, Moscow, p 288



Features of the Use of Structural
Polymer-Composite Materials

for the Manufacture of Complex-Shaped Parts
in Small-Scale Production

V. M. Medunetskiy(B), S. Yu. Perepelkina, and Yu. S. Andreev

ITMO University, 49, Kronverkskiy prospekt, St. Petersburg 197101, Russia

Abstract. The article provides a brief overview of structural polymer-composite
materials with an indication of their main properties. It is noted that these mate-
rials are advisable to be used in the manufacture of complex-shaped products,
in particular gears with complex configuration of gear rims. To illustrate this, a
drawing of a tapered gear rim of a cylindrical wheel is shown. For small-scale pro-
duction of gear wheels, made of polymer-composite materials, it is recommended
to use shaping matrices, which should also be made of composite materials with
a metal shell. The technology of their manufacture is briefly described and a vari-
ant of the structural diagram of such a shaping matrix is given as an example.
The authors recommended the use of composite thermosetting plastics as a filler
for forming matrices. The experiment was performed via the equipment of the
universal friction machine MTU-1 and SHIMAZU AGS-500X and the respective
results are consequently presented in this article. Research polymer samples were
made by using FDM technologies. The resulting graphs demonstrate the relation
between the friction coefficient and ultimate tensile strength on the percentage
ratio of polymer samples, which must be taken into account when designing and
manufacturing gears.

Keywords: Complicated products · Gear drives · Polymer materials · Shell
matrices

1 Introduction

As practice shows, polymer materials are widely used in various fields of technology [1].
It should be noted that at present there is a steady tendency to use structural polymer-
composite materials (PCM) for the manufacture of gears, that are used in mechanical,
electromechanical and mechatronic devices for various purposes. The advantages and
disadvantages of composite and plastic gears are well known [2–5]. The advantages
of polymer-composite products are reduced friction, wear and weight. In addition, the
use of polymers will increase the strength and reliability, which directly affects the cost
of the product [6–10]. The practical use of polymers has shown that these materials
are low noise and corrosion resistant compared to metal products. It is recommended
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to use structural polymer-composite materials for the manufacture of complex-shaped
products in small-scale production. For example, it is difficult tomake profile gear rims of
cylindrical gears. Figure 1 illustrates a complex-profile cylindrical gear rim with tapered
teeth.

Fig. 1 Fragment of a ring gear with tapered teeth

Thus, this arises an objective need to analyze existing and practically applied struc-
tural polymer materials, as well as to study their properties and characteristics during
the operation. The issue of manufacturing complex-profile parts from PCM in pilot,
individual and small-scale production is also topical.

2 A Brief Overview of Non-Metallic Gear Materials

It is known that composite materials (composites) are materials that usually contain a
base a plastic matrix and a filler with high strength and rigidity. The filler and the base
must be chemically inert to each other. A wide range of materials with the required
set of properties can be obtained by varying the composition of the matrix, filler, their
ratio, and the orientation of the filler. Polymer matrix composites are one of the most
numerous and varied types of materials. PCM with low density have high physical and
mechanical characteristics. In particular, the coefficient of thermal expansion of polymer
composites is significantly lower than that of metals and simple polymers. This allows
PCM products to be used in a wide temperature range.

The variety of polymer-composite materials has led to the creation of various
databases and programs for their modeling [11–14]. By selecting fillers, resins, using
different layouts or winding schemes, it is possible to create materials for different
operating conditions.

It is noted that for themanufacture of complex-profile gear rims of cylindricalwheels,
polymeric materials of various technological, physical, mechanical, tribological and
chemical properties are used. For example, there are such materials as polyamide and
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its variety—polyamide 6, better known as caprolon, and fluoroplast, both pure and with
various fillers. Polyamides have high strength, hardness, elasticity, wear resistance and
heat resistance.

Caprolon can also be used for the manufacture of complex-shaped parts in small-
scale production, since it has a high tensile strength. This material has a low friction
coefficient in a pair with any metals. It is also well and quickly running in, and it is
6–7 times lighter than bronze and steel, which can be used instead. Apart from that, it
possesses high manufacturability. There are also known composite materials based on
this: glass-filled and mineral-filled.

The second common polymer is fluoroplast. Fluoroplast has extremely low surface
energy, and therefore, it can be used as a release material. It is resistant to aging under
normal conditions and has high antifriction properties, an extremely low coefficient of
friction (under certain conditions and in pairs, the coefficient of friction is up to 0.02) [15].
Compositions based on fluoroplasts are also widely used. When fillers are introduced
into the fluoropolymer, it increases wear resistance, strength, hardness, or elasticity [16].

It should be noted that the advantage of composite polymer gears over metal gears
is not only a reduced noise level, but also a greater efficiency (efficiency) due to lower
friction losses.

It is known from practice that 3D printers are widely used for the manufacture of
prototypes of gear wheels. The most used materials in this variant for the manufacture
of such gears are ABS and PLA plastics [17].

To take into account the friction of surfaces made of PLA plastic, tribological studies
were carried out with various filling factors, using MTU-1 friction machine [18].

3 Results of the Study of Polymeric Materials for the Manufacture
of Gear

Recently, a wide range of measurement machines and methods have been developed for
the estimation of tribological behavior in various conditions. 3D printing technology
allows us to manufacture parts with varying accuracy and degree of filling of the inner
layers of the part. Deviations of the shape and roughness of the surface have significant
influence on various properties of the part, including its reliability and wear [13].

Roughness of the surface layers normally does not depend on the filling factor.
Therefore, it is interesting to investigate the tribological properties of tribopairs after
abrasion of the surface layers. A universal friction machineMTU-1 was used for testing.
(Fig. 2).

In Fig. 2, the following parts of the universal friction machine “MTU-1” are pre-
sented, where: 1—the part used for the control of rotation speed; 2—the power button;
3—the speed control button; 4—the friction torque measurement system with the elastic
sensing element; 5—the strain gauge for axial load measurement; 6—the handle for
fast loading; 7—the handle for fine loading; 8—the chuck for the upper sample; 9—the
lubricant reservoir; 10—the handle for the displacement of coordinate table.

The structure of the universal friction machine “MTU-1” allows us to save the par-
allelism of the contacted surfaces, which increases the accuracy of measurements. The
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Fig. 2 Universal friction machine “MTU-1”

machine is resistant to the environmental influence, such as vibration, electromagnetic
interference, dust, humidity and temperature fluctuations.

The testing method for “MTU-1” is based on a relative rotational movement of the
upper sample to the lower stationary sample with or without lubricants using different
test schemes, such as disc to disk, sphere to ring, pin to disk motion, etc.

The upper sample rotation speed without the load is adjustable up to 2500 rpm, the
load on the samples can be varied from 50 to 1000 N.

Figure 3 shows the dependence of the maximum coefficient of friction on the filling
factor (given porosity) of the samples under study.

Fig. 3 Dependence of the maximum friction coefficient on the sample filling factor
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As it can be seen from Fig. 3, specimens with 50% infill have the highest maximum
coefficient of friction. Perhaps, this happens due to the no absence of equilibrium of the
surface layer and the presence of voids. With such a ratio between pores and areas of
overlap of threads, the contact area of two pairs of samples is uneven and maximally
“spotted”,which increases the coefficient of friction. Theminimumcoefficient of friction
is observed at 75% coverage, which can be explained by the optimal distribution of areas
with intersecting filaments in 3D printing. In the process of friction, the surface layer is
smoothed due to the plastic flow of the polymer. However, an increased coefficient of
friction is observed by 75% during friction of samples, treated with fine-grained abrasive
and dichloromethane, which occurs due to an increase in surface energy after chemical
treatment. In this regard, a non-equilibrium structure with a small number of pores is
created on the surface. For the same reason, the coefficient of friction of samples of
100% filling increases slightly, while for 50% it decreases significantly.

Strength studies were carried out on a tensile testing machine SHIMAZU AGS-
500X. Figure 4 demonstrates a diagram of the SHIMAZU AGS-500X tensile testing
machine.

Fig. 4 Tensile testing machine SHIMAZU AGS-500X. Protective glass is used to protect against
flying debris (1) One-touch travel stops (2) Load cell (3) Crosspiece (4) General gripper for tensile
and compression tests (frame 20–300 kN) (5) Built-in main control panel (6, 7) Emergency stop
button (8) Multipurpose Tray (Table Frame) (9)

Figure 5 shows the relation between the ultimate strength and the filling factor of
the samples.
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Fig. 5 The dependence of ultimate strength on sample filling factor

The figure shows that the increase in ultimate strength is directly proportional to the
increase in the filling factor. As the fill factor increases from 40 to 100%, additional
adhesive molecular bridges appears, which provides the viscous fluidity of the material.

4 Recommendations for the Manufacture of Gear Links in Small
Batch Production

For small-scale production of gears with a complex gear rims configuration, it is possible
to propose shaping matrices, which are also expedient to be made of composite mate-
rials. Finished products can have different physical and mechanical properties: rigid,
imitating the properties of ABS, semi-rigid, elastic, heat-resistant, transparent, as well
as combined.

The crucial factor for the reliable operation of the gear transmission, made of com-
posite polymer materials, is the maximum compliance of the operational requirements
with the properties of the selected material. For example, a high load defines the choice
of hard rigid plastics, in particular, reinforced thermoplastics.

Studies have shown that to ensure a high-quality working surface of gear wheels, it is
recommended tomake themof composite thermoplastics by casting ormolding into shell
forming matrices [15, 19]. The matrix for their manufacture is made of thermosetting
plastics, for example, from phenol–formaldehyde and epoxy polymers. This design of
the shell shaping matrix is shown in Fig. 6.

Reactoplasts have a sufficiently high stability of physical and mechanical properties
when the environment changes. Due to their strength and electrical insulating properties,
as well as the ability to operate at high temperatures, phenolic strips are successfully
used for the manufacture of structural, frictional, and antifriction products [20]. In this
case, the inner surfaces, that form the cavity, should be made of metal in the form of a
shell. This is possible if the metal shell gear rim is made of a thin strip, bent along the
contour of the master model. For this option, it is recommended to use cold rolled mild
steel strip, which is usually used when parts are bent. It is also recommended to make a
master model for the formation of the shell on a 3D printer.

It should be noted that on one side of the metal strip it is necessary to create a
microrelief with the specified functional parameters. In addition, it is necessary to set
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Fig. 6 Fragment of a shaping matrix made of polymer-composite materials

a sufficiently rough roughness for a strong connection with the material of the forming
matrix on the other surface, since an increase in roughness leads to an increase in adhesion
strength.

5 Conclusion

Thus, as a result, it can be noted that structural polymeric materials are considered,
which are recommended for the manufacture of complex-shaped products in small-
scale production using the example of tapered gear rims. Furthermore, a shell structure
of a forming matrix made of thermosets for their manufacture is proposed. Apart from
that, the results of studies on the strength and tribological characteristics of polymer
samples obtained by the FDM technology with different filling factors are presented,
which makes it possible to use them for the manufacture of complex-shaped products
(parts).
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Abstract. The paper briefly describes and justifies the need to evaluate the accu-
racy of gears that are made of polymer composite materials. The production of
gears is recommended using specific databases of polymer composite materi-
als, which are given in the article, to select materials for the required physical and
mechanical parameters. An example of manufacturing a gear wheel from compos-
ite polymer materials with an asymmetric tooth profile and an internal reinforcing
gear ring is given. A sequence of dependencies is proposed that can be used to
evaluate the accuracy of gears made of polymer composite materials. The paper
deals with the calculation of the maximum and minimum values of the tangen-
tial composite deviation and kinematic backlash of gears, taking into account the
installation the mounting radial and axial runout of the gear, the total reduced
mounting error and options for the location of the gears on the transmission shaft.

Keywords: PCM gears · PCM databases · Gear accuracy · Composite
deviation · PCM

1 Introduction

It is known that structural polymer materials are widely used for the manufacture of
mechanisms for various purposes [1]. Currently, there is a steady trend of using structural
composite polymer materials (PCM) for the manufacture of gears in the actuators of
various devices. The advantages and disadvantages of composite and plastic gears are
well known [2–5]. The advantage of products made of polymer composites is to reduce
the weight of products, reduce friction and wear, which significantly affects the quality
and cost of products [6–10].

A special feature of the use of polymer composites [11–14] is that it is possible
to simultaneously create the material itself and form the technology for its processing
into a product. Selecting fillers, resins, as well as using various schemes of laying out
or winding, you can get samples for different operating conditions. Today, there are
extensive databases of polymer composites:

(1) Total Material of the Swiss company Key to Metals AG [15];
(2) Material Data Center of the German developed by M-Base Engineering + Software
GmbH [16];
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(3) Plastinfo.ru localized for processors in Russia andCIS countriesmaterial Data Center
database of the Russian Plastinfo LLC.ru [17].

The Material Data Center database combines a set of different characteristics of
polymer materials for developers, with fairly detailed curves of properties depending
on temperature and/or time. It is possible to superimpose functional curves of different
materials on a single diagram to visually compare the manufacturability of materials or
their various properties [18].

Thus, it is possible to produce gears from PCM with improved properties [19–23].
The design of the polymer gear wheel largely determines the efficiency of the gear

train. The chosen ratio of the crown dimensions, the reliability of the interfaces, and the
location of the reinforcing elements depend on the manufacturing accuracy and strength
of the transmission. In practice, PCM gears are divided into all-polymer and reinforced
according to their design [14].

It can be noted that in many structures of mechanisms, gears made of such materials
are used with reverse, and the so-called dead stroke occurs due to the presence of gaps in
the joints and elastic deformations [24]. Often, in some cases, there is a need to increase
the load capacity of gears fromPCM.As an example of solving this problem,we can give
a non-standard gear crown with an asymmetric profile and a reinforcing symmetrical
gear crown made of metal (Fig. 1).

Fig. 1 Cross-section of a non-standard toothed reinforced crown with an asymmetric external
profile (the internal reinforcing toothed crown is symmetrical)

The reinforcing metal-toothed crown can be made both symmetrical and asymmet-
rical according to the profile of the tooth.

It is important to note that in single or small-scale production, the reinforcing toothed
crown can be made on universal equipment with a disk tool with straight cutting edges.
This can be implemented using the discrete bending method, that is, without the use of
gear-cutting tools and equipment [23]. In this case, the profile of the internal reinforcing
teeth on the metal disk will be represented as a polygonal curve relative to the involute,
and the external working surface of the teeth of the crown is represented by a composite
material. The reinforcing metal-toothed crown can be made both with a symmetrical
profile and asymmetric according to the profile of the tooth.
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This method of forming a reinforcing metal-toothed crown is illustrated in Fig. 2,
which shows two positions of the relative position of the toothed crown being man-
ufactured and the disk tool. At position 1 and position 2, a metal reinforcing disk is
drilled with a disk tool along the axis of the workpiece. The transition from position 1 to
position 2 is achieved by discrete rotation by an angle (�ϕ) and discrete displacement
of the disk tool by an amount (�). The angle of rotation of the metal disk and the linear
displacement of the tool must be such that the point “a” and point “b” belong to the cal-
culated involute. In this case, the formed surface on the tooth of the metal disk will be a
sequence of flat cuts that encircle the involute. In order to form one side of the tooth (left
according to this figure), it is enough, for example, 5–6 positions with a corresponding
discrete change in the angle (ϕ) and a discrete movement of the disk tool along the axis
of its rotation. Next, all the right sides of the subsequent manufactured teeth should be
formed in the same way. After that, the workpiece should be turned over and perform
the same operations to profile the other side of each tooth.

Fig. 2 Formation of a toothed reinforcing crown by the method of discrete bending

It is important to note that gear links from PCM also have shrinkage during their
manufacture, and they are subjected to warping (uneven shrinkage).

Therefore, based on the above, the issue of evaluating the accuracy of gears from
PCM is very relevant, since the accuracy of gears is the main indicator of their quality.

Without departing from the standard (GOST 1643-81) for gears with a tooth module
m ≥ 1 mm, 12 degrees of accuracy, 6 types of coupling are set for gears with a tooth
module m ≥ 1 mm: A, B, C, D, E, H and 8 types of T jn tolerance for the backlash: x,
y, z, a, b, c, d, h. The manufacturing accuracy of each gear wheel and then the actual
transmission is set by the degree of accuracy, while the backlash requirement is set by
the type of coupling according to the backlash standards.
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For cylindrical gears that are mainly involute, taking into account mounting errors,
the values of the minimum andmaximum tangential composite deviation are determined
by the expressions:

– for degrees of accuracy 3–6:

F ′
i0min = 0.62Ks

(
F ′
i1 + F ′

i2

)
.

– for degrees of accuracy 7–8:

F ′
i0min = 0.71Ks

(
F ′
i1 + F ′

i2

)
.

For all degrees of accuracy (the same applies to other gears)
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i1
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�M1

+
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F ′
i2

)2 + E2
�M2

]
,

where K, Ks—phase compensation coefficients, i.e., coefficients that take into account
the degree of change in the tangential composite deviation from the initial position of
the links; F ′

i1, F ′
i2—tangential composite deviations of the driving and driven gears,

respectively, E�M1 , E�M2—the total reduced installation error (in GOST 21098-82 is
determined by Appendix 2).

Tolerance for the tangential composite deviation of the gear:

F ′
i = FP + ff

whereFp is the tolerance for the accumulated error of the gear pitch and f f is the tolerance
for the error of the tooth profile.

The value of the minimum kinematic backlash of the gear transmission:

jtmin = jnmin

cosα cosβ
,

where jn min is the allowance backlash (normal), α is the pressure angle of the standard
basic rack tooth profile, and β is the helix angle.

The value of the maximum kinematic backlash for a cylindrical gear transmission:

jtmin = 0, 7
(
EHs1 + EHs2

) +
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0, 5
(
T 2
H1

+ T 2
H2

+ 2f 2a + G2
r1 + G2

r2

)
,

where jt max—the maximum circular backlash in the gear transmission, EHs is the small-
est additional bias source circuit, TH—tolerance on the basic racks tooth profile modifi-
cation,±f a is the center distance limit error, andGr is the radial clearance in the bearings
of rotation and is equal to the radial runout (in GOST 21098-82 is defined in Annex 2).

The total reduced mounting error for cylindrical gears is calculated based on the
relationship:

E�M =
√(

ertgα

cosβ

)2

+ (eatgβ)2,
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where er and ea are the mounting radial and axial runout of the gear, respectively (indi-
cators of the accuracy of mounting gears). The values of er and ea are calculated using
the formulas:

er = 0, 85

√√√√
n∑

i=1

e2i , ea = 0, 85

√√√√
n∑

j=1

e2j

where er and ea are the error tolerances that create the primary radial and axial runouts
of the gear wheel, respectively.

It is assumed that the value of Gr is equal to er . It is clear that er and ea depend on
the type of connection or smooth cylindrical coupling of the part with the shaft.

The mounting radial runout of the gear can be calculated using the following
expression:

er =
(
Fr + eC + eB + Kiα

a + b

l

)
,

where Fr is the tolerance for the radial runout of the gear ring. Determined by GOST
1643-81; eC—clearance in the gear fit on the shaft, depending on the design of the
connection and the fit used; eB—tolerance for radial runout of the fit stage of the shaft
under the gear wheel relative to the shaft pin, and for smooth shafts eB = 0, is determined
by GOST 24643-81; Kiα—radial runout of the inner ring of the assembled bearing is
determined according to GOST 520-2011.

Dimensions a, b, l are based on the wheel arrangement on the shaft according to
Fig. 3.

Fig. 3 Inter-support (left) and cantilever arrangement of the gear wheel on the shaft

For spur gears, axial runout can be neglected, i.e., ea = 0.
You can also use the probabilistic method for calculating the accuracy—the Monte

Carlo method, in which the components of the tangential composite deviation and
backlash will be random values in certain intervals [25, 26].
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2 Conclusion

Thus, as a conclusion, it should be noted that this paper offers a specific sequence
of dependencies that can be used to evaluate the accuracy of gears made of polymer
composite materials that are intended for use as transmission mechanisms in devices for
various purposes.
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Lifetime Prediction for the Jaw Crusher
by the Criterion of Toggle Fatigue Strength

Based on the Application of the Kinetic Concept
of Material Destruction

M. Slobodianskii(B)

Nosov Magnitogorsk State Technical University, 38, Lenin Street, Magnitogorsk 455000, Russia

Abstract. A toggle, which performs a safety function in case of getting uncrush-
able material into the chamber, is shown to be one of the elements determining the
lifetime of a complex swing jaw crusher. It was determined that the toggle failure
prior to the scheduled overhaul period under the conditions of crusher stationary
operation is unacceptable (not in case of getting uncrushable material into), since
it leads to the economic costs from reduced productivity of the enterprise and
increased time for equipment breakdown maintenance. The known approaches
were analysed in order to assess the durability of the jaw crusher toggles; the
results revealed that their performance is assessed according to the static strength
condition, and the lifetime is assessed by the criterion of cyclic strength using
the experimental SN-Curve (Wöhler curve). The article proposes a mathematical
model for failures by the criterion of material kinetic strength in order to solve
the problem of analytical assessment of the toggle lifetime. An algorithm has
been developed, based on the failure model proposed, to determine the average
toggle lifetime under given operating conditions. The theoretical studies of the
toggle durability of the PE 1200 × 1500 jaw crusher under operating conditions
at Orenburg Minerals JSC were carried out with the use of the algorithm. The
verification of the proposed failure model showed that the prediction error in the
average toggle lifetime does not exceed 18%. This indicates a fairly high level of
the mathematical model reliability.

Keywords: Failure model · Jaw crusher · Toggle · Lifetime · Prediction

1 Introduction

The following types of crushers, such as jaw, roll, cone and impact, are used to crush
various solid bulk materials [1]. Complex swing jaw crushers for crushing materials,
having a tensile strength of notmore than 300MPa, are themost common in construction,
mining andmetallurgical industries. They arewidely used in various complex production
processes due to their compactness, the ease of operation and maintainability.

Unplanned failures of jaw crushers can lead to significant economic costs from
reduced productivity of the enterprise and increased time for equipment breakdown
maintenance.
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Breakdowns of the following elements can lead to failures of complex swing jaw
crushers:

• worn or damaged crushing plates;
• a broken swing jaw;
• eccentric shaft bearings;
• a broken eccentric shaft;
• toggle fatigue damage.

In practice, the toggle is the most important element of the crusher which failure
leads to significant breakdown maintenance. It prevents the material which is hard to
be crushed on this equipment from getting into the crusher. On the one hand, when the
uncrushable material gets into the chamber, it is the toggle that must be broken first,
thereby preventing the destruction of the movable jaw which restorations and repairs
are more expensive. On the other hand, the toggle lifetime under stationary operating
conditions should be not less than the assigned one, after which it has to be replaced.

Thus, the toggle is an element which determines the durability of the entire crusher,
and its lifetime prediction at the design and operation stages will allow one to establish
the most rational structure of the repair cycle. Mathematical description of the material
destruction process according to the cyclic strength criterion is needed for an analytical
assessment of the toggle average lifetime.

An analysis of the scientific literature showed that most of the works are dedicated
to simulation of the crushing process [2], examination of the toggle reliability [3] and
study the kinematics of the crusher operation. However, the issue of ensuring the required
reliability level of complex swing jaw crusher toggles is still open.

The jaw crusher toggle performance is determined by the static strength condition
[4, 5]:

σc ≤ [σc], (1)

where σc is the maximum compressive stress in the toggle and [σc] is the allowable
compressive stress depending on the toggle material and its physical and mechanical
characteristics.

At the same time, it is believed that if condition (1) is fulfilled, the crusher toggle
will be in a state of operability for any length of time. Compressive stresses σc, arising
in the body of the toggle, can be assessed using the methods described in [4–6], but the
use of the finite element method in computer-aided design systems (Autodesk Inventor,
SolidWorks, Ansys, Abaqus, Nastran, and others) has become relevant to assess the
stress state of loaded parts. In this case, this method allows one to calculate the stress
state in the toggle taking into account all design features, including σc in condition (1).

Thus, if the stresses σc, calculated according to the conditions described in [4–6] or
by the finite element method, satisfy the condition (1), then it is assumed that the toggle
is in the state of operability for any length of time. This is in conflict with operational
practice. In this case, in order to assess the toggle lifetime based on the calculated value of
compressive stresses σc, the SN-Curve (Wöhler curve) is used that resulted from a large
number of laboratory tests of samples from various structural materials. This approach
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has a significant drawback that is in the limited data on the fatigue curves of materials
used for the toggle manufacture. There is also no possibility to evaluate the complex
effect of temperature power factors, physical and mechanical properties of materials on
durability indicators.

However, the issue of analytical prediction of the jaw crusher toggle lifetime by the
criterion of cyclic strength is not considered in the literature. In our opinion, this problem
can be solved on the basis of modern achievements of the physical reliability theory for
machine parts [7, 8] and the kinetic concept of solid destruction process interpretation
[9–14].

Thereby, the aim of this research is to develop an analytical model for jaw crusher
failures on the criterion of toggle cyclic strength, which does not require additional
experimental studies.

2 A Model for Jaw Crusher Failures by the Criterion of Toggle
Cyclic Strength Based on the Kinetic Concept of Material
Destruction

The basic principles of the reliability prediction theory for machine parts are used to
build a model of failures [7, 11, 12]. The energy density ue t of structural defects of
the most stressed material volumes is taken for the parameter of the toggle state. If
we assume that the toggle load conditions are stationary, then the failure by the cyclic
strength criterion will occur if the value ue t reaches the critical value ue ∗ [7, 11, 12]:

uet = ue0 + u̇e · t = ue∗. (2)

The initial value ue 0 for the density of the latent energy of defects in the structure of
the material is determined as a function of Vickers hardness HV and a shear modulus G
[10, 15–19]:

ue0 (vk) =
(
(0.071 · HV )1,2

)2/(
6 · Gvk ·

(
6.47 × 10−6 · HV + 0.12 × 10−2

)2)
.

(3)

Solving Eq. (2) in relation to t = tnp, we determine the average lifetime expectancy
of the toggle by the cyclic strength criterion:

t = (ue∗ − ue0)
/
u̇e. (4)

The average rate of damage in the structure of the contact material volumes can be
determined according to [8, 10] using the equation:

u̇e = kcmp · k · Tf · U (
σ0,Tf

)

h
·
⎛
⎝exp

(
−

�U (σi,Tf ) · Vam

k · Tf

)
− exp

⎛
⎝−

←
U (σi,Tf ) · Vam

k · Tf

⎞
⎠

⎞
⎠,

(5)

where kcmp = 2 · (ue∗ − ue0)
/
(3 · ue∗ − ue0) is Le Chatelier’s principle taking into

account the material resistance to its structural damage [17];
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k, h, Vam are the Boltzmann constant, the Planck constant and the atomic volume of
the toggle material;

σ0 = (σ1 + σ2 + σ3)
/
3 is the average hydrostatic stress [20]; σ2 = −0.288 · σc and

σ3 = −0.78 · σc are principal stresses determined with the use of the function of the
maximum stresses arising in the body [20];

σi =
√

((σ1 − σ2)2 + (σ2 − σ3)2 + (σ1 − σ3)2)
/
2 is the normal stress intensity

factor [20];
Tf = T0 + (T∗ − T0)/(44 · v0) is the average heating-up temperature through the

entire volume of the surface layer [17];
T∗ = T0 · (3 · σT )2

/
((3 · σT )2 − σ 2

c ) is the heating-up temperature in the local
volumes [17];

σT is the yield strength of the toggle material;
σc is the maximum compressive stress of the toggle;
U (σ0,Tf ) = U (pT ,0)−�UT (Tf )−AV (Tf ) is the height of the symmetrical energy

barrier [15, 17];
U (pT ,0) is the initial activation energy of the destruction in the structure with

allowance for the thermal pressure at T0 and σc = 0, determined using the methods
described in works [15, 17];

�UT (Tf ) = 1.5 ·α0 ·K ·Tf is a change in the activation energy from the self-heating
temperature in the local volumes from T = 0 ◦C to T = T ◦

f C [11, 15];

AV = M 2
r · φ2

σ · σ 2
0 /(2 · K) is the specific energy per unit volume change of a real

crystal under conditions of equivalent static tension [15, 17];
M 2

r = (σT · (65 + 0, 46 · HV ))/σ 2
r is the coefficient of cyclic and static stress state

equivalence [15, 17];
�U (σi,Tf ) = U

(
σ0,Tf

) − 0.5 · Af is the activation energy for defect nucleation (in
the direction of σc) [15, 17];←

U (σi,Tf ) = U
(
σ0,Tf

)+0.5 ·Af is theM 2
r = (σT · (65+0, 46 ·HV ))/σ 2

r activation
energy for defect destruction (in the opposite direction σc) [15, 17];

Af = M 2
r · φ2

σ · σ 2
i /(6 · G) is the specific energy per unit volume forming of a real

crystal under conditions of equivalent static tension [15, 17];
α0 is the coefficient of linear thermal expansion of the toggle material;
K is the bulk modulus of material elasticity;
σr is the material fatigue limit;
ϕσ = kσ · v0,50 is the coefficient of interatomic bonding overstress [15, 17];
v0 is the coefficient of the uneven distribution of the internal energy density over the

deformable volume [17];
kσ is a complex structural parameter of the material [17].
The system of Eqs. (2)–(5) and dependencies for calculating the parameters included

in them is a mathematical model for the formation process of design failures of the jaw
crusher toggle.

The model proposed makes possible the analytical evaluation of the average lifetime
of the jaw crusher toggle by the cyclic strength criterion with allowance for loading
conditions, geometric parameters and physical andmechanical properties of thematerial
as a function of temperature.
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3 Verification of Theoretical Research Results and Their Practical
Implementation

We use the PE 1200 × 1500 series jaw crusher to verify the developed mathematical
model for failures under operating conditions at Orenburg Minerals JSC by comparing
the calculated lifetime t with the assigned one tp = 180 days according to the techno-
logical instruction. Figure 1 shows a general view of the PE 1200 × 1500 series jaw
crusher (Fig. 1a) and its structural scheme (Fig. 1b).

Fig. 1 General view of the PE 1200 × 1500 jaw crusher (a), a structural diagram of the crusher
(b), a three-dimensional model of the toggle (c)

The average lifetime of the jaw crusher toggle can be determined by two methods:
with the use of the failure model developed (2)–(5) and on the basis of SN-Curves [20–
22]. The following conditions were taken into account while performing calculations:

• when calculating the power loading parameters for the toggle, we took chrysotile-
asbestos with the tensile strength σB = 290MPa as a crushed material;

• grey cast iron of SC-36–56 grade (EN-GJL-360) was accepted as the toggle material;
• the forces acting on the toggle were determined by the known method published in
works [4, 5];

• the stress–strain state of the toggle was assessed using the Autodesk Inventor Nastran
software for the finite element calculation. When determining the stresses arising in
the material volume, this method allows one to take into account all possible design
features of the toggle, a three-dimensional model of which is presented in Fig. 1c;

• we determined the critical number to the toggle destruction using the data on the
SN-Curves in the Autodesk Inventor Nastran software.
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Figures 2 and 3 show the assessment results of the toggle stress state (Fig. 2a, b)
and its cyclic strength based on the SN-Curves of grey cast iron of SC-36–56 grade
(EN-GJL-360) (Fig. 3a, b).

Fig. 2 Results ofmodelling the toggle stress state (a), the site of themaximumstress concentration
(b)

Fig. 3 Results of calculating the cyclic strengthof the toggle (a), the site of fatigue cracknucleation
in the toggle (b)

The generalised results of theoretical studies of the PE 1200 × 1500 jaw crusher
toggle durability are presented inTable 1. Studieswere conducted for three grades of grey
cast iron used in the toggle manufacturing. The average toggle lifetime was estimated
by the criterion of cyclic strength based on the SN-Curves (row 4 of Table 1) and by the
criterion of kinetic strength with the use of the failure model developed (row 5 of Table
1).

The calculation of the average toggle lifetimewith the use of the first method showed
that it is possible to recommend the toggles made of SC-30 (EN-GJL-300) and SC-36–
56 (EN-GJL-360) grades for operation under given conditions. The prediction error in
the lifetime for these materials is in the range from 27 to 70%, respectively. However,
according to the operating experience and recommendations of the crushermanufacturer,
the use of SC-30 grade (EN-GJL-300) for the toggle manufacture under these operating
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Table 1 Results of calculating the average lifetime of the toggle

The toggle material (Cast Iron grade) SC-36-56
(EN-GJL-360)

SC-30
(EN-GJL-300)

SC -20
(EN-GJL-200)

Assigned toggle lifetime tp, days 180

Estimated number of cycles to failure
(Inventor Nastran)

152,710,624 52,796,032 59,442

Average
estimated
lifetime t, days

By the criterion of
cyclic strength
based on the
SN-Curve

583 245 0,23

By the criterion of
kinetic strength
based on the failure
model

218 93,7 7,77

Calculation
Error δt , %

By the criterion of
cyclic strength
based on the
SN-Curve

69,13 26,53 -

By the criterion of
kinetic strength
based on the failure
model

17,43 92,10 -

conditions is not recommended. Thus,we can conclude that, on the one hand, thismethod
confirms the possibility of using cast iron of SC-36-56 grade (EN-GJL-360); on the other
hand, it overstates the estimated toggle lifetime made of cast iron of SC-30 grade (EN-
GJL-300). This can be explained by the fact that in order to obtain the most accurate
data on the SN-Curves, a sufficiently large number of experimental studies are necessary,
since the main physical and mechanical characteristics, such as compressive strength,
have a wide range of possible values. The data on the SN-Curves of the materials in
question are very limited in the literature; therefore, an analytical assessment of the
average lifetime of the jaw crusher toggles by this method is impossible without the
need for additional experimental studies.

The results of the analytical assessment of the average lifetime analysed by the second
method (by the criterion of kinetic strength with the use of the failure model developed)
showed that the prediction error for the toggle made of SC -36-56 (EN-GJL-360) cast
iron is 17.43%. This, in turn, suggests that the second calculation method allows us to
recommend the toggle made of SC-36-56 (EN-GJL-360) cast iron that fully confirms the
operating experience and manufacturer’s instructions. The theoretical average lifetime
of toggles made of SC-30 (EN-GJL-300) and SC-20 (EN-GJL-200) grades of cast iron
turned out to be much lower than the assigned one tp = 180 days, so their operation is
impractical.
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In our opinion, the results obtained indicate an acceptable reliability and adequacy
of the mathematical model developed for failures.

4 Conclusion

1. An analytical model is developed for complex swing jaw crusher failures by the cri-
terion of kinetic strength of the toggle material based on the modern achievements
in the reliability theory, physics and mechanics of machinery damage and destruc-
tion. The failure model takes into account the technological parameters of loading,
geometric dimensions and physical and mechanical properties of the toggle material
and does not require additional experimental studies.

2. The results of theoretical studies on the durability of the PE 1200 × 1500 jaw
crusher toggle under the working conditions at Orenburg Minerals JSC showed that
the manufacturing of toggles made of SC-36-56 (EN-GJL-360) cast iron is the most
appropriate. The results obtained are fully confirmed by the operating experience of
these crushers and the manufacturer’s recommendations.

3. The failuremodel canbeused for searching effective solutions to increase the durabil-
ity of jaw crushers by changing the operating conditions, design and toggle material
matching.

References

1. Gupta A, Yan D (2016) Mineral processing design and operations 2nd edn. Elsevier. https://
doi.org/10.1016/C2014-0-01236-1

2. Johansson M, Bengtsson M, Evertsson M, Hulthén E (2017) A fundamental model of an
industrial-scale jaw crusher. Miner Eng 105:69–78. https://doi.org/10.1016/j.mineng.2017.
01.012

3. Olawale John O, Ibitoye Simeon A (2018) Failure analysis of a crusher jaw (Chapter 10),
Handbook ofmaterials failure analysis. Butterworth-Heinemann, pp 187–207. https://doi.org/
10.1016/B978-0-08-101928-3.00010-0

4. Klushantsev BV, Kosarev AI, Muzeimneck VA (1990) The crushers. Construction, calcula-
tion, application features. Mashinostroenie, Moscow

5. Sharipov L (2016) Jaw crushers. Constructions and calculations. Tutorial. Voronezh State
Technical University

6. Kuzbakov ZhI (2013) Determination of loads in the spacing plate of a jaw crusher taking
into account the ramp loading. Vestnik of Nosov Magnitogorsk State Technical University
41(1):5–7

7. Pronikov A (2002) Parametric reliability of machines. Publishing House of BaumanMoscow
State Technical University, Moscow

8. Antsupov A, Antsupov A, Antsupov V (2017) Analytical method for project resource esti-
mation of metallurgical machinery parts. News of Higher Educational Institutions. Ferrous
metallurgy, pp 62–66. https://doi.org/10.17073/0368-0797-2017-1-30-35

9. Regel V, Slutsker A, Tomashevsky E (1974) The kinetic nature of the strength of solids. The
publishing house “Science”, Moscow

10. Fedorov V (1985) Kinetics of damaging and breakdown of solid bodies. Publishing center
“Fan” UzSSR, Tashkent

https://doi.org/10.1016/C2014-0-01236-1
https://doi.org/10.1016/j.mineng.2017.01.012
https://doi.org/10.1016/B978-0-08-101928-3.00010-0
https://doi.org/10.17073/0368-0797-2017-1-30-35


Lifetime Prediction for the Jaw Crusher by the Criterion … 91

11. Antsupov A Jr, Antsupov A, Antsupov V (2015) Theory and practice of assurance of machine
element reliability according to criteria ofmaterial kinetic strength andwear resistance. Nosov
Magnitogorsk State Technical University Publ, Magnitogorsk

12. AntsupovAV,AntsupovAV Jr, AntsupovVP (2013)Designed assessment ofmachine element
reliability due to efficiency criteria.Vestnik ofNosovMagnitogorskStateTechnicalUniversity
45(5):62–66

13. Zhurkov S (1957) The problem of the strength of solids. Bull Acad Sci 11:78–82
14. Zhurkov S, Nurzullaev B (1953) The time dependence of the strength under different loading

conditions. ZhTF 10:1677–1689
15. Antsupov A, Antsupov V, Antsupov A (2016) Estimation and assurance of machine

component design lifetime. Proc Eng 150:726–733. https://doi.org/10.1016/j.proeng.2016.
07.094

16. Antsupov Alexey V, Antsupov Alexander V, Antsupov VP (2020) Development of analytical
methodology for detail durability test while arranging metallurgical machines. Lecture Notes
in Mechanical Engineering, pp 83–90. https://doi.org/10.1007/978-3-030-22041-9_10

17. Fedorov V (2014) Fundamentals of ergodynamics and synergetics of deformable bodies.
Publishing house FGBOU VPO “KSTU”, Kaliningrad

18. Fedorov V (1979) Thermodynamic aspects of strength and fracture of solids. Publishing
House “Fan” UzSSR, Tashkent

19. Fedorov S (2003) The basics of triboergodynamics and the physic chemical background of
the compatibility theory. KSTU, Kaliningrad

20. Belyaev N (1976) Resistance of materials. “Science”, Moscow
21. Zhukova A, Sherman A (1968) Materials in mechanical engineering. Matching and applica-

tion. V.4. Cast iron., Publishing house Engineering
22. Ruditsyn M, Artemov P, Lyuboshits M (1979) Reference guide on the strength of materials.

Higher School Publishing House, Minsk

https://doi.org/10.1016/j.proeng.2016.07.094
https://doi.org/10.1007/978-3-030-22041-9_10


Development of a Necessity and Sufficiency
Scheme for the Use of Different Types of Car
Tire Radii in Different Car Modeling Tasks

E. V. Balakina(B) and I. V. Sergienko

Volgograd State Technical University, Lenin Avenue 28, Volgograd 400005, Russian Federation

Abstract. A car wheel equipped with an elastic tire and oriented in a certain
way has a significant effect on such car properties as driving stability, handling,
braking dynamics. Therefore, when modeling these properties, an elastic wheel
is also modeled: its geometric dimensions, elastic and friction properties, and its
deformation. In this case, the calculated parameters of the simulated phenomena
are related to the type of wheel radius used for calculations. For example, the
value of the wheel radius is used when calculating: the contact patch length, slip,
moments about the axis of the wheel rotation, moments about the axis of the
controlled wheel rotation, sliding in contact, etc. An elastic wheel loaded with a
radial load does not have a uniform radius in the geometric sense due to a change
in the shape of the circle. Approximate theoretical dependences are obtained for
calculating the relative rolling radii of the wheel. The scheme of necessity and
sufficiency for the use of wheel radii types in different tasks has been developed.

Keywords: Car tire · Types of radii · Relative radii · Calculation method ·
Application scheme

1 Introduction

A car wheel equipped with an elastic tire and oriented in a certain way has a significant
effect on such car properties as driving stability, handling, braking dynamics [1–24].
Therefore, when modeling these properties, an elastic wheel is also modeled: its geo-
metric dimensions, elastic and friction properties, and its deformation. In this case, the
calculated parameters of the simulated phenomena are related to the type of wheel radius
used for calculations. For example, the value of the wheel radius is used when calculat-
ing: the contact patch length, slip,moments about the axis of thewheel rotation,moments
about the axis of the controlled wheel rotation, sliding in contact, etc. An elastic wheel
loaded with a radial load does not have a uniform radius in the geometric sense due to a
change in the shape of the circle. There are different radius types of the deformed elastic
wheel: free R0, rolling Rr , static Rst , dynamic Rd [1, 4, 8, 9, 12, 15, 16, 18, 21].

The radii of an elastic wheel (tire) can have different values. At the same time,
always Rst < R0; Rd ≤ R0. Depending on the radial deformation of the tire, Rd <> Rst

∧ Rd = Rst ; Rr ≤ R0; Rr > Rst ; Rr ≥ Rd .
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Not all types of wheel radii are equivalent when used for model calculations of the
indicated phenomena and properties. In particular, a lot of controversy in the scientific
community is caused by the use of types of radii when calculating: 1—the friction
moment and 2—sliding in contact of the tire with a solid support surface.

From our point of view, task 1 was closed by the author of [10], who experimentally
proved the legality of using only the rolling radius for calculating the friction moment.
Task 2 remains open. Also, there are no recommendations on the use of types of wheel
radii when calculating the contact patch length, even if there are formulas [22].

2 Purpose of Research

The purpose of the study is to develop a scheme of the necessity and sufficiency for the
use of wheel radii types in different tasks.

To achieve the research purpose, it is required to solve the following tasks.

1. Obtain expressions for calculating the relative radii of the elastic wheel. Explore the
relationship between the relative radii and the relative tire deformation.

2. Determine the influence of the types of radii on the shape of the calculated ϕx −
sx-diagrams.

3. Develop a scheme of the necessity and sufficiency for the use of types of wheel radii
in different tasks.

3 Research Method

To solve task 1, the authors obtained an approximate expression for calculating the
rolling radius of a wheel:

Rr ≈ R0

[(
1 − arcsin

(√
n(2 − n)

)
π

)
+

√
n(2 − n)

π

]
, (1)

where n—relative radial deformation of the tire
(
n = z

R0

)
.

In this expression (1) at n = 0 (no radial tire deformation), Rr = R0. At n = const,
Rr = const.

As

Rd = R0 − z = R0 − n · R0 = R0(1 − n), (2)

then

Rr

Rd
≈ 1 − arcsin(

√
n(2−n))

π
+

√
n(2−n)

π

1 − n
. (3)

This equation has no explicit solution. Therefore, it was decided to use theMATLAB
environment for these purposes. In the MATLAB environment, the following relations
are obtained:

Rr

R0
≈ 1 − 0.075 · n; (4)



94 E. V. Balakina and I. V. Sergienko

From formula (2) ⇒
Rd

R0
= 1 − n. (5)

Their joint solution made it possible to find the ratio

Rr

Rd
≈

1
n − 0, 075

1
n − 1

. (6)

Figure 1 shows the relative radii calculated using formulas (4) and (5): dynamic
and rolling at different relative deformations of the tire, and Fig. 2 shows their ratio in
accordance with the formula (6).

Fig. 1 Calculated relative radii: 1—dynamic and 2—rolling

Figure 1 shows that at working deformations of the tire and the rolling radius
decreases by no more than 2%. Figure 2 shows that at working deformations of the
tire, the rolling radius is greater than the dynamic one by 0…23%.

ϕx−sx—diagrams are constructed to solve task 2.ϕx−sx—diagram is the dependence
of the friction coefficient ϕx of a car tire to the supporting surface on the longitudinal
wheel sliding coefficient sx. The type and numerical characteristics of these dependencies
have a significant impact on the estimated parameters of stability, controllability, and
braking dynamics of a car.

sx = Vs

ω · Rr
, (7)

where Vs—longitudinal wheel sliding speed (Vs ≈ Vx − ω · Rr); ω—wheel angular
velocity; Rr—wheel rolling radius; Vx—longitudinal component of the translational
speed of the wheel axis.

Range of change sx = 0 . . . 100%. In the denominator of formula (7) in practical
calculations of the longitudinal wheel sliding in the braking mode, Vx is set to exclude
division by zero when the wheel is blocked.
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Fig. 2 Rolling radius to dynamic ratio

Many authors calculate the value sx according to the indicated dependence (7), i.e.,
through the rolling radius, for example [2, 5, 6, 12, 14, 15, 19, 21, 23].

Some authors, due to the lack of data on the rolling radius, replace itwith other values:
free radius [7, 17, 24], etc., dynamic radius [8, 13], etc. Therefore, in this article, the
authors analyzed the influence of the used radius type when calculating the longitudinal
wheel sliding on the shape of the obtained ϕx − sx-diagrams.

A computational analysis of the influence of the radius type when calculating sliding
sx according to dependence (7) on the shape of the resulting ϕx−sx-diagramswas carried
out, the results of which are shown in Fig. 3. For the calculation ϕx a well-knownmethod
was used [4, 17].

Based on the analysis, it was concluded that it is advisable to use the tire rolling
radius (but not the dynamic one!) when calculating sliding sx. When calculating ϕx − sx-
diagrams, instead of the rolling radius value, we can use a free radius close to it. Of
course, from the point of view of mechanics, it would be more correctly to use the rolling
radius. But, since it differs from the free radius, even with the maximum permissible
tire deformations, by no more than 2%, and this discrepancy does not have a visible
effect on the calculated ϕx − sx-diagrams at different values of the lateral force that
appeared before or after the start of wheel braking, then no the need to complicate the
task by calculating the rolling radius at each moment of movement, since this increases
the counting time, and the use of the free radius gives the same result. And, it is possible
to approximately calculate the rolling radius with an accuracy sufficient for practical
calculations using the above dependence (2).

The contact patch length is calculated from geometric considerations using the free
radius and radial tire deformation, or, which is the same, free and dynamic radii [22].

To solve task 3, the authors have developed a scheme of the necessity and sufficiency
for the use of wheel radii types in various tasks related to modeling the properties of
active safety of cars. It is shown in Fig. 4. The properties of active safety of a car and
the main phenomena that determine the parameters of these operational properties are
listed. This is the sliding of the elastic wheel, large and small oscillations of the steered
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Fig. 3 Calculated ϕx − sx-diagrams for different values of the lateral force that appeared before
the start of braking, obtained when calculating the value sx: a free radius and rolling radius and

b dynamic radius: 1—
Py
Pz

= 0; 2—
Py
Pz

= 0.5; 3—
Py
Pz

= 1

wheels, longitudinal and lateral redistribution of loads on the wheels, longitudinal and
lateral sliding in the contact patch. The intensity of these phenomena is associated with
many parameters of the first and second levels, but this scheme of Fig. 4 shows not all,
but only those of them that in one way or another depend on one of the wheel radii!

4 Conclusion

Expressions for calculating the relative radii of the elastic wheel are obtained. The rela-
tionship between the relative radii and the relative tire deformation has been investigated.
Shown that:

• at working deformations of the tire, the rolling radius is reduced by no more than 2%;
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Fig. 4 Scheme of the necessity and sufficiency for the use of wheel radii types in various tasks

• at working deformations of the tire, the rolling radius is greater than the dynamic one
by 0…23%.

It has been established that the rolling radius should be used when calculating the
sliding in contact of the tire with a solid support surface. We can also use a free radius
close to it. When calculating the friction moment, only the rolling radius. The length of
the contact patch should be determined from geometric considerations using free and
dynamic radii.

The scheme of necessity and sufficiency for the use of types ofwheel radii in different
tasks of a car modeling has been developed.

Acknowledgements. The reported study was funded by RFBR according to the research project
№ 20-31-90001.
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Assessment of the Influence of Inclined Wheel
Installation on the Vehicle Lateral Stability

E. V. Balakina(B), M. S. Kochetov, and D. S. Sarbaev

Volgograd State Technical University, 28, Lenin Avenue, Volgograd 400005, Russia

Abstract. The properties of active vehicle safety include: stability, controllability,
braking dynamics. They are influenced by many design parameters of the chassis:
unsprungweight, wheel radii, steering geometry, stiffness and damping of suspen-
sions, tires, steering gear, machine configuration, etc. To improve these properties,
the listed parameters are optimized or their on-board regulation is carried out. The
search for control parameters is one of the important tasks of ensuring vehicle
trajectory stabilization. This study relates to the field of vehicles wheels instal-
lation, namely, to the issue of their inclination angles in the transverse vertical
plane and the influence of this angle on the tire properties and the performance
properties of the vehicle. A calculated assessment of the relationship between the
inclined wheel setting and the vehicle stability in side sliding and side rollover
is carried out. Approximate dependences are obtained to determine the influence
of the wheel inclination angle on the indicated properties. Changing the vehicle
stability when the wheels are inclined requires additional research.

Keywords: Car · Wheel incline · Outer incline · Inner incline · Stability
assessment · Side sliding · Side rollover

1 Introduction

The incline of the vehicle wheel in a transverse vertical plane is called camber, and its
values are small on modern vehicles. At the same time, a camber is considered to be a
positive camber, in which the distance between the upper parts of the wheels of the same
axle is greater than between the lower ones. This is how the front controlled wheels are
installed to reduce the rolling arm (in order to reduce the horizontal angular oscillations
of the controlled wheels) and to promote vehicle understeer, with positive camber values
from 0 to +2°. A negative (inner) camber is currently considered camber, in which the
distance between the upper parts of the wheels of the same axle is less than between the
lower ones. This is how the rear wheels are sometimes installed to slightly improve the
estimated controllability parameters, with negative camber values from 0 to 2.5°.

When the left and right wheels of the same axle are inclined, they incline in opposite
directions in any case, so it is illogical to call camber, which refers to two wheels of the
same axle (left and right), positive or negative. Therefore, it is proposed to clarify the
terminology associated with wheel incline and to apply the terms “outer incline” and
“inner incline” as shown in Table 1.
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Table 1 Suggested terminology for inclined wheel

Term Definition

Wheel incline Non-perpendicularity of the wheel rotation
plane of the supporting plane

Design wheel incline Wheel inclination embedded in the vehicle
design

Operational wheel incline Additional wheel incline that occurs during
vehicle operation:
• when the sprung wheel moves along the
unevenness of the supporting surface;

• when the sprung body rolls from lateral
force;

• when the controlled wheel is turned around
an axis inclined in the transverse vertical
plane;

• with forced on-board automatic wheel
incline control

Wheel incline angle The angle between the rotation plane and the
longitudinal plane of the wheel

Design wheel incline angle Wheel inclination angle provided by the design
documentation

Wheel operating angle Additional wheel inclination angle that appears
during vehicle operation

Outer inclination of the wheels of the vehicle
axle

The inclination of the wheels, in which the
axes of their rotation intersect above the
vehicle axis, within the vehicle’s track

Inner inclination of the wheels of the vehicle
axle

The inclination of the wheels, in which the
axes of their rotation intersect below the
vehicle axis, within the vehicle track

Multidirectional inclination of the wheels of
the vehicle axle

The inclination of the wheels in which the axes
of their rotation intersect above or below the
vehicle axis, outside the vehicle’s track, or do
not intersect

Single inclination of the wheels of the vehicle
axle

Inclination of one wheel of the vehicle axle

Wheel toe-in Non-perpendicularity of the wheel rotation
plane of the transverse plane, embedded in the
vehicle design

Wheel toe-in angle The angle between the wheel rotation plane
and the longitudinal vehicle plane, provided in
the design documentation

(continued)
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Table 1 (continued)

Term Definition

Outer toe-in of the wheels of the vehicle axle Toe-in of the wheels, in which their central
longitudinal axes intersect behind the vehicle
axis, within the vehicle’s track

Inner toe-in of the wheels of the vehicle axle Toe-in of the wheels, in which their central
longitudinal axes intersect in front of the
vehicle axis, within the vehicle’s track

Multidirectional toe-in of the wheels of the
vehicle axle

Toe-in of the wheels, in which their central
longitudinal axes intersect in front or behind
the vehicle axle, outside the vehicle’s track, or
do not intersect

Single toe-in of wheels of the vehicle axle Toe-in of one wheel of the vehicle axle

It is known that wheel inclination up to 3° has no visible effect on fuel consumption
and tire wear, but affects driving stability and controllability, which creates the prereq-
uisites for its use as a control parameter in movement control systems. However, the
question arises of the invariability of this angle when the vehicle is moving.

During the vehicle movement, its wheels can incline at an angle that is additional in
relation to the constructive one. The reasons are:

• the presence of a given suspension kinematics to ensure the direction of impacts on
elastic and damping elements;

• the presence of a lateral incline angle of the rotation axis of the controlled wheel to
ensure its weight stabilization and to reduce the running arm.

The total wheel inclination angle is defined as

α = α0 ± αs ± α�, (1)

where α0—designwheel incline angle; αs—the angles of the operatingwheel inclination
that appear when the sprungwheel moves along the unevenness of the supporting surface
and when the sprung body rolls from the action of lateral force; α�—the angle of the
operational wheel inclination that appears when the controlled wheel is turned.

There are numerous studies of tire properties [1–26], including those related to wheel
inclination.

Previously, Kozlov Yu.N. and Balakina E.V. performed experimental studies of the
angle’s values of the operational wheel inclination αs. The experiments were carried
out on the auto-polygon [9]. The object of research was a front-wheel drive passenger
car with independent rear suspension. It was found that when driving on a road with
asphalt concrete pavement, both the front and rear wheels of a passenger car, when
moving over irregularities, incline by an angle less than 30 times the angle α0 (3°) of the
design inclination of the wheels. Calculations of the component α� of the operational
incline angle of the wheel during its rotation are carried out. It is up to 3 times less than
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the design inclination of the wheels α0. This makes it expedient to solve the problem
of optimizing the inclination angle of the rear wheels to improve the characteristics of
vehicles controllability.

2 Purpose of Research

The purpose of the study is to determine the influence of the wheel inclination angle on
the vehicle stability in side sliding and side rollover.

3 Research Method

The calculated assessment of the influence of the inclined wheel installation on the
vehicle stability in transverse sliding is carried out.

Lateral sliding start condition

Py = Ry, (2)

where Ry—lateral reaction of the supporting surface.

Ry = Pz · cos2 α · fsl + Pz · cosα · sin α, (3)

where fsl—sliding friction coefficient.
The ratio of the lateral force to the normal load at which the vehicle side sliding of

the vehicle with the wheels inclined at an angle α begins is defined as

(
Py/Pz

)
slα �=0 = cosα · (cos α · fsl + sin α). (4)

At α = 0 side sliding starts at

(
Py/Pz

)
slα=0 ≈ fsl. (5)

Let us denote byKαsl the specific ratio of the lateral force to the normal load according
to the criterion of the beginning of the side sliding of the vehicle with inclined wheels

Kαsl =
(
Py/Pz

)
slα �=0(

Py/Pz
)
slα=0

. (6)

Then,

Kαsl = cosα ·
(
cos α + sin α

fsl

)
. (7)

The results of calculating the coefficient Kαsl are shown in Fig. 1.
It follows from the figure that with the inner inclination of the wheels, and the

passenger car becomes more resistant to transverse (side) sliding. At α = 5°, it becomes
more resistant to transverse sliding by about 10%. In this case, the value of the sliding
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Fig. 1 The results of calculating the coefficient Kαsl: 1—fsl = 0,8; 2—fsl = 0.6

Fig. 2 The calculated scheme for assessment the tendency of the vehicle with inclined wheels to
side rollover

friction coefficient affects the propensity of a passenger car with inclined wheels to side
sliding by no more than 5%.

A calculated assessment of the influence of inclined wheel installation on the vehicle
stability in side rollover is carried out. Figure 2 shows the calculated scheme.

The calculated assessment is approximate, since it does not take into account the
suspension kinematics, i.e., the location of the roll axis.

Rzr · (B + 2R0 · sin α) + Py · (h − �hα) − Pz ·
(
B

2
+ R0 · sin α

)
= 0; (8)

�hα = R0 · (1 − cosα). (9)
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whereB—track of the vehicle withwheels whose rotation planes are perpendicular to the
reference one; h—center mass height; �hα—change in the center of mass height when
the wheels are inclined; R0—free wheel radius; Pz—normal load; Py—lateral force;
Rzr—normal reaction to the right wheel.

When the wheel loses contact with the supporting surface (Rzr = 0).
Then,

Py · (h − �hα) = Pz ·
(
B

2
+ R0 · sin α

)
. (10)

The ratio, of the lateral force to the normal load, at which the side rollover of the
vehicle with the wheels inclined at an angle α begins, is defined as:

(
Py/Pz

)
tilα �=0 =

B
2 + R0 · sin α

h − R0 · (1 − cosα)
. (11)

At α = 0 side rollover begins (without taking into account the design features of the
suspension)

(
Py/Pz

)
tilα=0 ≈ B

2h
. (12)

That is, the wider the vehicle, the more stable it is. The lower the vehicle’s center of
mass, the more stable it is.

Let us denote byKαtil the specific ratio of the lateral force to the normal load according
to the beginning criterion of the side rollover of the vehicle with inclined wheels

Kαtil =
(
Py/Pz

)
tilα �=0(

Py/Pz
)
tilα=0

. (13)

After algebraic transformations, the final expression is obtained

Kαtil = 1 + (2R0/B) · sin α

1 − (R0/h) · (1 − cosα)
. (14)

The obtained expressions take into account the change in the center of mass height
when the wheels are inclined �hα , but the change in the height of the center of mass
during roll, associated with the suspension kinematics �hN (location of the roll center),
is not taken into account. This value should be calculated in dynamics. At maximum
suspension deformation during roll �hN = 0.

The results of calculating the coefficient Kαtil are shown in Fig. 3 for different wheel
inclination angles α.

It follows from the figure that with an inner inclination of the wheels, and a passenger
car becomesmore resistant to side (sliding) rollover. Atα = 5°, it becomesmore resistant
to side rollover by approximately 3…3.5%. This process is practically not influenced by
the existing values of the ratio R0/h. The ratio R0/B affects the propensity of the vehicle
with inclined wheels to side rollover no more than 1% at α = 5°. It can be assumed
that the free wheel radius has practically no effect on the propensity of the vehicle with
inclined wheels to side rollover.
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Fig. 3 The results of calculating the coefficient Kαtil: a—R0/h= 0.5; b—R0/h= 0.58; 1—R0/B
= 0.17; 2—R0/B = 0.21

4 Conclusion

1. The inclination of the vehicle wheels up to 3° does not have a visible effect on
fuel consumption and tire wear, but affects the driving stability and controllability.
This creates the prerequisites for its use as a control parameter in movement control
systems. However, the question arises of the invariability of this angle when the
vehicle is moving.

2. It has been established that when driving on a road with asphalt concrete, and the
wheels of a passenger car when crossing irregularities are inclined at an angle that is
less than 30 times the angle of the design inclination of the wheels. It was found that
when turning the controlled wheels, and they incline at an angle less than 3 times
the angle of the design inclination of the wheels. This makes it expedient to solve
the problem of optimizing the inclination angles of the rear wheels to improve the
characteristics of vehicles controllability.

3. When the wheels are inner inclined, a passenger car becomes more resistant to
transverse (side) sliding. At an inclination angle of 5°, it becomes more resistant
to transverse sliding by about 10%. In this case, the value of the sliding friction
coefficient affects the tendency of a passenger car with inclined wheels to transverse
sliding by no more than 5%.

4. When the wheels are inner inclined, the passenger car becomes more resistant to
transverse (side) rollover. At an inclination angle of 5°, it becomes more resistant
to transverse rollover by approximately 3…3.5%. This process is practically not
affected by the ratio of the free radius to the center of mass height. The ratio of
the free radius to the track affects the tendency of a vehicle with inclined wheels
to transverse rollover by no more than 1%. It can be assumed that the free wheel
radius has practically no effect on the tendency of the vehicle with inclined wheels
to transverse rollover.
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Improvement of Computer Methods
of Designing Gears with High Load Capacity

K. Syzrantseva(B) and V. Syzrantsev

Tyumen Industrial University, 38, Volodarskogo street, Tyumen 625000, Russia

Abstract. The article deals with a new variational approach to the development
of algorithms and programs for designing cylindrical gears, which starts with opti-
mization synthesis of lines of action. The developed synthesismethodology allows
to avoid teeth undercutting during cutting, as well as to design gears with increased
load capacity. The paper describes processing the results of computer modeling
of the teeth stress–strain condition to obtain a two-parameter basic formula for
calculating maximum tensile stresses in the root of involute teeth (depending on
the place of force application and the tool shifting coefficient). The solution of
this problem is required for further optimization synthesis of the root fillet curves
on the teeth, which allows providing maximum bending endurance of the teeth at
the gear design stage. A comparative assessment of tensile stresses in the root of
the tooth for the involute and proposed full-strength tooth profile performed by
means of the finite element analysis in the ANSYS software package has been
presented.

Keywords: Cylindrical gears · Variational approach · Full-strength tooth
profile · Optimization synthesis · Load capacity · Stress–strain condition ·
Bending endurance

1 Introduction

Gears are used in metal-cutting machines, automobiles, tractors, lifting and transporting
equipment, marine installations, helicopters, drilling equipment, and other machines.
They operate at surface velocity of up to 275 m/s, capacity of up to 65,000 kW, and gear
ratios of up to several thousands.

To provide quality and reliability of the gears, it is necessary to develop methods
of cutting tooth gears, characterized as highly accurate in manufacturing, having good
strength features during operation and high manufacturing performance [1].

This article is dedicated to the research aimed at improving computer methods of
designing high-load-capacity gears [2–4]. The work is carried out in coordination and
close cooperation with ASKON, one of the leading companies in the scope of develop-
ment and maintenance of computer design software, which has developed and supports
KOMPAS, a well-known CAD system.

The currently used methods and algorithms of gears synthesis used in cutting tooth
gears by means of modern NC machines have a number of disadvantages. The fact is
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that the classical methods of conjugate mesh formation are focused on finding conjugate
surfaces in gears and in machine gearing [1, 5–7]. In [5, 8] eight classical methods of
forming conjugate meshes have been presented, where teeth surfaces are formed by
using the form-generating method and the very gears synthesis is started with a choice
of a generating element. In such cases, the issues of location, shape, and size of the
teeth instantaneous contact areas, i.e., the parameters having a decisive impact on the
performance of manufactured gears, are not touched upon.

An alternative option is to develop a synthesis method as a variational problem.
The variational approach was apparently first used by Lebek [9] when searching for
tooth profiles, and later on this approach started developing in the Ukraine [10, 11] and
in the Tyumen Industrial University [12–14] with the assistance of [15] the Institute
for Machine Tools University of Stuttgart (Germany). The peculiarity of the synthesis
methodology using the proposed approach is that first, we aim at synthesizing an optimal
line of action, and then at finding conjugate profiles (Fig. 1). This can significantly
reduce the time spent on the synthesis by simplifying algorithms and programs of the
very synthesis. Besides, the new synthesis method allows avoiding the problems of teeth
undercutting. During undercutting on the profile formed by the classical form-generating
method, a return point (singularity) appears, as a rule, followed by a section formed inside
the body of the producing element [6]. Using the proposed method, the shape of the line
of action can be set such that there will be no undercutting on the teeth profiles. And this
can be reliably stated even before the conjugate tooth profiles contacting on this line of
action are found. This is a strong argument for feasibility of starting synthesis of gear
tooth actions in a plane with the synthesis of lines of action rather than with the synthesis
of any conjugate profiles.

Fig. 1 Generating of teeth profiles for pinion and wheel: a coordinate systems of machine and
working meshing; b generating of pinion profile �1 at obtained rack profile �0

The basis of the proposed concept and methodology of the synthesis of gears (with
teeth point contact) includes [12, 14]:

1. setting the shape, location, and dimension ratio of the teeth contact instantaneous
area (areas) in the design point (points) and setting the required change law of these
area (areas) parameters along the line (lines) of action;
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2. synthesizing the lines of action and teeth surfaceswhich provide the target parameters
of the contact instantaneous areas;

3. calculation and estimation of the quality indicators of the designed gear and its
optimization by the group of indicators.

2 Task Definition

To optimize the gear synthesis, it is necessary to vary a number of parameters of the
instantaneous contact area (from four to seven) [16], and for each set of parameters to
build relationships and diagrams of quality indicators. If each of the fourmain parameters
has 4–5 values, the total number of diagrams for one quality indicator will be 44…54 =
256…625 which is quite a lot. Therefore, it is necessary to plan computer experiments
and perform calculation results processing with provision of approximation results in
the form of formulas and graphs.

The aim of this work is recovery of the tensile stress function in the root of the
tooth depending on the geometric parameters of the tooth profile and the place of force
application. The function is required in order to take into account the teeth bending
strength criterion [17, 18] at the stage of gear optimization synthesis using the proposed
variational approach.

To achieve this goal the following tasks have been solved:

1. to perform computermodeling by themethod of spur gear set involute tooth finite ele-
ment, varying the place of force application aswell as the profile shape corresponding
to a tool shifting during tooth cutting;

2. to obtain a family of one-parameter functional relationships of maximum tensile
stresses in the root of the teeth and the tool shift coefficient value and the number of
the load application point, as well as to evaluate the accuracy of the one-parameter
stress approximation;

3. to obtain a two-parameter functional relationship of the maximum tensile stresses in
the root of the teeth and the place of load application and the tool shift value, as well
as to estimate the accuracy of the one-parameter and two-parameter approximations;

4. to illustrate the increased bending strength of the full-strength tooth profile in com-
parison with the involute one it is necessary to perform a computer engineering
analysis of the both teeth 3D models by means of the ANSYS software.

3 Computer Simulation

The main criterion of the gear efficiency is strength estimated by contact and bending
stresses. In this case, the loss of bending strength leading to a tooth fracture causes much
more significant problems during the gear operation [2, 4, 18], as it causes failures of
not only the gear itself, but also of other elements of the gear drive (shafts and bearings).

Themost modern and accurate method of stress studies in parts of complex geometry
is currently the finite element method, implemented in a number of industrial, quite
powerful, and software packages.
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Task 1. Computer modeling of teeth 2D models by the finite element method per-
formed in the APM system jointly with Golovanyov [19]. A fragment of the results of
this computer experiment is shown in Fig. 2 for the profile with the tool shift value equal
to zero and load application to the top of the tooth.

Fig. 2 Results of the finite element analysis (a—total displacement, b—equivalent stresses by
Mises)

The pattern of total shifts distribution illustrates tooth compliance which decreases
with descending the force application point to the root of the tooth. In the picture of
equivalent stress distribution, two zones of stress concentration in the root of the tooth
are clearly visible: on the left (on the compressed side) and on the right (on the stretched
side). As it is known, equivalent stresses σ eq (in this case, according to the fourth strength
theory stresses are equivalent byMises) are the resultant for all types of deformation. But
in the model under study, tensile stresses σ1 are the most important for assessing gear
reliability because they are responsible for an occurrence and development of fatigue
cracks [18, 20]. Despite the fact that compression stresses take higher values, they are
not dangerous for the gear drive operation. For an analysis of a 2D problem, they are the
most informative, so it is customary to use σ1 as a criterion.

Task 2. Obtaining a family of one-parameter functional relationships to calculate
maximum tensile stresses in the root of the teeth. To obtain the functional relationships
of stresses, it is most rational to use polynomial regression in terms of further processing
the results. We perform this task in the Mathcad mathematical processor.

As recommended in work [21], a minor polynomial degree should be selected to
avoid oscillation of the polynomial function. It is revealed that in our task with the
polynomial degree equal to two, the required approximation accuracy is not achieved.
The third and fourth degrees of polynomials give similar in accuracy results, so the
approximations stopped at the third degree.

Task 3.Obtaining a two-parameter functional relationship (basic formula) to calculate
the maximum tensile stresses in the root of the teeth.

To obtain a two-parameter functional relationship, it is necessary to have coeffi-
cients that take into account the second parameter variation: the shift coefficient. The
polynomials coefficients obtained during the second task solution are reduced to separate
matrices, and then, a polynomial regression of the final cubic polynomial coefficients is
performed.
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Then, the basic formula for tensile stresses function approximation can be written:

Stress(x, y) = FA(x) · y3 + FB(x) · y2 + FC(x) · y + FD(x) (1)

where functions:

FA(x) = 0.242127x3 − 0.074454x2 − 0.005236x + 0.063353;
FB(x) = −6.64295x3 + 0.712885x2 + 1.357548x − 0.377994;
FC(x) = 27.687417x3 + 31.557322x2 − 19.539916x − 36.17424;
FD(x) = 215.0387x3 − 203.091x2 − 258.37037x + 1002.0103.

The 3D image and basic formula values contours are shown in Fig. 3a and b,
respectively.

Fig. 3 3D image of the two-parameter function (1) of maximum tensile stresses in the root of the
tooth

One of the indicators assessing the quality of a built model in statistics is determi-
nation coefficient R2, which is also called the value of approximation reliability [21]. It
can be used to determine a level of accuracy of a model. It is calculated by the formula:

R2 = 1− SSres
/
SStot. (2)

As the table shows, the obtained relationships provide a very good approxima-
tion for the data of the computer experiment: the determination coefficients for all the
relationships take values of more than 99%.

For example, in Fig. 4, the agreement of the basic formula with the source exper-
imental data for two values of shifting coefficient is illustrated. Symbols “ + ” show
the computer experiment data; thin lines are the implemented one-parameter function;
thick green lines are the two-parameter function cross section with a fixed corresponding
shifting coefficient (i.e., the values calculated by the obtained basic formula (1).
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a b

Fig. 4 1D approximation and 2D approximation cross section (1) of experimental data with the
shifting coefficients of −0.4 (a) and +0.81 (b)

Task 4. We illustrate the results of the full-strength gears synthesis on the example of
comparative evaluation of bending endurance of the teeth with involute and full-strength
profiles.

Since a three-dimensional model is to be analyzed, the most powerful finite element
package ANSYS has been chosen by the authors as a tool to evaluate additionally edge
effects [3, 4, 22]. The geometry is built bottom-up; the SOLID186 quadratic element has
been selected for discretization. The root of the tooth is tightly constrained; an evenly
distributed force is applied to the upper edge of the tooth addendum. Figure 5 shows
the results of calculation of total shifts in involute (Fig. 5a) and full-strength (Fig. 5b)
teeth in a single scale. The maximum values are 0.0095 mm for the involute tooth and
0.0074 mm for the full-strength tooth. The deformed shape is 500 times exaggerated for
clarity.

Fig. 5 Total displacements of involute tooth (a) and full-strength tooth (b)

The patterns of distribution of equivalent stresses by Mises are shown in Fig. 6 also
in a single scale. The maximum values of tensile stresses σ1: in the involute tooth is
62.44 MPa and in the full-strength tooth is 46.67 MPa which proves a higher bending
endurance of the teeth with the full-strength profile.

4 Conclusions

• The variational approach to solving the problem of gear synthesis allowed to develop
scientific bases, as well as algorithms and programs for designing cylindrical gears
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Fig. 6 Stress of involute tooth (a) and full-strength tooth (b)

based on the analysis and synthesis of gears with initial setting a line of action rather
than a type of curve for tooth profiles or generating profiles. The created algorithms
and programs do not require time-consuming calculations, because the solution of the
problem does not require solving trigonometric or algebraic equations of meshing

• Based on the 2D computer modeling the teeth stress–strain state by the finite element
method, a basic formula for calculating the greatest tensile stresses in the tooth root
fillet of the involute spur gears cut with the standard rack tool has been obtained.
This is necessary for the optimization synthesis of root fillet curves by the criterion
of minimum tensile stresses in the root of the teeth

• The results of processing the developed algorithms and programs for designing full-
strength profiles of the spur gear teeth have been confirmed by a comparative finite
element analysis of the teeth bending strength: the tensile stresses in the root of the
full-strength tooth, leading to its fracture, are 1.34 times lower than for the involute
tooth

Table 1 Assessment of 2D function experimental data approximation quality

Tool shifting coefficient 1D function determination
coefficient

2D function determination
coefficient

−0.4 0.99904911 0.99886547

−0.2 0.99977062 0.99912358

0 0.99722972 0.99923105

+0.2 0.99584726 0.99912011

+0.4 0.99048152 0.99900598

+0.6 0.99231412 0.99872141

+0.81 0.99052032 0.99865205
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Abstract. The paper studies one of the methods of increasing boundary layer
stability in “separation” diffuser channels of impeller machines: compressors,
pumps, and turbines. Such channels include diffusers with expansion angle ϕ

≥ 15°. The flow in them occurs with boundary layer separation. The option of
installing a perforated baffle at the separation diffuser outlet is considered as a
way to localize the separation. The localization mechanism is as follows: Due
to the uneven approach flow velocity field caused by the separation, the baffle
resists the flow unevenly at the channel cross section with formation of negative
static pressure gradient directed at the separation area. As the result, convection
current appears at the diffuser outlet from the high-energy flow core and goes to
the separation area, facilitating its localization. This paper presents experimental
data on measuring the flow duct hydraulic resistance for an impeller machine
comprising a separation diffuser and a perforated baffle at the outlet. The objects
of the study are three conic diffusers with expansion angles ϕ 30°, 60°, and 90°
as well as two variations of perforated baffle with nets 014 and 045 with flow
section coefficients 0.37 and 0.479, correspondingly. The purpose of the study
is to evaluate the energy balance between two processes: decreasing diffuser’s
hydraulic resistance due to separation localization and increasing duct’s hydraulic
resistance due to perforated baffle resistance. The results of the study show that
hydraulic resistance of a diffuser with angle ϕ = 30° increased by 1.0…1.3%with
the installation of perforated baffle, depending on Re. Installation of perforated
baffle at the outlet of diffusers with ϕ = 60°, 90° does not lead to a change in
hydraulic resistance of diffusers.

Keywords: Diffuser · Separation area · Perforated baffle

1 Introduction

The reserve for improving energy efficiency of impeller machines (IM): pumps, com-
pressors, and turbines lies in perfecting the diffuser channel design of these machines’
impellers as well as supply and outflow of fluid [1–10].
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Diffuser channels with expansion angle over 15° are the so-called “separation” dif-
fusers as they are where boundary layer separation occurs. Efficient pressure restora-
tion in such diffusers is observed only in the area before the separation point [11–14].
Zero-gradient current continues after this point with energy losses due to separation
support.

As a consequence, separation flow mode in the channels reduces energy conversion
efficiency, facilitates flow duct self-oscillation, and reduces the reliability of the device.
This is why localizing separation areas in the IM diffuser channels are a current concern
for improving flow hydrodynamics of their flow cavity [15–19].

2 Separation Area Localization Mechanism

There is a way to localize separation areas in the channels by creating negative static
pressure gradient in the flowwhich is transverse to the basic flow. A 3D or flat perforated
obstruction is installed on theway of the flow [20–23]. The latter may be represented by a
system of rods, perforated plate, net, etc., and will be hereinafter referred to as perforated
baffle (PB). The use of PB is especially important for small impeller machines intended
for outer space [24, 25] where small full size of working elements does not allow using
3D obstructions. Figure 1 shows two examples of PB installation in the cavity of a
low-flow centrifugal pump which is part of spacecraft temperature control system. In
Fig. 1a, baffle is installed at the curvilinear diffuser outlet which is the end of pump
diverter’s spiral collector. In Fig. 1b, baffle is attached at the periphery of the wheel with
curvilinear diffusers as inter-impeller channels.

Fig. 1 Options of PB installation into the diffuser channels of impeller machines: a stationary
diffuser channel; b rotating diffuser channels of IM wheel

Separation localizationmechanism is as follows:Due to separation, uneven approach
flow velocity field W is formed in separation diffusers [26, 27] with positive gradient
directed to the side from the separation point to the flow core; see Fig. 2a. The baffle
installed on the way of the fluid flow gives resistance to the current which is proportional
to the squared velocity of approaching streams. Due to the uneven approach flow velocity
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field, PB gives uneven resistance�ppb to the current at the frontal side; see Fig. 2b. Along
the channel’s cross section, static pressure gradient is formed before PB due to �ppb
which is opposite in sign to approach flow velocity gradient. This gradient facilitates
the convection current of fluid along the PB frontal side from the high-energy area to
the separation area. Thus, due to a combination of two factors: uneven approach flow
velocity field and uneven frontal resistance of PB, a mechanism of energy redistribution
in the flow is formed which facilitates separation area localization.

Fig. 2 Separation area localization mechanism in “Separation” diffuser: a diffuser without PB;
b diffuser with PB

This mechanism is accompanied by an additional type of energy loss. The energy
is spent on overcoming PB resistance and is evaluated �ppb. To evaluate the energy
balance between two processes: decreasing diffuser’s hydraulic resistance due to sepa-
ration area localization and increasing duct’s hydraulic resistance due to PB resistance
�ppb, experimental studies of hydraulic resistance for a diffuser with perforated baffle
installed at the outlet are required.

3 Experimental Unit Description

Amodel of IM stationary diffuser channel comprising a conical diffuser and a perforated
baffle installed at the diffuser’s outlet became the test object. The measurements of
model’s hydraulic resistance were performed at a hydraulic test stand using water as
fluid.

Three conical diffusersweremanufacturedwith expansion anglemeeting the require-
ment of “separating” ϕ ≥ 15°. Figure 3 shows test stand flow duct with a diffuser
installed.

The unevenness of boundary layer (separation area size) was changed by increasing
diffuser expansion angle by 30° from ϕ = 30° to ϕ = 90°. Table 1 shows the geometry
of diffusers.

Two variations of PB made of net 014 and 045 (designations as per GOST 6613-
86 Wire Cloth Nets with Square Mesh. Specifications) with two different flow section
coefficients were installed at the diffuser outlet. Net geometric parameters: mesh size
σm, wire diameter dw and flow section coefficient f are given in Table 2.
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Fig. 3 Test stand flow duct scheme

Table 1 Diffuser geometric parameters

ϕ (°) dthroat (mm) Ldif/dthroat

30 2.8 8.8

60 3.03 3.7

90 3.04 2.1

Table 2 Net geometric parameters

Net σm (mm) dw (mm) f

014 0.14 0.09 0.37

045 0.45 0.2 0.479

Two parameters were measured during the tests: volumetric flow of fluid through
the diffuser Q (m3/s) and diffuser pressure gradient �pdif = pout − pin (Pa) where pout
and pin are static pressure at the diffuser’s inlet and outlet.

Based on the results of measurements, diffuser resistance coefficient ξdif was
calculated:

ξdif = 2 · �pdif
ρ · W 2

m
, (1)

where ρ is fluid density, kg/m3;Wm is fluid velocity per PB mesh, m/s.
Fluid velocity per mesh was calculated based on the following formula:

Wm = W2

/
f , (2)

where W2 is middle-flow velocity by [5], see Fig. 3.
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4 Results of Experimental Study

Figure 4 shows the results of experiments as dependence diagrams ξdif = f (Rew2). Here,
Reynolds number was calculated by formula:

Rew2 = W2 · d2dif
ν

, (3)

Fig. 4 PB influence on diffuser hydraulic resistance: a ϕ = 30°; b ϕ = 60°; c ϕ = 90°

where d2dif is diffuser’s diameter at the outlet, m; ν is kinematic viscosity coefficient of
fluid, m2/s.
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PB installation did not affect hydraulic resistance of diffusers with expansion angles
ϕ = 60º and ϕ = 90º. Increased energy losses due to PB resistance with coefficient ξnet =
0.4…0.6 [26–28] in diffuserswith large expansion angleswere compensated by reducing
separation losses. Nets 014 and 045 have significantly differing flow section coefficients
f = 0.37 and f = 0.479, correspondingly, as well as resistance coefficients at the same
Reynolds numbers, but they ensured the same energy results after PB installation: stable
ξdif within the tolerances for hydraulic test stand system of measurement.

Installing nets 014 and 045 at the outlet of diffuser with expansion angle ϕ = 30º led
to an insignificant increase of hydraulic resistance. Here, increased ξdif is explained by
reduced initial level of separation losses (diffuser losses) due to increased relative length
Ldif/dthroat achieved by reducing expansion angle to ϕ = 30º. The share of friction losses
is increased in the balance of losses for such diffuser. Their mechanism does not change
with PB installation. Estimated power loss NPB due to PB installation at the outlet of a
diffuser with ϕ = 30º and fluid flow Q = 2 × 10−4 m3/s constituted the range of values
NPB = (0.1…0.5) W.

5 Conclusion

The obtained results confirmed the viability of installing PB at the outlets of IM sep-
aration diffuser channels and the lack of any significant additional power loss due to
overcoming baffle resistance. The latter factor is especially important for rotating dif-
fuser channels of impeller machine wheels. The efficiency of the latter is evaluated with
the use of hydraulic energy conversion efficiency.

The stability of flow duct hydraulic resistance after PB installation allows predicting
that IM hydraulic energy conversion efficiency will stay the same, in particular, for a
low-flow centrifugal pump with perforated baffle installed on the wheel. In this case,
the effect from PB installation will be the increased pump pressure coefficient due to
the decreased flow “slippage” at the wheel outlet caused by increased static pressure
gradient at its blades due to PB resistance.
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Abstract. String and belt conveyors are widely used in the light industry and
agriculture to transport products and flat goods, in particular, leather products, to
the processing area of the technological machines. For these conveyors to work
effectively and efficiently for a long time, it is necessary to correctly select the geo-
metrical and kinematic parameters at the process of their design. The technological
processing of leather semi-finished products affects the quality of leather prod-
ucts. Therefore, it is necessary to analyze the conditions of the processed material
after each technological operation. Experimental research in the leather industry
is aimed at solving complex many-sided problems, revealing rational solutions
to technological processes in leather raw materials processing. The motion of the
conveyor strings, stretched on cylindrical shafts with the grooves, is determined
by the Mathieu equation. The parameters of the Mathieu equation depend on the
speed of the conveyor strings and geometrical parameters of the system. To limit
the amplitude of the transverse vibrational motion of the conveyor strings, it is
necessary to select the kinematic and geometrical parameters so that they fall into
the stability zone. These parameters are determined depending on the geometrical
and kinematic parameters of the device.

Keywords: Conveying device · Strings · Flat material · Variable mass · Lateral
vibrations · Uniform feed

1 Introduction

Earlier, we developed a transporting device for feeding flat materials into the processing
zone between rotating working shafts [1]. It was stated from the literature publica-
tions that the physical and mechanical properties of semi-finished leather products vary
depending on their moisture content [2–7].

It is known that smooth and uniform feed of the processed material to the working
area is one of the important tasks in various industries. Owing to it, substantial amounts
of raw materials are saved when solving the issue of eliminating defective materials and
losses in the process of feeding into the processing zone on transporting devices [8].
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Articles [9–12] are devoted to solutions of contact interaction in two-roll mod-
ules. Mathematical models of roll contact curves, friction stresses, and contact stress
distribution patterns are obtained in these publications.

In [13], the deformation properties of a semi-finished leather product processed
between the squeezing rollers covered with moisture-extracting materials were experi-
mentally determined.The influenceof the feeding speed and the pressure of the squeezing
rollers on the deformation of a leather semi-finished product in its topographic sections
(shoulder, belly, and butt) was determined.

2 Research Methods

Four analytical methods were used to determine the parameters, typical for the conveyor
belts, and to analyze the test resultswhendetermining the elasticmodulus; they areEuler–
Bernoulli methods and finite element methods for determining the flexural modulus of
unstretched belts, and the Timoshenko and Mindlin–Reissner methods [14].

It was determined that the conveyor belt slippage depends on the diameter of the
driveshaft and vertical stress in the contact area, and that the belt resistance to its vibration
is low [15].

It is known that the process of the conveyor belt splice is based on theMooney–Rivlin
law [16].

In problems of this type, the change in string velocity with time plays an important
role in dynamic behavior. The transverse vibrations of the belt were calculated by the
Kirchhoff method using the differential equations of motion of the system [17, 18].

Velocity control in belt conveyors results in energy efficiency and stable operation
of basic units of conveyor equipment [19].

A virtual energy storage model was proposed to reduce the energy consumption of
belt conveyors. This model studied the reduction in energy consumption over time by
controlling the speed of the conveyor belt, feeding speed of the product, and the speed
of other parts of the equipment [20].

Mechanical damage can occur after a certain timeof conveyor operation. This process
was considered and the methods to assess the damage probability during the operation
were described using existing statistical models [21].

3 Research Results

Let us consider the problem of the transverse vibration of a conveyor belt with uneven
gravity.

Non-uniformly distributed vertical forces of gravity of flatmaterial being transported
along the conveyor strings stretched on cylindrical shafts of radius R act on a transporting
belt. Consider small vibrations of this system (Fig. 1).

We obtain the law of mass distribution of flat material in the conveyor as:
In the device under consideration, the conveyor strings move at a constant speed.
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Fig. 1 Scheme of a device that moves flat materials to the processing area

Fig. 2 Graphical solution of the Mathieu equation as a function of time

When solving problems of this type, it is convenient to consider them in the Euler
coordinate system.

dy

dt
= ∂y

∂t
+ υ

∂y

∂x
,
d2y

dt2
= ∂2y

∂t2
+ 2υ

∂2y

∂x∂t
+ υ2 ∂2y

∂x2

Using the D’alembert principle, we write the following expression as [22, 23].

m

(
∂2y

∂t2
+ 2ωR

∂2y

∂x∂t
+ ω2R2 ∂2y

∂x2

)
= T

∂2y

∂x2
.
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In this case, m is the mass corresponding to the unit length

m = m2 + m0 + m1 sin

(
2π

l1
(x − υt)

)

where m0 is the average value of the mass of the transported product per unit length
of the conveyor strings (kg/m); m1—variable amplitude of the function of flat material
mass (kg/m);m2—mass per unit length of conveyor strings (kg/m); l1—stepwise change
in the variable mass of rawmaterials; T—tension of the working strings of the conveyor.

Since it is difficult to find a general analytical solution to the problem, we will use
the Taylor series [24].

Assuming that m1, i.e., the deviation of the non-uniformly distributed mass from m0
is small, and then expanding the linear part 1

m around the point m1 = 0 in the Taylor
series, we obtain the equation of transverse motion in the following form

∂2y

∂t2
+ 2ωR

∂2y

∂x∂t
+ (ωR)2

∂2y

∂x2
= T

m0 + m2

(
1− m1

m0 + m2
sin

(
2π

l1
(x − ωRt)

))
∂2y

∂x2

(1)

The initial and boundary conditions for the resulting partial product equation are as
follows. {

y(0, t) = 0

y(l, t) = 0

Let us consider the problem of the small vibrations predominance by the Galerkin
method.

y = f (t) sin
πx

l
(2)

It is easy to see that the approximating function from this point of view satisfies the
boundary conditions. Substituting the relation (2) into the equation of motion (1), we
obtain a simple second-order differential equation for the function f(t).

f̈ sin
(πx

l

)
+ 2υπ

l
ḟ cos

(πx

l

)
+

(π

l

)2( T

m0 + m2

(
1− m1
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sin

(
2π

l1
(x − ωRt)
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−ω2R2
)
·

ḟ sin
(πx

l

)
= 0 (3)

To solve the differential Eq. (3), we construct the following system of differential
equations.

⎧⎪⎪⎨
⎪⎪⎩

2υπ

l
ḟ = 0

f̈ +
(π

l

)2( T

m0 + m2

(
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sin

(
2π

l1
(x − ωRt)

))
− ω2R2

)
f = 0

(4)
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The first equation of the system of Eq. (4) always satisfies Eq. (1). We solve the
second equation of the system

f̈ +
(π

l

)2( T

m0 + m2

(
1− m1

m0 + m2

(
a11 cos

2πωRt

l1
− a12 sin
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− ω2R2

)

f = 0 (5)

Here
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π2ω2R2
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The resulting equation is written as:

f̈ +
(
a − b sin
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2πωRt

l1
+ β
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f = 0 (6)

Here

a =
(π

l
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Let us introduce the following substitution:

2πωRt

l1
= 2τ − π

2
− β

After this substitution, we compose the Mathieu equation.

f̈ + (a + 2q cos 2τ)f = 0 (7)

where

2q = b.

The general solution of the differential Eq. (7) is as follows:

f (t) = C1MathieuC(a,−q, τ (t)) + C2MathieuS(a,−q, τ (t))

Here.
MathieuC—is the Mathieu cosine, MathieuS—is the Mathieu sine;
C1 and C2 are the Mathieu’s constant coefficients of differentiation, defined as

follows:

C1 = MathieuC(MathieuA(n, q), q, x)

MathieuCE(n, q, x)
,C2 = MathieuS(MathieuB(n, q), q, x)

MathieuSE(n, q, x)
.

Here n = 1,2,3….
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4 Discussion of Results

Problems of this type are reduced to the Mathieu equation by various methods. Solving
the Mathieu equation obtained (6), it is convenient to determine and select the rational
parameters of theworking bodies of the transporting device of the technologicalmachine.

We obtain a graphical solution of differential Eq. (6) for the given values l1 = 0.3 m,
l = 1 m, T = 300 N, v = 0.2 m/s, m0 = 0.15 kg/m, m1 = 0.2 kg/m, m2 = 0.3 kg/m.

As seen from the obtained graphical solution of the Mathieu equation, the vibration
amplitude of the conveyor strings does not change. If the amplitude does not change, the
motion is stable. This ensures long-term and efficient operation of the working bodies
of the transporting device.

5 Conclusions

The solution of the equation of motion (6) of the conveyor obtained for feeding flat
materials to the processing zone is described by parametric vibrations depending on
the values of the constants belonging to the system, considered in Fig. 1, where the
amplitude of vibrations changes uniformly. An increase in the amplitude of vibrations
with time leads to the occurrence of a parametric resonance state, and this process is
considered undesirable for themechanisms of the device. Themovement of the conveyor
strings stretched over the shafts, after several replacements, is determined by theMathieu
equation.

The parameters of the Mathieu equation depend on the speed of the conveyor strings
and the geometrical parameters of the system. Since the amplitude of the oscillatory
motion of the conveyor strings is limited, the kinematic and geometrical parameters
must be selected so that they fall into the stability zone. These parameters depend on the
geometry and speed of the device.

The values of the Mathieu equation solutions, representing the lateral vibrations of
a mechanical system, were obtained using the Maple 18 programming package.

The computations obtained allow calculating the parameters of the transporting
device of flat materials into the processing zone. They are useful for engineers when
stating the operating modes of the conveyor in design of conveyors for various purposes.
With technological requirements, we can set the speed and geometrical parameters of the
transporting device. Its rational parameters can be chosen using the resulting equations.
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Abstract. The paper presents a description of the experimental thermal charac-
teristics of a double-sided face grinding machine. Thermal characteristics in the
form of time dependences of temperatures and displacements were obtained when
themachine was idling, as well as under load. The analysis of experimental studies
showed that for a face grinding machine, the thermal characteristics differ signif-
icantly at idle and when operating under thermal load. First of all, this is due to
different heating of the machine components during idling and when operating
under thermal load. It was experimentally found that the highest temperatures
during idling are at the faces of the spindle heads and the bed. When working
under a thermal load, the greatest heating was recorded for structural elements of
the bed located near the fence of the grinding zone, as well as for the faces of the
spindle heads facing the grinding zone. The design features of the machine led
to a significant difference in the magnitude of the thermal displacements of the
right and left grinding wheels. The grinding wheels moved in the direction “wider
at the bottom” under the influence of thermal deformations when the machine
was idling. When working under heat load, the relative position of the grinding
wheels gradually changed from “it is wider at the bottom” to “it is narrower at
the bottom.” Changing the position of the grinding wheels led to distortions in the
relative position of the grinded faces of the workpiece on the machine.

Keywords: Double-sided face grinding machine · Grinding wheels · Thermal
characteristics · Thermal deformations · Spindle heads · Thermal deformations ·
Thermal displacements

1 Introduction

Grinding is of great importance as a finishing operation in mechanical engineering.
Therefore, grinding and grinding machines are still an active area of research today. A
fairly large volume of research covers the implementation of new grinding technologies
to guarantee the achievement of high-quality surfaces of bearing rings and roller end faces
with a roughness parameter Ra not exceeding 0.04µm [1, 2]. It has been experimentally
shown that improving the surface quality significantly increases the service life of roller
bearings due to the stabilization of the friction torque values over time [2]. In [3],
the authors proposed a method for calculating the parameters of roughness, grinding
forces and the thickness of the dark layer on the machined surfaces of the bearing rings.
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The proposed dependencies took into account the design and technological parameters
of the grinding process. This made it possible to optimize the grinding process with
control of the output parameters of the machined bearing rings. For a more accurate
determination of the grinding temperature in the work area, the heat flux transferred to
the workpiece was calculated. The calculation of the dark layer thickness is based on the
known temperature of 150 °C at which the phase transformation begins in the bearing
steel. During this phase transformation, a dark surface layer forms on the bearing rings.
In [4], a thermalmodel of grinding the bearing inner ring, implemented in theAnsysCAE
system, is presented. The developed model, taking into account the design parameters
of the bearing and the technological parameters of grinding, allows optimization of the
cutting process. In [5], a progressive method of ultrasonic plunge grinding is considered.
The method provides a more than 20% increase in the efficiency of the grinding process,
a decrease in roughness by more than 25%.

Grinding technology and grinding machines are not limited to their use in the bear-
ing industry. So in [6, 7] the thermal characteristics of gear grinding and worm grinding
machines were investigated. The thermoelasticity problem for the supporting system
of the gear grinding machine and the bed of the worm grinding machine have been
implemented in the Ansys CAE system. The calculated data have been confirmed exper-
imentally. In [8, 9], the thermal processes of deep grinding are investigated. In [8], a
thermal finite element model of deep grinding is presented, since the main limitation of
this technology is thermal damage to theworkpiece and rapidwear of the grindingwheel.
In [9], the results of experimental studies are shown, obtained using a new machine tool
that implements deep grinding. In [10], a developed simplified theoretical model of ther-
mal deformations of a gear grinding machine is presented, based on solving the bending
problem for a beam. The efficiency of the model was confirmed experimentally with an
error not exceeding 5%.

In [11], a model for calculating the temperature field in the grinding zone based on
the finite difference method is presented. The developed model of heat generation allows
taking into account the technological modes of grinding: feed, depth of cut and cutting
speed. It has been shown that the effect of feed on the grinding temperature is more
significant than the grinding speed and depth of cut.

Thus, a reviewofmodern research carried out for grindingmachines over the past five
to seven years has shown that one of themost important factors determining the accuracy
and quality of machined surfaces are thermal processes in the grinding zone. Works in
which the thermal processes occurring in the supporting system of the grinding machine
are comprehensively investigated are rarely encountered today. In the presented work,
the features of the course of thermal processes in the bearing system of a double-sided
face grinding machine, identified experimentally, are considered.

2 Experimental Research

The experiments were carried out on a machine model 3A343ADF2 (manufactured in
1990 year) with an individual cooling tank. The temperature of the characteristic points
of the machine was measured according to the technique proposed in [12]. The change
in the angular position of the circles was estimated using the principle of a pneumatic
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stop, according to the technique also proposed in [12]. The temperatures of the ambient
and the cutting fluid (coolant) leaving the machine were monitored. The temperatures
were measured at the points shown in Fig. 1.

Fig. 1 Scheme of distribution of characteristic points of temperature measurement

2.1 Idling of the Machine

Within the scope of the article, individual graphs of experimental thermal characteristics
are presented. However, their volume allows you to form an idea of the features of
the course of thermal processes in the machine. For example, temperature changes in
individual nodes of the machine depending on the duration of the machine idling are
shown in Fig. 2.

Fig. 2 Changes in the temperatures of the characteristic points of the spindle headstocks of the
machine during idling: a excess temperatures of the outer ends (points 1, 2, 11, 12); b excess
temperatures of the front walls (points 5, 6, 15, 16)

Excessive temperatures of the housings (rear and frontwalls) of the spindle headstock
(Fig. 2) at points 5, 6, 15, 16, 8, 9, 18, 19 were determined by the excess temperatures
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of the barrels in the area of the front bearings of the spindle units, and ranged from 0.8
to 1.5 °C. Excessive temperatures of the faces of the spindle headstocks (points 1, 2,
11, 12) were determined by the excess temperatures of the barrels in the area of the rear
bearings of the spindle units and the release of heat from the drive pulleys and electric
motors. The excess temperature of the faces of the spindle headstocks at points 1, 2, 11,
12 was in the range from 1.5 to 2 °C.

The excess temperature of the end faces of the bed was determined by the release of
heat from the barrels of the spindle headstocks, drive pulleys and electric motors [12].
Excessive temperatures of the upper and lower parts of the surface of the bed end faces
were the same. This is because a plurality of partitions that remove heat from the end face
surface are adjacent to the inner upper surface of each end face. There are no partitions
in the lower part of the surface of each end face of the bed, therefore, heat accumulates.
The excess temperature at points 3, 13, 4, 14 ranged from 0.8 to 1.3 °C. The upper part
of the bed, near the fence (points 7, 17, 10, 20), had an excess temperature in the range
from 0.5 to 0.9 °C, determined by the excess temperatures of the barrels in the area of the
rear bearings of the spindle units and coolant. The lower part of the bed (point 23) had
the lowest excess temperature—0.1 °C, as the most distant from the heat sources. The
excess temperature under the pulley casings (points 21, 22) was 3.9 °C, coolant—4 °C.

The performed measurements of the displacements of the spindle flanges when the
machine is idling showed that the thermal displacements of the grinding wheels relative
to the plane of the workpiece feed occur unequally (Fig. 3). The main percentage of
displacements occurred in the first two hours of machine operation and was: for the left
grinding wheel—8 µm, for the right one—22 µm. This means that the left grinding
wheel changes its position relative to the feed disk by an amount almost three times less
than the right wheel. The position of the flange of the right grinding wheel stabilized
after 6–7 h of operation, while the position of the left wheel remained practically stable.
Thus, during the operation of the machine, the grinding wheels took a position called
“it is wider at bottom.” This is due to the fact that the main elements of the machine
that are deformed under the influence of thermal processes are the outer end faces of the
grinding heads and the bed, since the center of the bed was heated much weaker.

Fig. 3 Thermal displacements of grinding wheels at idling
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2.2 Simulation of a Working Stroke

Changes in the temperatures of machine nodes depending on the duration of operation
of electric heaters with a power of 6 kW, used to simulate the operation of the machine
during grinding, are shown in Fig. 4.

Fig. 4 Changes in the temperatures of the characteristic points of the spindle headstock of the
machine during operation under thermal load (N = 6 kW): a excess temperatures of the upper
(points 1, 11) and lower (points 2, 12) parts of the outer end faces of the spindle headstocks;
b excess temperatures on the front (points 5, 6, 15, 16) and rear (points 8, 9, 18, 19) walls of the
spindle headstocks

So the excess temperatures on the front and rearwalls of the spindle headstock (points
5, 6, 15, 16, 8, 9, 18, 19), as well as at their end faces below (points 2, 12), had values in
the range from 3.1 to 3.7 °C. At the end faces of the headstock from above (points 1, 11),
the excess temperatures were in the range from 2.1 to 2.5 °C. The excess temperatures
of the headstock housings at the corresponding points turned out to be practically the
same and had an equal rate of rise. The upper part of the bed near the fence (points 7,
17, 10, 20) had the highest excess temperature—the temperature range was from 4.3
to 4.8 °C. The lowest excess temperature had the lower part of the bed (points 4, 14,
23)—the temperature range was from 1 to 1.2 °C. The end faces of the bed in its upper
part (points 3, 13) had excess temperatures in the range from 2.3 to 2.9 °C. The excess
temperature of the coolant was 14 °C.

The excess temperatures of the end faces of the bed at points 3, 13 and the end
faces of the spindle heads at points 2, 12 ranged from 3.5 to 5 °C. In the upper part
of the ends of the spindle heads (points 1, 11), the range of excess temperatures from
3 to 3.4 °C was recorded. Excessive temperatures on the headstock housings near the
fence ranged from 5.6 to 6.7 °C. The middle part of the bed near the fence had the
highest excess temperature—in the range from 12.5 to 13.5 °C. In this case, the excess
temperature of the coolant was fixed at 32 °C. The lower part of the bed had the lowest
excess temperature—in the range from 1 to 1.5 °C.

The nature of the temperature distribution shows that the coolant is the dominant
source of heat generation during the operation of the machine under thermal load.



Experimental Thermal Performance Double-Sided … 139

3 Discussion

Studies have shown that the thermal displacements of the flanges of the grinding wheels
occurred unequally relative to the plane of the workpiece feed at idle speed of the
machine. The change is even more striking when the machine is operating under load.
The experiments showed that the stabilization of the position of the right grinding wheel
did not occur in 7 h, but the rate of change of its angular position was significantly
reduced. So, if at the end of the second hour of the experiment under load (N = 6 kW),
the change in the angular position of the right circle was 14 µm in one hour, then after
seven hours of the experiment, the hourly change was only 7 µm. In this case, the
absolute values of changes in the angular positions of the grinding wheels amounted to
7 h of operation: for the right—82 µm, for the left—5 µm.

When the machine was operating under a load of 18 kW, changes in the angular
positions of the grindingwheelswere in 7 h ofmachine operation: for the right—152µm,
for the left—45 µm (Fig. 5a).

Fig. 5 Absolute and relative displacements of grinding wheels during operation under heat load
(N = 18 kW)

The heat released in the middle of the machine has led to a complete asymmetry of
the position of the wheels relative to the plane of the workpiece feed, thereby violating
one of the basic requirements for high-quality grinding. The position of the flanges of
the grinding wheels stabilized after 5–6 h of heating.

The change in the asymmetry of the displacements of the grinding wheels �R/�L

(the ratio of the displacement of the right grinding wheel �R to the left �L) is shown in
Fig. 5b at a heat load of 18 kW. The graph shows that asymmetry had a maximum value
after 1.5 h of machine operation—�R/�L = 10, in contrast to the initial value—1.

When the machine was operating under a thermal load, the bed in its central part
warmed up more than the ends, which led to a change in the relative position, called “it
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is narrower at the bottom.” When the machine was operating under a thermal load, the
bed in its central part warmed up stronger than the end faces. This led to a change in the
relative position called “it is narrower at the bottom.”

Thus, it was experimentally found that during the operation of the machine, thermal
deformations varied in a wide range, both in magnitude and in direction.

The eliminationof the time factormade it possible to obtain the dependences: changes
in the angular positions of grinding wheels on the excess temperature of the coolant
(Fig. 6); changes in the values of the end faces runouts of the machined rollers from the
values of the angular displacements of the grinding wheels (Fig. 7).

Fig. 6 Changes in the angular positions of the grinding wheels depending on the excess temper-
ature of the coolant: a when the machine is operating under a thermal load N = 6 kW; b when the
machine is operating under a thermal load N = 18 kW

Fig. 7 Influence of thermal displacements of grinding wheels on the end runout of the roller

4 Conclusion

1. The thermal characteristics of the machine when idling and when operating under
thermal load are different. This is due to the fact that the units of the face grinding
machine when idling and when operating under heat load are heated unequally. The
highest temperatures when the machine is idling are at the end faces of the spindle
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headstocks and the bed, and when working under thermal load, the parts of the
bed are located near the fence of the grinding zone and the endfaces of the spindle
headstocks facing the fence.

2. The temperature displacements of the wheels are not the same. The displacement
of the right grinding wheel relative to the workpiece feed disk is three times greater
than that of the left one at idling and five times greater when working under heat
load.

3. When the machine is idling, the grinding wheels due to thermal deformations move
in the direction “it is wider at the bottom,” which deprives the work area of the
workpiece calibration area and leads to a deterioration in the grinding accuracy.

4. When working under heat load, the machine gradually warms up, and the relative
position of the circles gradually changes from “it is wider at the bottom” to “it is
narrower at the bottom,” i.e., the setting of the machine, its work area, changes
spontaneously. At the same time, these changes continue with varying intensity over
the entire operating spindle time.

5. Grinding wheels change their position in the vertical plane in proportion to the value
of excess coolant temperatures and the operating time of the machine.

6. The face runout of the machined rollers increases in proportion to the magnitude of
the angular displacements of the grinding wheels.

7. The grinding wheels move relative to the feed disk by different amounts, which
creates an asymmetry of thework area relative to the feed disk (it is technological base
of the workpiece). This creates an asymmetry of the power loads on the workpiece,
which violates the laws of rotation of the workpiece up to a complete stop.

8. The absolute value of the changing non-parallelism of the grinding wheels was
0.13 mm after 3 h of operation. This can be considered quite large, since during
grinding the entire removable allowance is 0.05–0.07 mm. A rational machining
allowance is associated with the relative position of the grinding wheels. Conse-
quently, if this position changes (increases), and the specified allowance remains
constant, then the processing conditions deviate from the specified ones.

The performed studies have shown that thermal deformations of double-sided face
grinding machines with an arc trajectory of the workpiece feed can violate the main
requirement for the precise operation of the machine—the symmetry of the processing
conditions at both end faces of the workpiece. Consequently, in order to further improve
the quality of the work of machines of this type, it is necessary to use measures that
would reduce thermal deformations and ensure the symmetry of the machine in all
temperature–time ranges.
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Abstract. The authors performed calculation for thin rigid circular plates with
stiffening rings by using the Ritz-Timoshenko variational energy method. The
flexure of rings with symmetrical cross-sectional shape gives rise to strain fields
that are symmetric about the middle plane of the plate. However, when there is a
stiffening ring, the radial stresses existing within the section of the plate will be
asymmetric. This fact must be double-checked by calculating the potential strain
energy of the stiffening ring more precisely. The calculation was based on the
assumption that the middle plane curvature of the ring element was the same as
that of the carrier plate, subject to the Kirchhoff hypothesis on normal middle
plane element. The approximating function is defined as a beam function for a
stepped beamwith unit thickness. The obtained findings allowed us to calculate the
rigidity of a welding wire spool flange. The analysis of the obtained relationships
showed that the addition of one or two stiffening rings resulted in the reduction of
spool flange flexure by 29–64%. The effect of the stiffener on the flange flexure
when it is arranged within the first (from the side of the inner radius) one-third
part of the flange is 2.5–3 times higher than the effect resulting when the stiffener
is arranged within the second one-third part of the flange.

Keywords: Circular plate · Stiffening rings · Flexure · Potential energy ·
Approximating function · Spool flange

1 Introduction and Problem Statement

Strain of thin rigid circular plates with radial stiffeners was earlier calculated by the
authors using the variational energy method [1]. However, when applying the above
method to make calculations for plates with stiffening rings, the potential strain energy
of the stiffening ring must be known.

The potential flexural energy of the ring as a circular plate depends on its cross-
sectional shape. The flexure of rings with symmetrical cross-sectional shape is well-
studied [2–5]. Such flexure gives rise to strain fields that are symmetric about the middle
plane of the plate. When there is a stiffening ring arranged someway on the carrier plate,
the radial stresses existing within the section of the plate will be asymmetric. This fact
must be double checked by calculating the potential strain energy of the stiffening ring
more precisely.
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The general case of strain calculation at any loading of the plate was studied by
Timoshenko [6]. To calculate the potential strain energy of a stiffening ring, which is
somehow attached to the flexed carrier plate, special solutions must be obtained under
certain loading conditions.

2 Research Goal

The goal of this research is to calculate the stress–strain behavior of a round-shaped
circular plate with stiffening rings by using the variational method.

3 Research Methodology

The calculation is made based on the variational Ritz-Timoshenko method. For this
purpose, the known value of potential strain energy for a round-shaped thin rigid plate
was used in combination with the formula for finding the potential energy of flexed
stiffening ring of the plate that was obtained by the authors. Calculations were narrowed
down to circular plates (flanges) of monolithic plastic spools used for welding wire
winding [7].

4 Problem Solution

According to the Ritz-Timoshenko method, solving the problem of determining the
stress–strain behavior of a stiffened plate comes down to find the minimum of the
composite function

En = U + V

where U and V are the potential strain energy and the external load potential. Let
us write down the potential strain energy as the sum of potential energies of the flexed
carrier plate and stiffening rings as follows:

U = U1 + U2

The potential strain energy of a circular axisymmetrically loaded and symmetrically
deformed plate [6, 8] can be written down as follows:

U1 = D

2

b∫

a

2π∫

0

[(
∂2w

∂r2
+ ∂w

r∂r

)2

− 2(1 − ν)

r

(
∂2w

∂r2
∂w

∂r

)]
rdrdθ (1)

where D is the flexural rigidity of the plate, a and b
are the inner and the outer circular plate diameters, w(r) is the function of plate

flexures, r is the radius, and v is the Poisson’s ratio that is equal to 0.3.
Let us define the procedure for calculating the potential strain energy of a plate with

stiffening rings. For this purpose, we shall compare the calculation of potential energy
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Fig. 1 Flexure of composite section

in a flexed beam whose section is comprised of the main element 1 and the additional
element 2 (Fig. 1) with a plate that is flexed together with a monolithically attached
stiffener.

When the beam is flexed as shown in Fig. 1, the potential energy of the main element
that corresponds to the internal momentum M is added to the potential energy of the
additional element, which corresponds to the partial internalmomentum�M . The values
M and �M are determined based on the values of actual stresses in the elements. As
opposed to the beam, the flexure of a circular plate gives rise to two different types of
momenta including the radial Mr and the circumferential Mθ momenta whose values
depend on the stresses σr and σθ , respectively. Therefore, let us assume that the potential
strain energy of a stiffened plate will correspond to the sum of individually calculated
potential strain energies of the main plate body and the stiffening rings. We shall not
take into account the potential energy of the transverse force Q.

Let us analyze the pattern and the level of stresses in the stiffening ring. Due to the
fact that the stiffening ring of the given flange forms an integral part of the plate, the
strains of the stiffener on the interfacing surfaces of the stiffener and the plate will be
exactly the same as the strains of the plate. In other words, the middle plane curvature
of the plate and the stiffener, the flexure w, and the rotation angle θ of radial section
perpendicular to the radius of the stiffener will be the same at the point lying on the
radius r (Fig. 2).

The stiffener height is normally consistent with the plate thickness. For example, the
stiffener height hr for the above-mentioned plastic wire winding spool D200 (Fig. 2)
is 0.8–1.5 mm when the plate (flange) thickness hf is 2–3 mm. Therefore, the plate
thickness together with the stiffener height still remains less than one fifth of the plate
diameter. In addition, any spool flange flexures exceeding one fourth of its thickness
are not acceptable from technological perspective. Thus, we believe that the Kirchhoff
hypothesis is respected in case with the stiffening ring as is the case with the circular
carrier plate [9].
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Fig. 2 Radial section of a flexed plate with a stiffening ring 1—plate, 2—stiffener

The level of stresses existing in a thin rigid plate that is symmetric about the middle
plate was determined by Germain [10, 11] and linearly depends on the distance to the
middle layer z:

σr = Ez

1 − ν2

(
∂2w

∂r2
+ ν

r

∂w

∂r

)
(2)

The formula for finding flexures (2) for a plate that is loaded with uniformly
distributed stress q and fixed along the inner peripheral surface is presented in [2].

Distribution of stresses σr across the height of the stiffener will have a linear pattern
(Fig. 3) under the above-made assumptions. The values of these stresses will vary from

σr = E
hf
2

1 − ν2

(
∂2w

∂r2
+ ν

r

∂w

∂r

)
to σr =

E
(
hf
2 + hr

)

1 − ν2

(
∂2w

∂r2
+ ν

r

∂w

∂r

)
.

Fig. 3 Radial stresses existing in a stiffened plate

Stresses σθ (Fig. 4) will be formed in the stiffener at the same time with stresses σr .
Their distribution across the height of the stiffening ring will follow the same pattern.
The level of these stresses existing in the same plate loaded with uniformly distributed
stress q and fixed along the inner peripheral surface is

σr = Ez

1 − ν2

(
1

r

∂w

∂r

∂2w

∂r2
+ ∂2w

∂r2

)
.

Due to the fact that the ring is in the plane stress condition under the above-made
assumptions, the specific potential energy of elastic change in volume and shape of
stiffener points at the principal stresses [12]

u = 1

2E
(σ 2

1 + σ 2
2 − 2νσ1σ2).
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Fig. 4 Element of the stiffener shown in Fig. 3

Using polar coordinates and taking into account the symmetrical loading of the
stiffener, the above formula can be written as

u = 1

2E
[(σr cos2 θ + σθ sin

2 θ)2 + (σr sin
2 θ + σθ cos

2 θ)2

− 2ν(σr cos
2 θ + σθ sin

2 θ)(σr sin
2 θ + σθ cos

2 θ)].

Let us write down the total potential flexural energy of the stiffening ring taking the
integration limits into account:

ri+t∫

ri

2π∫

0

hf
2 +hr∫

hf
2

udrdθdz, (3)

where ri is the radius on the inner edge of the i-th stiffener and t is the width of the
stiffener (Fig. 2). Hence,

U2 =
n∑

i=1

ri+t∫

ri

2π∫

0

hf
2 +hr∫

hf
2

udrdθdz,

where n is the number of stiffening rings.
The load behavior (the potential reverse load) when the stiffened plate is loaded with

uniformly distributed stress q applied by the even surface of the circular plate (flange)
(Figs. 2 and 3) can be expressed as an integral taken for the area F of the plate by
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multiplying the elementary force qrdrdθ by the flexure w [12]. Given the constant value
of q

A = q
¨

F

w(r)rdrdθ. (4)

The total energy in the systemEn = U1+U2−A. Thus, our problem can be narrowed
down to defining the minimum of the composite function made up of Eqs. (1), (3), and
(4):

En =D

2

b∫

a

2π∫

0

[(
∂2w

∂r2
+ ∂w

r∂r

)2

− 2(1 − ν)

r

(
∂2w

∂r2
∂w

∂r

)]
rdrdθ

+
n∑

i=1

ri+t∫

ri

2π∫

0

hf
2 +hr∫

hf
2

udrdθdz − q
¨

F

w(r)rdrdθ. (5)

The n number of stiffening rings dividing the radius of the plate into n+1 equal parts
is described in the Eq. (7). Individual stress state defined by the functionw is determined
for every stiffener marked under the summation symbol.

According to the Ritz-Timoshenko method [13], the approximating function w(r) of
flexure for a platewith stiffening ringsmust be defined to obtain the approximate solution
of the problem. When the problem is solved to a first approximation (with the leading
coefficient of the series a1), the selected approximating function must be as close to the
exact problem solution as practical provided that all the boundary conditions aremet. Let
us follow the recommendations [13–15] to define this function as a beam function, which
is based on the stepped radial section configuration of a plate with stiffening rings. The
procedure described in the study [16] was applied in this case where a stepped beamwas
replaced by an equivalent beam with uniform section, applying additional momenta and
transverse forces at the points of changing sectional dimensions of the original stepped
beam:

w1(r) = qa1
EI

[
− (b − a)2(r − a)2

4
+ (b − a)(r − a)3

6
− (r − a)4

24
+ A1(r) + A2(r)

]
,

(6)

where I = h3f
12 is the inertia moment of the strip beam of dimensionless unit thickness,

with profile height equal to the plate thickness hf .
The origin of coordinates in the formula (6) is defined on the symmetry axis of the

ring and corresponds to the Figs. 2 and 3. The first terms of the sum are written using
the method of initial parameters [17]. A1(r) and A2(r) are the terms corresponding to
even and odd sections of the beam, which are based on the effect of additionally applied
momenta and concentrated forces on beam flexure and taken into account when the
coordinate of the selected point is greater than the coordinate of the applied load.
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For example, for two stiffeners that divide the radius into three equal segments inside
the ring:

w(r) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

w1(r), if a ≤ r ≤ r + l,
w1(r) + w2(r), if a + l ≤ r ≤ r + l + t,

w1(r) + w2(r) + w3(r), if a + l + t ≤ r ≤ r + 2l + t,
w1(r) + w2(r) + w3(r) + w4(r), if a + 2l + t ≤ r ≤ r + 2l + 2t,
w1(r) + w2(r) + w3(r) + w4(r) + w5(r), if a + 2l + 2t ≤ r ≤ b,

where

w1(r) = q

EI

[
− (b − a)2(r − a)2

4
+ (b − a)(r − a)3

6
− (r − a)4

24

]
,

w2(r) = −μq

EI

[[
− (b − a)2

2
+ (b − a)l − l2

2

]
(r − a − l)2

2
+ (b − a − l)

(r − a − l)3

6

]

w3(r) = μq

EI

[[
− (b − a)2

2
+ (b − a)(l + t) − (l + t)2

2

]
(r − a − l − t)2

2

+(b − a − l − t)
(r − a − l − t)3

6

]
,

w4(r) = −μq

EI

[[
− (b − a)2

2
+ (b − a)(2l + t) − (2l + t)2

2

]
(r − a − 2l − t)2

2

+(b − a − 2l − t)
(r − a − 2l − t)3

6

]
,

w5(r) = μq

EI

[[
− (b − a)2

2
+ (b − a)(2l + 2t) − (2l + 2t)2

2

]
(r − a − 2l − 2t)2

2

+(b − a − 2l − 2t)
(r − a − 2l − 2t)3

6

]
,

t is the width of the stiffener, l = b−a−2t
3 ,μ = k−1

k and k is equal to the ratio between
the inertia moment of the section of a strip beamwith unit width near the stiffener and the
inertiamoment of the section of the same strip beamwhose stiffener height is equal to the
plate thickness. Calculations are based on k = 5, which corresponds to the parameters
used in this research. Calculations are performed in Mathcad [18].

The formula (6) meets the following kinematic boundary conditions: w|r=a = 0 and
∂w
∂r |r=a = 0 .

Let us define the coefficient a1 based on the following condition of the minimum of
the composite function (7): ∂En

∂a1
= 0. Let us note that when w(r) (6) is substituted into

the formula (7), En represents a quadratic function with relation to a1. Moreover, for the
first two terms of the sum (7) defining U , a1 occurs quadratically; whereas for the third
term of the sum defining A, it occurs to the power of one, and its point of minimum can
be found using the following formula [19]:

a1 = A

2U
. (7)
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As a result, the flexure of a plate with n number of stiffening rings is expressed in
the formula (6) into which from (7) is substituted, and we obtain the following formula
for the flexure of a plate with n number of stiffening rings:

w1(r) = qA

2U

[
− (b − a)2(r − a)2

4
+ (b − a)(r − a)3

6
− (r − a)4

24
+ A1(r) + A2(r)

]
,

Graphs representing the obtained relationships for the two commercially usedmodels
of plastic spools D200 and D300 for welding wire winding are illustrated in Figs. 6a,
b, respectively, together with the parameters provided in Table 1. Stiffening rings with
width t = 3 mm and various heights are arranged on the flange between the radii a and
b as shown in the diagram below (Fig. 5):

Table 1 Parameters of monolithic spools for welding wire winding

Parameter Inner
radius

Outer
radius
(wire
winding
radius)

Flange
thickness

Elasticity
modulus of
the material
(high-impact
polystyrene,
[20]) at
flexure

Stiffener
height

Stiffener
width

Load
intensity

Designation,
unit

a, m b, m hf , m E, N/m2 hr , m t, m q, N/m2

Value, D200 5 ×
10–2

8.5 ×
10–2

3 × 10–3 26.5 × 108 0.8–2 ×
10–3

5 × 10–3 1 × 104

Value, D300 8.5 ×
10–2

13.5 ×
10–2

3–5 ×
10–3

Fig. 5 Arrangement of three stiffeners

As we can see from the graphs, the flange flexure is significantly reduced with the
arrangement of stiffening rings. For example, the flexure is reduced from 3.1 × 10–4

m to 2.2 × 10–4 m at the 0.085 m radius of the D200 spool (Fig. 6a) and from 3.05 ×
10–4 m to 1.1 × 10–4 m at the 0.13 m radius of the D300 spool (Fig. 6b). Therefore, the
elastic strains of the ribbed spool flange are reduced by 29–64% depending on stiffener
dimensions and spool model.

The obtained formula allows to examine the optimum arrangement of stiffening
rings at the spool flange. This is most clearly demonstrated when the position of a
single stiffener is changed. Figure 6 illustrates the graph of behavior for D200 spool

https://doi.org/10.1007/978-3-030-85233-7_6
https://doi.org/10.1007/978-3-030-85233-7_6
https://doi.org/10.1007/978-3-030-85233-7_6
https://doi.org/10.1007/978-3-030-85233-7_6


Calculating the Flexure of Circular Plates with Stiffening Rings 151

Fig. 6 a Flexures of D200: 1—flexure of a ribless flange; 2—flexure of a flange with stiffener
height hr = 0.0008 m; 3—flexure of a flange with stiffener height hr = 0.0015 m; 4—flexure of
a flange with stiffener height hr = 0.002 m. b Flexures of D200 (a) and D300 (b) spool flanges:
1—flexure of a ribless flange [2] 2—flexure of a flange with stiffener height hr = 0.003 m; 3—
flexure of a flange with stiffener height hr = 0.004 m; 4—flexure of a flange with stiffener height
hr = 0.005 m.

Fig. 7 Effect of the stiffening ring position on the flexure of spool flange

flange flexures when the stiffening ring is “shifted” from the inner flange radius a to the
outer flange radius b flange stiffener parameters selected for the analysis are as follows:
stiffener width = 0.005 m and stiffener height = 0.008 m. All the other parameters
correspond to the data provided in Table 1.

The analysis of the graph (Fig. 7) shows that the effect of the stiffener on the flexure
of flange when it is arranged within the first (from the side of the inner radius) one-third
part of the flange is 2.5–3 times higher than the effect resulting when the stiffener is
arranged within the second one-third part of the flange. The average slope ratio of the
graph between 0.003 m and 0.01 m from the inner flange radius is equal (at the selected
coordinates) to 2.7/2= 1.35; whereas between 0.01 and 0.02 m, such average slope ratio
is equal to 1.3/3= 0.43, which is three times smaller. The slope ratio of the graph within
the third segment between 0.02 and 0.03 m approaches zero, which indicates minimal
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effect of the stiffening ring arranged in that position on the flexure of the flange. Thus,
it is preferred to arrange stiffening rings on the inner one-third part of the flange.

5 Conclutions

1. Formulas for calculating flexures of thin rigid circular plates with stiffening rings
were obtained using the variational Ritz-Timoshenko method.

2. It was found that the arrangement of two stiffening rings—whose width and height
were equal to the thickness of the spool flange—at the flange of a monolithic
welding wire spool reduced the flexure of spool flange by 29–64% depending on
technologically acceptable stiffener dimensions and spool model.

3. The obtained relationships were applied during the design of plastic spools used for
welding wire winding. It was recommended to arrange stiffening rings at the first
(from the side of the inner radius) one third of the distance between the inner and
the outer spool flange diameters.

References

1. Konev SV, Fainshtein AS, Teftelev IE (2021) Calculating the flexure of circular plates
with radial stiffening ribs. In: Proceedings of the 6th international conference on industrial
engineering (ICIE 2020), Springer

2. Weinberg DV, Weinberg ED (1970) Plate calculations. Budivelnik, Kiev
3. Murakami Y (2016) Theory of elasticity and stress concentration. Kyushu University, Japan
4. Timoshenko SP, Goodier J (1959) Theory of elasticity. Nauka, Moscow
5. Timoshenko SP, Voinovsky-Krieger S (2021) Theory of plates and shells. McGraw-Hill

Book-Company, New York, Proceedings of the 6th international conference on industrial
engineering (ICIE 2020), Springer

6. Konev SV, Mikhaylets VF, Fainshtein AS, Teftelev IE (2018) Analysis of the characteristics
of the stress state of the flange of the winding device as the annular plate. Vestnik of Nosov
Magnitogorsk State Technical University 3(16):98–102

7. GOST RF 25445 (2018) (CMEA standard 2735). Welding wire reels, spools and cores. Basic
dimensions

8. Dokshanin SG, Mityaev AE, Troshin SI (2017) Structural machinery mechanics. Publishing
house of the Siberian Federal University, Krasnoyarsk

9. Rabotnov YN (1988) Deformable solid mechanics. Nauka, Moscow
10. https://en.wikipedia.org/wiki/Sophie_Germain
11. Pisarenko GS (ed) (1975) Resistance of materials. Vyscha Shkola, Kiev
12. Darkov AV, Shpiro GS (1975) Strength of materials. Vysshaya shkola, Moscow
13. Gots AN (2010) Numerical method of calculation in power plant engineering. Training

manual. Part 2. Publishing house of Vladimir State University, Vladimir
14. Donnell LH (1976) Beams, plates and shells. McGraw-Hill Book-Company, Ohio
15. Ivanov VN (2004) Variational principles and problem-solving techniques related to the

elasticity theory. Publishing house of the People’s Friendship University of Russia, Moscow
16. Konev SV, Fainshtein AS, Teftelev IE (2020) Application of Kantorovich-Vlasov method

for shaped plate bending problem. In: Proceedings of the 6th international conference on
industrial engineering (ICIE 2019) vol 1, pp 91–100

https://en.wikipedia.org/wiki/Sophie_Germain


Calculating the Flexure of Circular Plates with Stiffening Rings 153

17. Belyaev NM (1976) Strength of materials. Nauka, Moscow
18. Kiryanov DV (2012) Mathcad 15/Mathcad Prime 1.0. BHV-Peterburg, S.- Peterburg
19. Zobin NM, Krein SG (1978) Mathematical analysis of smooth functions. Voronezh State

University, Voronezh
20. GOSTUSSR 20282-86 (1991) General purpose polystyrene. Izdatelstvo standartov, Moscow



Research and Analysis of Rational Parameters
for a Conveying Mechanism

of a Multi-operation Roller Machine
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of Uzbekistan, 33, Durmon yuli street, Tashkent, Uzbekistan100125

Abstract. The relation of forces in the process of feeding of a semi-finished
leather product into the working area of a multi-operation machine by a conveying
device is studied. The relations between the pulling force and the radius of the
drive shaft, and the friction coefficient and the angle of contact of the semi-finished
leather product with the drive shaft are determined. It was determined that with an
increase in the angle of contact and an increase in the friction coefficient, the pulling
force increases. Therefore, the radius of the drive shaft must be large enough to
pull in the semi-finished leather product. In order to develop a rational design of
the conveying mechanism, an inequality was derived, including the parameters of
transportation and retraction of a semi-finished leather product into the processing
zone; it allows choosing the rational parameters of the conveying mechanism by
setting the parameters of the processed leather semi-finished product. The use of
the results obtained will increase the productivity of the technological process of
extracting moisture from the leather semi-finished product, taking into account
its physical and mechanical properties. The results of the research will be used in
research anddevelopmentwork in the design of new rollermachines and conveying
mechanisms.

Keywords: Conveying mechanism · Tractive force · Semi-finished leather
product · Angle of contact · Free roller · Spreading table · Machining · Planing ·
Buffing · Average thickness · Passage width

1 Introduction

It is known that in every country, leather resources are scattered throughout the territory;
therefore, the presence of small- and medium-sized enterprises in regions makes it pos-
sible to efficiently and economically use leather raw materials. This requires the devel-
opment and creation of compact machines and equipment for the primary mechanical
processing of the semi-finished leather product in small batches.

In modern large tanneries, numerous mechanical and physical–mechanical opera-
tions require the use of a whole range of appropriate equipment. To meet the needs of
the leather industry, up to 90 types of technological equipment are required [1–5].
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Despite the wide variety of types of machines and mechanisms used in the leather
industry, there is still a substantial number of non-mechanized operations, especially in
small enterprises. The level of mechanization, i.e., the share of mechanized labor in the
total work time expenditures is 50–80%. In addition, even in mechanized operations, the
worker has to perform manual heavy and monotonous auxiliary operations. Most of the
technological operations in leather and fur production are, in essence, machine-manual
operations [6–11].

At small enterprises, it is impractical to use expensive, specialized high-performance
technological machines for mechanical processing of the semi-finished leather products,
because due to the small volume of production, they will stand idle for a long time and
occupy production areas.

Consequently, the development of a machine that performs several technological
operations is relevant.

2 Development of a Design of Multi-operation Machine

We have developed the design of a multi-operation machine for the mechanical process-
ing of the semi-finished leather product [12–19]. The machine is designed to perform
severalmechanical operations in sequence, such as squeezing, setting, planing, softening,
rolling, and buffing (Fig. 1).

The multi-operation machine contains a working roller 1 cantilevered on an axle 2,
conveying the roller 3, mounted on an axle 4 interacting with an adjustable spring 5; a
pressure shaft 6 is mounted on an axle 7. A lever 8 has a common axle 9 with a lever 10,
and the lever 10 is equipped with a lock of the initial position (not shown in the figure),
and the lever 8 is equipped with a stop 11 for interaction with the lever 10. A supporting
roller 12 is installed on lever 8. Between the pressure roller 6 and the supporting roller
12, there is a spreading table 13 rigidly connected to the pressure roller 6. When pedal
14 is pressed, the stops 19 and 20 move to their extreme positions, and the lever 8 by
stop 21 moves to the extreme position by means of rod 15, the lever 8 moves to the area
of processing leather or skin 18. After finishing the treatment, pedal 14 is lowered, and
under the springs 16 and 17, the conveying roller 3 and the pressure roller 6 are folded
back and stopped.

Themulti-operationmachine contains a set ofworking rollers 1 for fleshing, gouging,
setting, wringing, rolling, and buffing [20].

3 Study of the Process of Material Feeding

Consider the force relation between the shaft of the conveyingmechanism and the leather
semi-finished product. The conveying device consists of a drive shaft 1 and a driven shaft
2, with a spreading table 3 located between them. The drive shaft 1 rotates forcibly, and
the driven shaft 2 rotates due to the friction between the leather semi-finished product 4
and the driven shaft 2 (Fig. 2).

The drive shaft 1 pulls in and feeds the semi-finished leather product 4 into the
machining zone. To pull in the leather semi-finished product by the drive shaft, the
condition T2 ≥ T1 must be met (Fig. 3).
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Fig. 1 Scheme of a multi-operation machine for mechanical processing of the semi-finished
leather product

Fig. 2 Scheme of the conveying mechanism. 1—drive shaft; 2—driven shaft; 3—spreading table;
4—semi-finished leather product

Figure 2 shows an expression for the pulling force:

T2 = μN1 cos(90 − α) = μN1 sin α. (1)

Let us conditionally divide the semi-finished leather product into four sections.
Here, N1 is the normal response of the drive shaft to an element of the leather semi-

finished product,μ is the coefficient of friction between the leather semi-finished product
and the drive shaft. Considering that α = π

2 , then

T2 = μN1. (2)
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Fig. 3 Scheme of forces acting on the conveying mechanism

The average density of the leather semi-finished product is ρav = m1
V1
, hence

m1 = ρav V1, (3)

where m1 is the mass of the section at the front end of the leather semi-finished product
and V1 is the volume of this section. V1 is defined as follows

V1 = l1 δav lwid (4)

where δav is the average thickness of the leather semi-finished product, lwid is the passage
width of the leather semi-finished product, and l1 is the length of the arc determined as

l1 = R1 α (5)

Here, R1—is the radius of the drive shaft and α is the central angle of contact at
which the semi-finished leather product touches the shaft.

Substituting expressions (4), (3), and (5) into (2), we obtain

T2 = μm1 g = μρav V1 g = μρav l1 δav lwid g = μρav R1 α δav lwid g. (6)

On the other hand, the force T1 consists of three components, i.e., these forces create
braking of the semi-finished leather product passage,

T1 = F1 + F2 + F3, (7)

where F1 is the friction force arising (at friction coefficient μ1) between the surface
of the spreading table and the semi-finished leather product, F1 = Ffr.f sin γ .

Similarly, for α = π
2 we obtain

F1 = Ffr.f sin γ = μ1N1. (8)

The volume of section V2 is determined from,

ρav = m2

V2
⇒ m2 = ρav V2, (9)
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where m3 is the mass of the section at the front end of the leather semi-finished product
at the distance between the driving and driven shafts

V2 = l2 δav lwid, (10)

where δav is the average thickness of the leather semi-finished product and is the distance
between the driving and driven shafts.

Substituting expressions (10) and (9) into (8), we obtain

F1 = μ1N1 sin γ = μ1m2g = μ1 ρav l2 δav lwid g. (11)

In the second section of the leather semi-finished product, the driven shaft works
according to the brake wheel scheme. The braking moment Mm acts on it

Mm = R2 F2, F2 = Mm

R2
, (12)

whereF2 is the friction force;N2 is the force of normal pressure of a leather semi-finished
product; P2 is the response of supports.

From the equality of the shaft work in one revolution, we write

2π R2 F2 = 2π rst.ax fst.ax N2 cos (90 − β) = 2π rst.ax fst.ax N2 sin β, (13)

where f st.ax is the coefficient of friction in the stub axles of the driven shaft supports;
rst.ax is the radius of the stub axle.

For β = π
2 , formula (13) implies

F2 = fst.ax
N2 rst.ax

R2
(14)

After some transformations, we get

F2 = fst.ax
m3g ru
R2

= fst.ax ρav l3 δav lwid
g rst.ax
R2

(15)

In the third section of the leather semi-finished product, the following equation holds:

F3 = P = m4 g. (16)

m4 is determined as

ρav = m4

V4
⇒ m4 = ρav V4, (17)

wherem4 is themass of the free end of the semi-finished leather product,V4 = l4 δav lwid
is the volumeof this area, δav is the average thickness of the semi-finished leather product,
and l4 is the length of the free end.

Substituting expression (17) into (16), we obtain

F3 = P = m4 g = ρax l4 δax lwid g, (18)
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To meet the condition, taking into account (11), (15), (19), and (7), the following
must hold

μρav R1 α δav lwid g ≥ μ1 ρav l2 δav lwid g + fst.ax ρav l3 δav lwid
g rst.ax
R2

+ ρav l4 δav lwid g.

(19)

Let us assume that the parameters in all sections of a semi-finished leather product
(average thickness δav, width lwid and average density ρav) are the same. Then, we get
the following expression

μR1 α ≥ μ1 l2 + fst.ax l3
rst.ax
R2

+ l4. (20)

To ensure the maximum oncoming force, μ1 should have the maximum value, i.e.:

fst.ax
N2rst.ax
R2

> μ2N2, (21)

where μ2 is the coefficient of friction between the leather semi-finished product and
the driven shaft.

Hence, we obtain the following condition

fst.ax
rst.ax
R2

> μ2, (22)

It is seen that to pull in the auxiliary shaft of the leather semi-finished product μ2,
it becomes necessary that the coefficient of friction should be greater than expression
fst.ax

rst.ax
R2

.

4 Numerical Results of the Study

In the condition (21) obtained for the pulling of the semi-finished leather product by
the driving roller of the conveying device, we substitute the most close values to real
conditions: theminimumcoefficient of friction between the semi-finished leather product
and the driving roller μ1 = 0.1,; the length of the semi-finished leather product located
on the table l2 = 800 mm; the length of the semi-finished leather product located on the
auxiliary roller l3 = 100 mm; the remaining length of the semi-finished leather product
l4 = 200 mm; constructional dimensions of the auxiliary roller are: f st.ax = 0.9, r =
10 mm, R2 = 100 mm.

Taking these values into account, Fig. 4 shows the relationship between the drive
roller R1 of the conveying device and the coefficient of friction of the leather semi-
finished product located on the drive roller μ.

Figure 5 shows the relationship between the drive roller R1 of the conveying device
and the angle of contact μ of the leather semi-finished product by the drive roller.

After the calculations, the parameters of the radius of the driving roller, the coefficient
of friction of the leather semi-finished product located on the driving roller, and the angle
of the contact of the leather semi-finished product by the driving roller were obtained.
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Fig. 4 Graph of dependence of R1 on μ: for (1) α1 = π
6 ; (2)α2 = π

4 ; (3)α3 = π
2

Fig. 5 Graph of dependence of R1 on α: for (1) μ1 = 0.1; (2) μ1 = 0.2; (3) μ3 = 0.3

5 Discussion of Results

The dependencies of radius R1 of the driving roller of the conveying device on the
angle of the contact of the semi-finished leather product by the driving roller for three
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conventional values are plotted in Fig. 4. Here, one can observe that with an increase
in the angle of the contact, the radius of the drive roller and the coefficient of friction
decrease. The dependencies of the radius of the driving roller R1 on the angle α in Fig. 5
show the change in the coefficient of friction over the table surfacewith the semi-finished
leather product on it, for three conventional values. It is also observed here that with
an increase in the coefficient of friction, the radius of the drive roller and the angle of
contact decrease.

From the graphs, we can conclude that condition (21) satisfies the technological
requirement of pulling the leather semi-finished product by the driving roller of convey-
ing device, i.e., at large values of the angle of contact and low values of the coefficient of
friction, a greater pulling force is provided. So, to conduct the pulling-in of the leather
semi-finished product, the value of the radius of the drive roller R1 increases. Conse-
quently, this leads to an increase in the consumption ofmaterials, themass of theworking
elements of conveying devices, etc. Therefore, it is recommended to make changes in
the design of the conveying device.

The force generated by the pressure roller is not enough to pull the leather semi-
finished product into the processing zone. To increase the pulling-in force, we proposed
to install a freely rotating additional roller of radius R3 on top of the drive roller of the
conveying device, due to which the required friction force is provided, and therefore,
the required force for the semi-finished leather product pulling-in is reached (Fig. 6).

Fig. 6 Scheme of the conveying mechanism with a free upper working roller. 1—drive shaft;
2—driven shaft; 3—spreading table; 4—semi-finished leather product, 5—freely rotating shaft

The forces are plotted in the same way as above, and the fulfillment of condition
T2 ≥ T1 is checked (Fig. 7).
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Fig. 7 Scheme of forces acting on the conveying mechanism

On the other hand, the force T1 consists of several components, i.e., these forces
brake the semi-finished leather product movement,

T1 = Tfr.top + F1 + F2 + F3, (23)

The values of T fr.tor—the friction force of the free upper transporting roller, F1—the
friction force, F1—the brake force of the supporting roller, F3—the response of gravity,
enter formula (24).

Now let us start studying each value separately.
In the second section of the leather semi-finished product, the driven shaft works

according to the brake wheel scheme. The braking moment Mm acts on it

Mfr = P3 Tfr.top, Tfr.top = Mm

R3
, (24)

where T fr.top is the friction force; P3 is the response of supports.
From the equation of the shaft work in one revolution, we write,

2πR3Tfr.top = 2π rfrst.axf
fr
st.axNfr.top (25)

where f frst·ax is the coefficient of friction in the stub axles of the support rollers;
rfrst· ax is the radius of the stub axle; Nfrtop is the force of normal pressure of the leather
semi-finished product;

Tfr,top = f frst.ax
Nfr.toprfrst.ax

R3
, (26)

here ρ
fr
av = mfr

Vfr
, hence mfr = Vfrρ

fr
av = ρfr

avπR2
3 lwid.
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where ρfr
av—is the average density, mfr is the mass, and Vfr is the volume of the

supporting rollers.

Nfr.top = mfr g = ρfr
av π R2

3 lwid g (27)

After some transformations, we obtain

Tfr.top = f frst.ax
ρfr
av π R2

3 lwid g rfrst.ax
R3

= f frst r
fr
stρ

fr
av π R3 lwid g. (28)

Similar to (8)–(19), consider the forces F1, F2, F3.
To meet the condition T2 ≥ T1, taking into account (6), (15), (19), and (29), the

following inequality should hold

μρav R1 α δav lwid g ≥ f frst.ax r
fr
st.ax ρfr

av π R3 lwid g + μ1 ρav l2 δav lwid g+
+fst.ax ρav l3 δav lwid

g rst.ax
R2

+ ρav l4 δav lwid g (29)

Then, after simplification, we get the following expression

μR1 α ≥ f frst.ax r
fr
st.ax ρfr

av π

ρav δav
R3 + μ1 l2 + fst.ax rst.ax

R2
l3 + l4. (30)

From the inequality obtained, it is seen that the inequality δav is the average thickness
of the leather semi-finished product,which affects the changes between the shafts spacing
in technological processes.

6 Conclusion

From the above, it is seen that the advantages of amulti-operationmachine for processing
the leather semi-finished products are evident. The issue of conveying the semi-finished
leather product in the developedmachine to itsworking area is very important. Therefore,
first of all, we consider the transportation of semi-finished leather products to theworking
area. Here, the sliding of the leather semi-finished product on the table, the resistance
of the driven and pressure rollers, and the traction force of the driving roller were taken
into account. From the graphs obtained, it can be seen that, as noted above, the radius
of the drive roller is very important.

This causes problems in the design and manufacture of the machine. Therefore,
in addition to the design, we have placed a freely rotating roller on top of the drive
shaft. This has two main functions for conveying the leather semi-finished product to
the working area: firstly, it causes the pulling pressure and increases the coefficient of
friction, and, secondly, it prevents the damage of the product quality as a result of the
rotational force of the working roller. This dramatically affects the quality of the product
and maintains it at a high level.

Drawing an analogy with the work done above, we obtained an inequality. The
inequality obtained includes all the parameters involved in the conveying and pulling-in
of the semi-finished leather product into the processing zone. The rational parameters of
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the mechanism are selected setting the parameters of the processed leather semi-finished
product.

It is advisable to make the identical radii of the shafts R1 and R3, since this is one of
the factors influencing the quality of the semi-finished leather product. It is also necessary
to take into account the fact that during the squeezing process, the rubber cushions and
cuffs are put on the rollers.

In conclusion, we can say that the rational parameters of the device are selected
with the expressions obtained for the parameters of the processed leather semi-finished
product.
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Design of a Fault-Tolerant Sliding Formwork
Complex

T. Kruglova(B)

Platov South-Russian State Polytechnic University (NPI), Prosveshcheniya 132, Novocherkassk
346428, Russian Federation

Abstract. This article is about fault-tolerant sliding formwork complex using
technical condition executive drives prediction diagnosis system design. The rele-
vance of the use of diagnostic systems in monolithic construction is substantiated.
The device and principle of operation of the sliding formwork complex for the
monolithic construction of residential and office buildings and industrial structures
are considered. The basic requirements for the sliding formwork complex servos
technical condition predictive diagnosis methods are formulated. The diagnostic
parameters meet these requirements are selected. A method for predictive diag-
nostics of technical condition is proposed. The diagnostic method is based on the
coefficients of the envelope straight line approximating calculating coefficients for
thewavelet coefficients on the characteristic scales. Long-term technical condition
prediction is realized using a hierarchical neural network with flexible feedback
for the servo’s residual resource. The results of the experimental researches for
predictive diagnostics methods which showed its adequacy and efficiency are
presented.

Keywords: Sliding formwork · Servos · Predictive diagnosis · Wavelet
transformation · Envelope approximation · Artificial intelligence

1 Introduction

Construction is one of the main actively developing sectors of the national economy.
Every year the number of high-rise buildings and structures is growing steadily. The
requirements for the quality and speed of the structures being built are constantly chang-
ing, which leads to the emergence of innovative construction technologies. It is necessary
to automate the main construction operations and erect facilities of proper quality for the
new technological complex implementation. During the operation, construction equip-
ment is strongly influenced by weather conditions, uneven loading throughout the year,
constant changes in operating conditions and the presence of dust, moisture, noise and
vibration. All this negatively affects its technical condition, causing failures and long
downtime. Resilient construction equipment is needed to solve this problem. The least
reliable elements of building complexes are DC or AC servo drives, the correct opera-
tion of which largely determines the quality of buildings and structures being erected.
Failure or incorrect operation one of the drives can lead to a malfunction of the entire
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complex, damage to building materials and the receipt of a structure of inadequate qual-
ity. Therefore, the urgent task is to ensure the reliable functioning of all servos included
to the complex. This problem can be solved by using the built-in system of diagnostics
and forecasting [1–6], which implements control of the complex servo drives technical
condition.

2 Sliding Formwork Complex

The most common method of high-rise buildings and structures is monolithic construc-
tion. Technology this method provides a continuous supply and laying of concrete,
installation of rebar, formwork hoist, regulation of project sizes and control settings of
the building. The modern method of automation of monolithic construction is the use
of sliding formwork complex (SFC) (Fig. 1), which is a spatial form installed on the
perimeter of the structures and moved up by lifting jacks (LJ).

Fig. 1 a longitudinal and vertical section of the SFC; b the distribution of LJ and RMM in the
plane of the complex platform

The position of the formwork panels is fixed by Jack frames that accept the loads
of the laid concrete. Lifting of the formwork is carried out by electromechanical lifting
jacks based on DC or AC servo motors. Jacks should provide high load capacity, syn-
chronous movement of the formwork, lifting speed regulation and ease of maintenance.
It also includes adjustment mechanisms, dynamic properties, design and technological
features that determine the structure of control algorithms and the choice of control
laws. For example, for structures of conical shape, these are radial movement mecha-
nisms (RMM), which are located along the radius with a uniform step (Fig. 1a). Their
task is to move the formwork panels in the process of lifting it. Changing the position
of the boards should be synchronized with the LJ. To do this, the number of RMM
mechanisms (m) is chosen as a multiple of the number of LJ (n). This will allow the
platform radial beams to be distributed evenly with angular pitch 2π/m and used for
the RMM installation. Important conditions for the quality of construction work are the
continuity of the technological process and maintaining a constant movement speed of
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the formwork not less than 1 cm/min, as well as the need to strictly horizontal platform.
To implement these requirements, it is necessary to ensure consistent operation of all
servo motors included in the complex. This problem can be solved by using methods
and tools for predictive diagnosis of LJ and RMM servo motor with its operation mode
subsequent optimization. For this purpose, it is necessary to provide the technical con-
dition control of all servo motors which are a part of the SFC, information exchange
between drives and decision-making for SFC operation mode changing.

The implementation of this approach involves the integration of the predictive diag-
nostics system into the structure of the sliding formwork complex at the design stage.
This implies the inclusion of special hardware and software in the design of the servo
actuators. Sensors, equipment and information systems interact throughout the life cycle
of the FSC and information exchange is carried out using standard Internet protocols.
This allows performing self-tuning and SFC adaptation to changing operating conditions
and technical condition of the equipment. Therefore, the development of predictive diag-
nostic methods of the SFC servos technical condition to improve its fault tolerance is
very important.

3 Technical Condition Predictive Diagnostics Method

The construction equipment extreme operating conditions cause significant dynamic
alternating loads on its executive servos using existing methods cannot be distinguished
from faults which can lead to significant diagnostic errors. Therefore, it is necessary to
develop new methods that meet the following requirements:

• minimum range of measured parameters;
• the absence of complex bulky measuring equipment installed on the servo drive body,
affecting its operation;

• the ability to use on a moving object in conditions of high humidity and dustiness of
the working environment;

• possibility of the measured automatic analysis.

Analysis of the existing methods of predictive diagnostics shows that the only servos
current analysis method is most requirements for its main electrical andmechanical fault
identification.

The classical method for analyzing this parameter is spectral analysis using the
Fourier transform [7], which involves converting a time signal into a frequency form,
identifying characteristic frequencies for drive faults (Table 1), and analyzing them by
comparing them with similar frequencies of a new serviceable servo taken as a standard.

This method is very laborious. It does not allow distinguishing the faulty state of
a servo drive from a change in its operating mode and also requires the involvement
of an experienced specialist—an expert to interpret the diagnostic results; therefore, it
cannot be used in the design of a sliding formwork complex. An alternative is the wavelet
transform. It provides a two-dimensional scanning of the signal in frequency and time,
focusing on certain local features of the analyzed processes that cannot be detected by
traditional Fourier and Laplace transforms.
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Table 1 Fourier transformation characteristic frequencies

Motors faults Fourier transformation characteristic
frequencies

DC-motor

Commutation defects 2 · k · p · frot
Rotor defects 2 · p · frot, (k ± 2 · p) · frot
Voltage ripple k · fs
Stator defects k · frot
AC-motor

Stator defects k · frot
Bearing defe1’cts 1/

4 · frot, 1
/
2 · frot, frot, 1.5 · frot

Misalignment or no parallelism of the motor
shafts and the mechanism

frot, 3 · frot, 5 · frot

where fs—frequency of the network supplying the rectifier, (Hz);frot—motor rotor speed, (Hz);
k = 1, 2, 3—number of current harmonic; p—the number of poles.

Wavelet signal transformation is a representation in the form of generalized Fourier
series and integral system of basic functions constructed from the original wavelet ψ(t),
with certain properties due to a time shifting operation (b) and changes in the time scale
(a)

ψab(t) = 1
/√

a · ψ((t − b)
/
a), (1)

The factor 1
/√

a ensures the independence of the norms of these functions in the
scaling of a. For given values of the parameters a and b, function ψab(t) is the wavelet
generated by the original wavelet ψ(t). Small parameter (a) corresponds to the smaller
scale ψab(t) or to the high frequency (ω ≈ 1

/
aω ∼ 1/aω ∼ 1/a), large parameter (a)

is for large scale ψab(t), the stretching of the original wavelet ψ (t).
There is an inverse proportional relationship between the Fourier harmonics and the

wavelet scale, weighted by a certain conversion factor

a = K · ω−1 (2)

where ω—natural frequency (Table 1), K—conversion factor, which is determined
depending on the selected mother wavelet [8, 9].

For each characteristic scale, a continuous wavelet transform function ψab(t) is
defined, from which an analytically conjugate signal ψ̂ab(t) is formed, the mathematical
form of which has the following form:

�

ψab (t) =
∞∫

−∞

ψab(τ )

t − τ
= �[ψab(t)] (3)
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TheHilbert transformmakes it possible to forman analytical signal from the analyzed
signal of a real function of time ψab(t):

s(t) = ψab(t) + j
�

ψab (t) (4)

from which you can find the instantaneous amplitude (signal envelope):

A(t) = |s(t)| =
√

ψab(t)2 + ψab (t)2 (5)

For a formal description of the envelope obtained, it is advisable to choose a first
degree polynomial, the generalized formula of which has the following form:

A(t) = k · t + b (6)

Analysis of the coefficients k and b of the approximating straight envelope of the
wavelet coefficients at characteristic scales showed that a working servo corresponds to
a k < 0, and the approximating straight line descends to the abscissa axis, k ≥ 0 is
typical for a faulty state of the servos. Coefficient b is always positive; however, with an
increase in load on a serviceable drive, coefficient b increases and k decreases.

For a faulty servo motor, an increase in load will lead to an increase in all the
parameters of the approximation line [10–16]. Thus, the sign of the coefficient k of the
approximating direct envelope at the characteristic scales of the wavelet coefficients will
determine the current servos technical condition.

A method for servo motor technical condition prediction [17–20] using neural net-
works is proposed. The forecasting initial data are the trend of the coefficients k of the
approximating direct envelope of the wavelet coefficients of the current signals at char-
acteristic scales for previous periods of operation, distributed over equal time intervals.
The forecasting process includes three levels. At the first level, the values of the coeffi-
cients k for the straight line which envelope the wavelet coefficients on the characteristic
wavelet scale approximate are predicted. A direct signal transmission network with three
inputs and one output is simulated.

The input vector of the neural network

P = [
k(t1), ...k(tN−3); k(t2), ...k(tN−2); k(t3), ...k(tN−1)

]

The target vector H, the values of the determining parameter are set, which should
be obtained at the output.

H = [k(t4), ...k(tN )].

For a given input P, the neural network calculates the output value of the predicted
parameter C corresponding to a given target vector H.

C = [
k(tN−2); k(tN−1); k(tN )

]

To train the neural network, the back propagation algorithm is used.
Similar calculations are performed for each scale ofwavelet coefficients. If during the

calculation all the coefficients are negative, then the servomotor will remain operational
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in the next period of operation. If at least one is zero or positive, then in the next period
of operation, the object will fail.

The forecast at the next levels is an approximation of the values obtained at the previ-
ous level. To determine the cause of the failure and motor, it is necessary to approximate
the outputs of the previous levels coefficients values. The outputs of the first level consist
of values of the coefficients k, negative values of which indicate a working condition,
and zero or positive ones indicate a faulty state of the servo, the result of the next level
of forecasting can be obtained by maximizing the previous level. Then, the development
factors of faults and servo states are performed as follows:

KFAULTj = max(ki),KMOTOR = max(KFAULTj),

To determine the servo motor failure time, it is necessary to add the predicted coef-
ficients values of the approximation direct envelope of the wavelet coefficients in the
training set and repeat the entire forecasting process until the coefficient determining
the state of the servo motor becomes KMOTOR ≥ 0. The number of iterations passed
will be equal to the number of time intervals T during which the servomotor remains
operational. The implementation structure of the above method is shown in Fig. 2

Fig. 2 Structure of the implementation of the method for predicting the technical condition of
SFC servo motors

The proposed method for forecasting the technical condition will allow short-term
and long-term forecasting of defects of each SFC servos. The results will be used for
subsequent optimization of the operating mode of SFC.

4 Experimental Researches

The prediction diagnosis method research has been performed. For servo motor,
KY110AS0415-15B-D2-2000 was carried out according to the measurement of the
current signal from January 2008 to January 2015.
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The obtained records of the supply current signals were processed using the proposed
diagnostic method. The coefficients of the approximation straight envelope are found
for each scale. According to the data obtained, it is clear that in January 2015, this servo
motor was in the boundary state, since the approximation coefficient k for the rolling
bearing malfunction is close to 0. According to the record in the equipment maintenance
journal, the KY110AS0415—15B—D2—2000 servo drive failed on 27.02.2015 due to
wear of the bearings, which confirms the accuracy of the proposed diagnostic method.
According to the values of the coefficients k for the period from 2008 to 2012, the
values of these coefficients are predicted for 2013–2015. A comparison of the results of
diagnosis and forecasting is shown in Fig. 3.

Fig. 3 Comparative analysis of the diagnosis and forecasting results

It can be seen from this graph that, according to the forecast, the failure of the servo
drive occurred earlier than in fact, which will prevent a sudden failure of the equipment.

The analysis of the effectiveness and reliability of the predictive diagnostic method
is proposed. It is established that the use of these methods will increase the coefficient of
technical use by 16%. The reliability of the diagnosis is 93%. The accuracy of short-term
forecasting is 1.7% and long-term forecasting does not exceed 10%. Prediction accuracy
can be increased by increasing the volume of the training sample, as well as adding it to
the current values of the diagnostic parameters.

5 Conclusion

The article presents a system for predictive diagnostics of the technical state of the
servo drives of the sliding formwork complex. The innovative methods of diagnostics
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and forecasting of the technical condition are described. These methods use wavelet
transform of the servo current signal in conjunction with a hierarchical neural network.
These methods allow the design of fault-tolerant sliding formwork complexes with 16%
higher reliability.
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Abstract. In the article, themethodology for a calculated evaluation of sequential
distortion of the working roll’s profile during the serial widestrip rolling was
presented. The function to evaluate the average resource of working rolls was
obtained by the criterion of the cross-section gage variation of strip. The gage
variation for each rolled strip in the batch was defined by summing up values on
active generatrixes of the upper and bottom rolls. The active generatrixes of each
roll in the moment of rolling of each following strip in turn was defined as the
difference between the value of the roll radius in the middle of the barrel and
under (or above) the edge of a strip. To evaluate the rate of the roll distortion in
the conditions of the rolling of each following batch of strip, there was used the
basic equation of the structural energy concept of a stationary friction unit wear.
The moment of failure (the expected lifetime) of working rolls was defined from
the condition of the gage variation reaching the limit value for the current batch
of strip.

Keywords: Main equipment · Broadband mill · Low-reliable elements · Design
assessment · Life expectancy · Annual productivity · Production efficiency

1 The Problem Statement

The main problem in the theory and practice of the sheet rolling industry is the question
of the forecasting durability of working rolls by the criterion of the limit distortion of
a profile of their active generatrix due to the non-uniform wear of the barrel surface in
the deformation zone [1–3]. The possibility of mathematical description of the current
profile change for the known schedule of the rolling allows not only to control the cross-
section profile of each strip but to predict themoment of failure of the rolls (their lifetime)
by the time when the cross-section gage variation will be beyond the restricted value for
the following batch of strip.

The design evaluation of the roll source for the prescribed assortment allows to
plan the schedule of the roll change, forecast the mill productivity, calculate the excess
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material for regrinds, the roll expenses, and its annual requirement, and also to analyze
possible methods to increase the durability and quality of final product.

However, the current profile of the wear of the work rolls determines many techno-
logical and design factors that change duringmaintenance in sequential rolling of various
standard sizes of strips per a set of the rolls into the stand. These include the power, tem-
perature and velocity conditions of rolling, the number, sizes and properties of rolled
strips, geometric dimensions, initial profiling, roughness, and physical and mechanical
characteristics of the roll material. The large volume of the listed characteristics makes
complicated the construction of analytical dependences for prediction of the wear in
profiles of rolls during rolling.

Therefore, the empirical dependences known in the literature make it possible to
predict the maximum wear in the middle of the roll barrel �R by the value of only one
factor—the weight G of the rolled metal �R = LG · G or the length L of the rolled
strips �R = LL · G [1–3]. The weight LG or geometric LL coefficients of proportion-
ality are determined by statistical processing of a large number of worn rolls for the
working conditions of a particular rolling mill and are not universal. To establish similar
dependencies in other conditions of roll operation, it is necessary to carry out special
long-term experimental studies.

Known [1, 2] empirical dependencies, where the current wear in the middle of the
roll barrel is determined by the value of the specific work of friction forces performed
in the deformation zone at the current moment �R = Ien · Afr. The energy index Ien
is determined by statistical processing of the ratio of the measured wear values �R of
the investigated rolls to the calculated work Afr of friction forces. The calculation of
Afr additionally takes into account the influence on wear of the following factors: the
weight of the rolled strips, the diameter of the rolls, the width and thickness of the rolled
strips, their mechanical and physical characteristics, reduction and angle of engagement,
temperature and rolling velocity, and the friction coefficient.

However, in the light of modern concepts [4–7] onmodeling the processes of friction
and wear of solids, the usage of the indicator of the energy intensity of wear and the
work of friction forces (work of external forces) in the initial equations are incorrect
since most of it dissipates in the form of heat. The total work of external forces per unit
of the worn-out volume of the material, and, accordingly, the integral index Ien, are not
a property of the material to be worn but determine the critical energy level established
upon destruction of the surface layer only for given conditions of frictional interaction.
They are imaginary (conditional) characteristics of the process, as they change when
external conditions change. By their value, it is impossible to estimate the share of
energy spent on distorting the structure of materials of the surface layers leading to a
critical degree of damage and separation of wear particles.

The amount of wearmaterial of the friction surface is determined by the critical value
of the accumulated inner energy. This energy is the characteristic of the material—its
energy intensity [4]. In addition, the well-known empirical dependencies, obtained only
to evaluate the wear of the rolls, do not allow to control the quality of the rolled strips,
in particular, their transverse thickness variation. In our opinion, for the correct problem
statement of prediction of the reliability of rolls, these conditions must be taken into
account simultaneously.
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The authors could not find any analytical solution of the problem in the literature.
Therefore, the alternative physical analytical model of the working rolls failure by the
criterion of profile accuracy disturbance of the cross-section of a rolled strip is presented
below.

2 The Methodology of the Design Evaluation of the Working Rolls
Lifetime

The expected lifetime of working rolls for an anticipated schedule of the rolling of the jth
batch of strip could be defined using the solution of the one-parameter boundary problem
of the physical theory of technical object reliability [4–7]. In that case as a controlled
parameter of working rolls state in the maintenance, the current value of cross-section
gage variation δhj = hcj – hej > 0 of the rolled strip could be chosen. Here, hcj and hej
are the thickness of the jth strip in the middle of the width and on the edge. The change
of the value δhj in the process of the upper and bottom rolls wear defines the process of
their aging during maintenance.

The moment of failure of the working roll (their lifetime) in that case is defined by
the condition of the attainment of the current value δhj to the limit δ∗

hj set by the standard:

δhj = δ∗
hj (1)

The equation of the cross-section gage variation in the serial rolling of the jth batch
of strip in the stationary thermal and load condition could be described by the evolution
operator [8, 9]:

δh j = �u
wj + �b

wj =
⎛
⎝

j∑
j=1

�u
w (j−1) + �̇u

wj · tj
⎞
⎠ +

⎛
⎝

j∑
j=1

�b
w(j−1) + �̇b

wj · tj
⎞
⎠ (2)

where �u
wj, �̇

u
wj and �b

wj, �̇
b
wj—the values of the current profile active generatrix of the

upper and bottom working rolls and the rate of change, retrospectively, in the rolling
process of the jth batch of strip along their width (j – 1, 2, 3, …, j)*; j*—the batch
number during the rolling of which the condition (1) is fulfilled);

�u
w (j−1) = �u

w0 and �b
w(j−1) = �b

w0 for j = 1 are the values of the profile active
generatrix of the upper and bottom working rolls along the width of the first rolled strip
Bj = 1 taking into account the initial grinding profile, thermal distortion, roll’s bending,
and counter bending.

tj = Gj
/(

ρj · bj · hj · Vnj
)—the time of the jth batch rolling with the strip weight Gj

and the cross-section bj ·hj, and the density ρj; Vnj—the rolling velocity of the jth batch.
The expected resource of the working rolls is defined by the solution of the Eq. (1)

for tj = tδj*:

tδ j∗ = δh j∗ − ∑j∗−1
j=1 �u

w (j−1) − ∑j∗−1
j=1 �b

w (j−1)

�̇u
w j + �̇b

w j

, (3)
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where j = j* when (δh j∗ − ∑j+1
j=1 �u

w (j−1) − ∑j+1
j=1 �b

w (j−1)) ≤ 0.

The rate of the current strip batch profile distortion δ̇h j = �̇u
w j + �̇b

w j (as the sum of
rates of profile distortion of the active generatrixes for both rolls along the width of the
jth strip in the condition (3)) could be defined thought rates of wear process Ṙw(x, tj) of
the upper and bottom working rolls above (or under) the middle (x = 0) and the edge x
= Bj of the strip, retrospectively:

δ̇h j = �̇u
w j + �̇b

w j = (
Ṙu
w(0, tj) − Ṙu

w(Bj, tj)
) +

(
Ṙb
w(0, tj) − Ṙb

w(Bj, tj)
)
. (4)

The distribution of rates of wear of the upper and bottom working rolls in points
along the contact with a rolled strip Ṙw(x, tj) (by the coordinate x counted from the
middle of the barrel) could be obtained with the usage of the wear process model of the
stationary friction unit [10–14]:

Ṙw(x, t) = vw
uew∗

.

(
2∑

k=1

N sp
fr(mech)k

(
x, tj

) +
5∑

k=4

N sp
fr(mech)k(x, tj)

)
(5)

where νw—the coefficient of the external energy absorption of the surface layer material
of the working roll:

νw = εw
/
(1 + εw); (6)

εw = (θw)2/3 · Ra1/3w /(θs)
2/3 · Ra1/3s )—the coefficient of the external energy

distribution
(
N sp
fr(mech)

)
between the working roll and the strip in the deformation zone;

θw = (1 − μ2
w(Tw))/Ew(Tw) i θs = (1 − μ2

s (Ts))/Es(Ts)—the elastic constants
of materials of the working roll and the strip (the temperature of the surface layer of the
working roll could be evaluated by the methodology) [15];

μw(Tw), μs(Ts), Ew(Tw), Es(Ts)—their Poisson coefficient and elastic modulus
by the temperature Tw of the surface layer of the working roll and Ts of the strip,
retrospectively;

Raw, Ras—the arithmetic mean value of the profile surface microroughness of the
working roll and the strip, retrospectively;

in hot rolling νw ≈ 1;
uew∗—the critical power intensity of the working roll material:

uew∗ = �HSw − ue0w − uTw; (7)

�HSw—the enthalpy of the working roll material melting in the liquid state;

ue 0w = (0,071·HVw)2,4

6·Gw ·(6,47·10−6·HVw+0,12·10−2)
2—the density of the latent energy of the mate-

rial in the initial state; HVw and Gw—Vickers hardness of the roll’s surface and shear
modulus;

uTw = ρw · cw ·Tw—the thermal component of the density of the latent energy of the
working roll material by the temperature Tw; ρw, cw—the density and the heat capacity
of the material by the temperature Tw;

k = 1…5—the number of the elastic–plastic area in the deformation zone [16];
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N sp
fr(mech)k

(
x, tj

)
(in Eq. (5))—the distribution along the width of the strip (by the

coordinate x) of the specific power of the mechanical component of the friction force in
each kth area of slippage in the contact zone between the working roll and the strip in
the period of time tj of the jth strip rolling:

N sp
fr(mech)k

(
x, tj

) = τmech k
(
x, tj

) · Vsl k
(
x, tj

); (8)

τmechk(x, tj)—the distribution along the width of the strip (by the coordinate x) of
the mechanical component of contact shear stresses in the kth area of the deformation
zone in the period of time tj:

τmech k
(
x, tj

) = pm k
(
x, tj

) · fmech k
(
x, tj

)
(9)

pm k(x, tj)—the distribution along the width of the strip (by the coordinate x) of
the mean pressure in each kth area in the deformation zone in the period of time tj
defined for the worn-out profile of active generatrixes of the working rolls Ru

w(x, tj−1)

and Rb
w(x, tj−1) defined after the rolling of the previous (j – 1)th batch of strips;

fmechk(x, tj)—the distribution along the width of the strip (by the coordinate x) of
values of the mechanical component of the friction coefficient in each kth area of the
strip slippage relative to rolls in the period of time tj that could be found:

• in areas of the elastic slippage of the strip in lag and advance zones of deformation
(for k = 1,5) —by the methodology of I.V. Kragelsky [17, 18]:

fmech1,5(x, tj) = (1 ÷ 1.5) · (τ0w · θw(Tw) · αef w) + βw · (τ0 w · θw(Tw) · αef w)0,5

3 · (τ0 w · θw(Tw) · αef w)0,5 + βw
;

(10)

τ0w, βw and αef w—the shear stress of intermolecular interaction of the friction unit
“roll—strip,” the coefficient of cohesion hardening, and the coefficient of hysteretic
losses of the working roll material;

• in the areas of plastic slippage of the strip in the lag and advance zones of deformation
(for k = 2.4)—by the dependency [19, 20]:

fmech 2,4(x, tj) = m · √
ξ · Rmax (w)/r(w); (11)

m= σsc/σs—the coefficient of the contact layer hardening [19]; σsc and σs—the flow
stress of material in the contact layer and in the main volume according to [19, 20]; in
the hot rolling σsc ≈ σs;

ξ—the coefficient of surfaces relative approach according to [19];
Rmax(w), r(w)—themaximum peak-to-valley height of the profile and themean radius

of curvature of the surface heights of the working roll;
Vsl k(x, tj) – the distribution of the slippage velocity of the strip and working roll in

each kth area of the slippage according to [16].
The expected lifetime of the working rolls could be calculated using the preset value

P of the planned pauses:

tn∗ = tδ∗ · (1 + P); (12)
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Therefore, the sequence of the calculations with a usage of Eqs. (3)–(5), (6)–(11)
represents the methodology of design evaluation of the lifetime of the working rolls in
the final stands of the widestrip hot rolling mills by the criterion of rolled strip profile
accuracy. During this term, the required level of the cross-section gage variation is
provided based on the forecast which could be made on the stage of design decision,
improvement, and maintenance with the time advance.

3 Conclusion

On the basis of the general methodological approach to the mechanical system element
reliability forecasting and of the energymechanical concept of the stationary friction unit
wear, the methodology of the lifetime calculation (resource) of the working rolls was
designed taking into account the advanced methods of the evaluation of the kinematic,
energy-power, temperature, and friction parameters of sheet rolling. The derived system
of equations allows to simulate the changes in the deformation zone of the working roll’s
worn profile; therefore, the cross-section of the strip which could be used to evaluate the
design resource by the moment of the gage variation reaching the restricted value.

The evaluation of the roll lifetime on the stage of design gives the possibility not only
to plan the roll change schedule but to analyze the possible methods of their durability
increasing to expand the efficiency of the mill with the simultaneous preservation of the
rolled strip quality.
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Abstract. All modern automobiles and tractors produced by manufacturers are
equipped with mass air flow sensors (MAFS). Electronic systems in automotive
vehicles are among the first in the number of failures, in particular MAFS. Anal-
ysis of the causes of MAFS failure showed the presence of many operational
factors contributing to the reduction of its resource. As a promising method, the
MAFS test diagnostics method is proposed by forming a load due to complete
and partial cylinder shutdown and certain internal combustion engine (ICE) fuel
supply cycles. During the experiments, the controlled parameters were selected
as follows: mass air flow, the voltage from the MAFS control terminal, crankshaft
speed of the ICE, and hourly fuel consumption with varying throttle position from
0 to 100%. The use of the DBD-4 device and the MAFS diagnostic test methods
allows getting an annual savings of up to 590,000 rubles per diagnostic post per
year.

Keywords: Engine · Intake system · Mass air flow sensor · Shutdown ·
Monitoring · Fuel consumption

1 Introduction

The merging of electronics and mechanical actuators for automotive applications is
driven by environmental and societal influences, quality and reliability [1–3]. Modern
MAFSdesigns continuously control the air flow in the ICE taking into account its temper-
ature, pressure, and reverse oscillations [4–6]. The more accurately the air flow control
is carried out, the more efficiently the ICE modes are maintained with the minimum
fuel consumption [7–9]. But despite the significant improvement in the modern MAFS,
according to a number of works, this element of the microprocessor control system
occupies one of the leading places in the number of failures, among which it should be
noted: MAFS wire breaks and damaged connectors, poor contact, low or high signal
level, and wire short to ground or positive wire [10–12]. However, the self-diagnostic
system does not recognize the distortion of the output data from the MAFS, changes
in the signal at individual points, and significant variations in the signals [13–15]. The
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reason for the ambiguity in assessing the technical condition of theMAFS is the absence
of specially provided actions, called test influences, to recognize the correct operation
of the MAFS and assess its real technical condition [15, 16]. Thus, there is a need to
develop test actions for recognizing latent MAFS failures that are not recorded by the
standard self-diagnostics system [17–20].

With this inmind, the goal of this study is to develop a new testmethod formonitoring
the technical condition of the MAFS on a working ICE to register hidden failures.

2 Methods

Let us consider the theoretical aspects of the application of the test diagnostics method
and its features when used on modern automotive vehicles. In our case, the focus of
consideration of the diagnostic process is placed onmonitoring the technical condition of
the MAFS and cylinder-piston group (CPG). When implementing test actions, only one
of the four cylinders will be left in operation. A single cylinder, when other cylinders are
switched off, is loaded with the power of mechanical losses of other cylinders. Already
at this stage of disabling the cylinders, several ratios can be written [17, 20]:

K1 = Q1

Q2
,K2 = U1

U2
,K3 = n1

n2
,K4 = V1

V2
(1)

where K1—coefficient taking into account the ratio of the amount of air entering the
intake when all four cylinders are running Q1 (kg/h) to the amount of air during the
operation of one cylinder Q2 (kg/h); K2—coefficient taking into account the ratio of
the voltage value at the control terminal of the MAFS during the operation of all four
cylinders U1 (V) to the voltage value at the control terminal of the MAFS during the
operation of one cylinder U2 (V); K3—coefficient taking into account the ratio of the
speed of the crankshaft of an ICE with all four cylinders n (min−1) to crankshaft speed
of an ICE with one cylinder n (min−1); K4—coefficient taking into account the ratio of
the value of the hourly fuel consumption when all four cylinders are running V1 (kg/h) to
the value of the hourly fuel consumption during the operation of one cylinder V2 (kg/h).

Theoretical studies show that the coefficients K1, K2, K3, and K4 for the ICE refer-
ence state lie within: K1 < 1, K2 < 1, K3 < 1, and K4 < 1. However, the values of all
four coefficients are close to 1 and differ by 5–15% depending on the ICE parameters.
With a change in the technical state of the ICE systems, in particular MAFS and CPG,
all coefficients sharply tend to zero: K1 → 0, K2 → 0, K3 → 0, and K4 → 0. The ICE
electronic control unit seeks to compensate for the deterioration in technical condition
by correcting and maintaining an operable condition, including switching to emergency
mode (emergency ICE algorithm). At system limit states and failures, there comes a
point where an ICE cannot function on one cylinder.

Let us consider the change in the voltage value at the control terminal of the MAFS
from the air flow rate (Fig. 1).

The analysis of the data in Fig. 1 shows that the maximum deviations from the
reference voltage at the MAFS test pin lie within small limits, which are 5–10% at some
points. When monitoring the technical condition in test modes, it is necessary to capture
this deviation with high sensitivity.
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Fig. 1 Dependency between the voltage value at the control terminal of the MAFSU on the mass
air flow rate Q

A general methodology for MAFS research was developed in the formation of test
influences on a working ICE. All experimental studies were carried out at the stand with
the ability to provide loading modes with instrumental methods and an electric motor in
its design (Fig. 2).

Fig. 2 Stand with the ability to provide loading modes by instrumental methods and an electric
motor in its design

The output parameters of MAFS can be significantly influenced by CPG. Therefore,
during the preparation of the stand, separate cylinders of the ZMZ-4062 engine were
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specially prepared. To assess the technical condition of the cylinders, the method of
compression testing was used (pneumotester device K-69 M).

An electronic device DBD-4 was used to form the load on the ICE. This electronic
device DBD-4 was used as the main tool in the formation of test influences in the process
of experimental research. The CPG monitoring results were summarized in Table 1.

Table 1 Results of CPG control using the compression test method

Control output indicators Checked
cylinder
number

1 2 3 4

U2 (end-of-compression leak) (%) 32 22 29 14

U2 at the limit state of the ICE (%) 28

U2-U1 (leakage difference) (%) 8 4 9 3

U2-U1 at the limit state of the ICE (%) 20

U1 (early compression leak) (%) 24 18 20 11

U1 at the limit state of the ICE (%) 14

From the data presented in Table 1 for monitoring the CPG of the cylinders of
the ZMZ-4062 engine, it can be seen that the limiting leakage value at the end of the
compression strokeU2 is observed in 1 and 3 ICE cylinders. The analysis of the leakage
at the beginning of the compression stroke ofU1 shows the limit value of this parameter
in 1, 2, 3 ICE cylinders. In addition, from Table 1 it follows that the parameter U2-U1
(leakage difference) does not exceed the limit value anywhere from the cylinders.

3 Results

The results of the experimental work were examined for excessive emissions of indi-
vidual indications and non-conformities and were also verified by repeated experiment.
Based on the refined output data, the dependencies of the mass air flow (Q) on the
position of the throttle valve (R) were built (Fig. 3).

The analysis of the data in Fig. 3 shows that the growth dynamics of the mass air flow
rate during the operation of the second and fourth cylinders somewhat differs from the
first and third. Thus, the maximum value of the mass air flow rate is observed in the
fourth cylinder and is 361 kg/h. A slightly lower value ofQ is observed when the second
cylinder is in operation—355 kg/h, whereas the maximum values of Q for the first and
third cylinders are significantly lower and amount to 321 and 315 kg/h, respectively. The
maximum difference in air flow values for the fourth and third cylinders is: �Q4,3 = Q4
− Q3 = 361 − 315 = 46 kg/h. (12.7%).

The analysis of the data in Table 1 shows that the least CPG wear was found in the
fourth cylinder and amounted to 14%. It is for this cylinder that the highest mass air flow
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Fig. 3 Dependency of the mass air flow Q on the throttle position R during operation: a on the
first cylinder (2, 3, 4 off); b on the second cylinder (1, 3, 4 off); c on the third cylinder (1, 2, 4
off); d on the fourth cylinder (1, 2, 3 off)

rate is observed - 361 kg/h. The wear of the second cylinder is slightly more than the
fourth (22%), and this explains the slightly lower value of the mass air flow - 355 kg/h.
The wear of the first and third cylinders is 32 and 29%, and for these wear values, the
maximum mass air flow rate was 321 and 315 kg/h.

Simultaneously with fixing the value of the mass air flow, another very important
diagnostic parameterwasmonitored—the voltage value from theMAFS control terminal
(Fig. 4).

Fig. 4 Dependency of the voltage value from theMAFS control terminalU on the throttle position
R during operation: a on the first cylinder (2, 3, 4 off); b on the second cylinder (1, 3, 4 off); c on
the third cylinder (1, 2, 4 off); d on the fourth cylinder (1, 2, 3 off)

The analysis of the data in Fig. 4 confirms the conclusions formulated in Fig. 3—the
voltage value from the MAFS control outputU changes in proportion to the value of the
mass air flow Q. For example, in the most sealed cylinders 4 and 2, respectively, large
voltage values are fixed—4.37 and 4.27 V. While in the extremely worn cylinders of
the first and third, the following results are observed—4.19 and 4.20 V. The maximum
difference in voltage values occurs between the results of monitoring the fourth and first
cylinders �U4,1 = U4 − U1 = 4.37 − 4.19 = 0.28 V (6.4%).

Of significant value for assessing the technical condition of the intake system and
MAFS is the parameter—the speed of the ICE crankshaft during the implementation
of test modes. As a result of the experiments, data were obtained on the control of the
speed of the crankshaft ICE depending on the position of the throttle valve (Fig. 5).

The analysis of the data in Fig. 5 shows that themost sealed cylinder (fourth) develops the
highest maximum ICE crankshaft speed of 4230 min−1 at the maximum throttle valve
opening. Next in terms of the degree of wear is the second cylinder with a leak at the end
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Fig. 5 Dependency of the crankshaft speed of the ICE n on the throttle positionR during operation:
a on the first cylinder (2, 3, 4 off); b on the second cylinder (1, 3, 4 off); c on the third cylinder
(1, 2, 4 off); d on the fourth cylinder (1, 2, 3 off)

of the compression stroke—22%. The control of the crankshaft speed developed by the
second cylinder at the maximum throttle valve opening showed a value of 4140 min−1.
And the control of the most worn out cylinders of the third and the first revealed the
result: 4040 and 3930 min−1. The maximum difference in the rpm of the crankshaft of
the ICE arises between the results of monitoring the fourth and first cylinders �n4,1 =
n4-n1 = 4230–3930 = 300 min−1 (7%). A rather sensitive parameter is the crankshaft
rotation speed, on condition of the measurement accuracy is 1–3 min−1.

And at the final stage of the experimental work, the hourly fuel consumption (V )
from the throttle position (R) was estimated (Fig. 6).

Fig. 6 Dependency of the hourly fuel consumption V on the throttle position R during operation:
a on the first cylinder (2, 3, 4 off); b on the second cylinder (1, 3, 4 off); c on the third cylinder
(1, 2, 4 off); d on the fourth cylinder (1, 2, 3 off)

The analysis of the results ofmonitoring the hourly fuel consumption (Fig. 6) showed
that the highest value at the maximum degree of opening of the throttle valve is observed
for the fourth cylinder 33.5 l/h. When controlling the hourly consumption of the second
cylinder, the result was recorded—33.1 l/h. The measurement of the parameters of the
hourly fuel consumption in the third and first cylinders showed the data, respectively—
32.4 and 31.3 l/h. The presented result shows that with increasing CPG wear, the mass
air flow value decreases and, accordingly, the fuel supply decreases. Thus, the cylinder
with the best tightness will always show the maximum hourly fuel consumption. The
maximum difference in hourly fuel consumption occurs between the results of monitor-
ing the fourth and first cylinders �V4,1 = V4 − V1 = 33.5–31.3 = 2.2 l/h (6.5%). This
parameter is the result of a set of various input parameters and can additionally be used
to clarify the technical condition of the intake system and CPG.
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4 Conclusion

The experiment showed that the maximum difference between the air consumption val-
ues for the fourth and third cylinders is 46 kg/h (12.7%). The maximum difference in
voltage values arises between the results of monitoring the fourth and first cylinders
0.28 V (11.8%). The maximum difference in rpm of the crankshaft of the ICE occurs
between the results of monitoring the fourth and first cylinders 300 min−1 (7%). The
maximum difference in hourly fuel consumption occurs between the results of monitor-
ing the fourth and first cylinders of 2.2 l/h (6.5%). The economic effect of diagnosing
one passenger car per year will amount to 3880 rubles.
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Abstract. One of themost important parameters determining the dynamic behav-
ior of an extended structure is the value of the first natural frequency of vibration,
which usually must be equal to or greater than some certain value. Modeling
extended structures with a beam model allows the engineer to quickly evaluate it
first natural frequency of vibration, that is, to perform a check calculation, using the
appropriate theory and reference literature.However, existing scientific techniques
do not allow for design calculations, for example, selecting supports to obtain the
certain value of the first natural frequency of beam vibration. An effective way to
ensure the first natural frequency of beam vibrations is to choose the appropriate
method of its fixation: the type of the end supports and, if necessary, intermediate
supports. This paper proposes amethod of normalizing support coefficients, which
enables to obtain convenient comparable values when choosing supports and, as
a result, to develop a method for reasonable selection of a support arrangement
system for a straight beam. The obtained results can be used in the calculation
and design of any beam structures for control of their first natural frequency of
vibration by means of the arrangement of supports.

Keywords: Vibration · Beam · Support · Coefficient of support · First natural
frequency · Normalizing

1 Introduction

Most structural elements in mechanical engineering are subject to forced vibrations
from various periodic machines: engines, electric motors, various actuators, etc. In these
cases, all elements of these structures are required to avoid resonances, in which their
fatigue destruction is possible. Usually, at the first frequency of natural [f 1], maximum
stresses and deformations of the structure material are observed, so the task of ensuring
the fatigue strength of the structural elements is largely reduced to the requirement to
provide the necessary value of the first natural vibration frequency:

f1 ≥ [
f
]
, (1)

where [f ] is acceptable first natural frequency value.
Mathematically, the problem of calculating the natural frequencies of vibrations is

reduced to the compilation of differential equations of state with boundary conditions
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reflecting the conditions of fixation [1–26]. Due to the difficulty of obtaining an ana-
lytical solution to such a problem, various numerical calculation methods are used and
implemented in a number of specialized computer programs, which are usually based
on FEA (Ansys, Nastran, etc.), which eliminates the problem of obtaining solutions for
the design in question. However, numerical methods make it possible to obtain only
individual private solutions and the problem of extrapolation and interpolation of cal-
culation results arises, for example, in design calculations to evaluate the influence of
the arrangement scheme and the type of supports on the dynamic behavior of the design
when choosing the most rational solution [27, 28].

To solve this problem, reference literature [29, 30] has been developed, allowing the
engineer to carry out the required calculations without the need to compile and solve
differential equations. However, almost all of this literature are compiled in the form
of universal tables and diagrams that do not explain the applicability of the proposed
solutions. Another problem of such directories is their research approach; that is, they
are designed to use them to evaluate the dynamic parameters of existing structures with
given supports.

One effective way to ensure the value of the first natural frequency of vibrations of
the extended structure is a reasonable choice of the type and arrangement of supports.
Therefore, in practice, engineers usually need to solve the inverse problemof determining
a system for arranging supports, forwhich the constructionwill have the necessary values
of the first natural frequency of vibrations. In these cases, they have to design the structure
by calculating many versions of its implementation, fromwhich the most suitable option
is then selected since in the existing literature there are no methods that would allow
such a design task to be completed.

In this paper, a method is proposed that allows, on the basis of initial requirements,
to make a reasonable selection of the support arrangement system, which provides the
required values for the first natural vibration frequency. In order to obtain an explicit
analytical solution, beam theory is used, which makes it possible to clearly evaluate the
contribution of various factors (supports, geometric shapes and dimensions, material,
etc.) to the obtained results. The basis of the method is the normalization of the sup-
port coefficient values, which makes it possible to bring the calculated equations to a
convenient comparable form.

2 Criterion for Selecting a Support Arrangement System

The method of reasonable selection of the supports scheme requires the use of some
criterion that will provide the required values for the first frequency of natural vibra-
tions. As such a natural criterion, we choose the support coefficient, which is formed
when solving the differential equation of beam vibrations and is determined only by the
conditions of its fixations.

2.1 Derivation of the Original Support Coefficients

Consider the harmonic vibrations of the straight hinged beam, since this scheme allows
modeling the most real structures as well as external periodic loads (Fig. 1).
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Fig. 1 Harmonic vibrations of the hinged beam

In this case, the first form of natural vibrations is the transverse vibrations in the
plane of the least stiffness, around the z-axis in Fig. 1. Such transverse vibrations are the
most dangerous since they occur with the largest part of effective beam mass and lead
to maximum bending stresses. According to the accepted scheme in Fig. 1, the equation
of free vibrations by the theory of vibration has the form [26]:

EJmin
∂4y

∂x4
+ m

∂2y

∂t2
= 0, (2)

where y = y(x) is the beam deflection; E is the elastic modulus of the beam material;
Jmin is the minimum moment of inertia of the beam cross section; m is the mass per
beam length.

As the deflection function y(x) for bending vibrations, we take the equation in the
form:

y1(x, t) = A sin
(xπ

l

)
sin(ωt), (3)

where A is the amplitude and ω is the circular frequency.
To solve Eq. (2), you must specify four boundary conditions that conform to the

beam fixation conditions in the supports. Substituting the deflection Eq. (3) into the free
vibration Eq. (2) and taking into account the boundary conditions, we obtain a system
of linear equations. The first eigenvalue of this system will determine the solution for
the first vibration frequency of the beam, which has the form [30]:

f1(�T ) = α2

2π l2
·
√
EJ

m
, (4)

where α is the support factor, which takes into account the method of beam fixation at
vibrations. For the case under consideration (Fig. 1), it is equal to:

α = 3.1416. (5)

The coefficient of supports α is determined only by the fixing conditions, which
makes it possible to set the inverse task and control the first natural frequency of beam
vibrations by choosing the arrangement scheme of supports with the required value
of the coefficient α. Consider the three most common straight beam fixation schemes
(Fig. 2) and associated reference coefficient values (Table 1), which can be determined
from reference literature [30] or from the solution of Eq. (2).
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Fig. 2 Straight beam fixation schemes

Table 1 Original values of support coefficients α

Scheme № Number of intermediate supports N

0 1 2 3 4 5 6 7 8 9 10

1 3.1416

2 4.730 3.927 3.557 3.393 3.310 3.260 3.230 3.210 3.196 3.186 3.180

3 3.927 3.393 3.261 3.210 3.186 3.173 3.164 3.159 3.156 3.153 3.151

Schemes in Fig. 2 differ in the types of end supports and the number of intermediates
supports N. At N = 0, we obtain a single-span beam as a special case of a multi-span
structure. We believe that in the above diagrams all supports are equally spaced from
each other, and in this case, the length of each span is defined as:

li = l

N + 1
. (6)

The maximum number of intermediate supports in this paper is 10, which is enough
in most practical cases. If necessary, it is possible to obtain values for any number of
intermediate supports, but from the analysis of Table 1, it follows that at N > 7 the
number of intermediate supports weakly affects the value of coefficients α and is less
and less dependent on the type of end supports.

2.2 Normalizing of the Support Coefficients

The use of original values of the support coefficients α (Table 1) is difficult when design-
ing the support arrangement schemes due to the lack of rationing and accounting for
the number of spans. For example, they do not allow you to explicitly estimate how
much the value of the first natural vibration frequency will change when the number of
intermediates supports changes or the type of fixation scheme changes. For the conve-
nience of calculations, we convert the initial values of the support coefficients α so that
their values become normalized. As the basis of normalizing, we take the coefficient
of supports of a free beam at its vibrations at the first natural frequency. We divide all
original values of support coefficients in Table 1 by the free beam support coefficient,
which, taking into account (5), will lead to the following conversion equation:

α′ =
(

α · (N + 1)

π

)2

. (7)
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Table 2 New values of support coefficients α′

Scheme № Number of intermediate supports N

0 1 2 3 4 5 6 7 8 9 10

1 1 4 9 16 25 36 49 64 81 100 121

2 2.267 6.251 11.54 18.66 27.75 38.77 51.80 66.82 83.83 102.8 124.0

3 1.562 6.288 9.697 16.71 25.72 36.72 49.70 64.71 81.75 100.7 121.7

New values of support coefficients α′ are given in Table 2.
The proposed method of normalizing (7) made it possible to establish a direct depen-

dence for the first natural frequency of vibration on new values of support coefficients,
while the type of recording of Eq. (4) for the first vibration frequency practically do not
change:

f1(�T ) = α′ π

2l2
·
√
EJmin

m
. (8)

In Eq. (8), the first natural frequency of vibration is now linearly determined by
the new support coefficient, and the total beam length l is used, since the number of
intermediate supports is already taken into account by the new values of the support
coefficients α′. Also, from the values in Table 2, it is possible to easily set how many
times the first natural frequency will change depending on the type of end supports
and the number of intermediates supports N since the new coefficients α′ are directly
determined. Finally, the new values of the support coefficients α′ can be taken as a
criterion for the reasonable selection of the support arrangement scheme, which will
ensure the fulfillment of its operability conditions (1) and implement the design method
for calculating the beam.

3 Selection Method of Fixation Scheme

Normalization of support coefficients allows obtaining a simple procedure of reasonable
selection of straight beam fixation scheme, for which the first frequency of natural
vibration f 1 will not be lower or higher than the specified value [f 1]. To do this, we
express from Eq. (8) the required minimum value of the support coefficient:

αmin = 2l2
[
f1

]

π

√
m

EJmin
. (9)

To meet the operability condition (1), it is necessary to select from Table 2 such a
fixation scheme and the number of intermediate supports for which the values of the
coefficient α′ will not be less than the calculated value according to the expression (9),
that is:

min(α′) ≥ αmin. (10)
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The selected scheme will ensure that the operability condition of the beam (1) is
met, as can be seen by checking the actual frequency value with the selected coefficient
value α′ by Eqs. (8) or (4). Similarly, the calculation is carried out for the case when the
first natural frequency of the beam should be below the specified value [f 1].

4 Discussion

The proposed approach to the normalizing of support coefficients and the use of the
well-known theory of beam vibrations without changes allow us to argue that the devel-
oped technique is workable and does not introduce any deviations. A new version of the
representation of coefficients α′ allowed obtaining their values convenient for compari-
son. We set how many times the coefficients α′ increase, that is, actually the first natural
frequency, depending on the type of end supports and the number of intermediates sup-
ports N compared to an absolutely free beam. In this case, the new values of the beam
support coefficients α′ and will be the desired values, which plotted in Fig. 3.

Fig. 3 Relation of the natural vibration frequency of the supported and free beam

Also of practical interest is the relative dependence of the values of the support
coefficients α′, which shows how many times the first natural frequency will change
when one intermediate support is added or removed (Table 3).

Table 3 Relative change of values of support coefficients α′ from scheme and number of
intermediate supports N

Scheme № Number of intermediate supports N

0 1 2 3 4 5 6 7 8 9 10

1 1 4 2.25 1.778 1.563 1.44 1.361 1.306 1.266 1.235 1.21

2 1 2.757 1.846 1.617 1.487 1.397 1.336 1.299 1.255 1.226 1.206

3 1 4.025 1.542 1.723 1.539 1.428 1.353 1.302 1.263 1.232 1.209
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The obtained relative changes of values of coefficients α′ from the number of
intermediate supports are also represented in the form of graphs, which are given in
Fig. 4.

Fig. 4 Relative change of values of support coefficients α′ from scheme and number of
intermediate supports N

Graphs show that intermediate supports effectively affect the first natural frequency
of vibration, increasing their values. It can also be seen that with a large number of
intermediate supports, an increase in their number weakly affects the change in the
value of the coefficient α′. For example, at N > 7, adding new support increases the first
natural frequency of vibration by only 1.21 times, that is, by about 21%. It can also be
noted that at N > 5, the values of the coefficients α′ are weakly dependent on the type
of end supports and are determined only by the type of intermediate supports.

5 Conclusion

The paper proposes the development of the theory of beam vibrations in the form of
normalization of support coefficients, which made it possible to obtain explicit compar-
ative values for them, as well as to develop a method for the reasonable selection of the
scheme for fixing straight beams, which provides the given requirements for the mini-
mum frequency of natural vibrations. The proposed approach can be used in designing
any extended structures to provide their first natural frequency of vibration by selecting
the method of fixation.
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and Kinematic Synthesis of Mechanisms
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Abstract. Any mechanism’s design begins with choosing its structural and kine-
matic layout. The length of the links, the location of the hinges relative to each
other, the choice of the initial link rotation direction outline the dimensions of the
future output link working area, and the trajectories of the mechanisms’ joints and
bearing points. Byvisualizing the design process as early as at the initial stages, one
can reduce the number of options for structural schemes, and, consequently, the
time spent on the mechanism development. The use of modern CAD tools allows
both visualizing the mechanismmovement and optimizing the selection of param-
eters used to determine the best conditions for obtaining the desired structural and
kinematic properties. The visual design method allows identifying the dependen-
cies, including those inexplicit, between the mechanism geometric parameters,
and finding a solution in a short time. The paper discusses the application of this
technique to the mechanism with a double rocker arm stroke. Using this technique
in synthesis, the authors determine the dimensions affecting the angular pitch of
the output link. This technique is applicable when a single kinematic scheme is
used to solve various technological problems, for example, to implement a certain
movement trajectory or to fit the mechanism moves into a certain working area.

Keywords: Mechanisms · Design · Synthesis · Animation · Visualization

1 Introduction

The mechanisms’ synthesis has been relevant since the first machines appeared. Arto-
bolevsky [1], Levitsky [2], Chebyshev [3], and other authors considered the methods
for determining the lengths of links and the resulting trajectories. Currently, when a
non-standard mechanism scheme is designed or an existing design is optimized, a
designer is to determine the overall dimensions of the mechanism that meet the specified
requirements in the shortest possible time.

For lever mechanisms featuring one and two degrees of mobility, the knownmethods
of basic hinge mechanisms calculation are based on graphical and analytical methods.
The graphical method provides good visualization, but it requires multiple construction
iterations and numerous calculations to obtain the desired result. The analytical method
shows the coordinate relationships between the links’ lengths and the angles of their
slopes. This technique requires the designer to be a confident user of specialized software
and to have certain programming skills. Above that, finding a specific solution requires
solving fairly complex equations.
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The use of the structural-parametric synthesis method featuring an animationmodel-
ing function (it combines the advantages of graphical and analytical methods) to identify
the dependencies between geometric and kinematic parameters, and the output function
of mechanisms; as well as to optimize the design process is an urgent practical task.

2 Relevance, Scientific Significance of the Issue with Brief
Overview of Literature

Modern mechanical engineering is very much concentrated on the development and
research of newmechanisms. The search for simple solutions gives a new impetus to the
development of lever mechanisms. The use of new materials and innovative methods of
additive manufacturing allows for the expansion of the scope of such mechanisms. The
main and the most important stage of creating a mechanism is structural and kinematic
synthesis, i.e., designing the mechanism movement scheme with the account to the
specified geometric characteristics. The development of automatic design systems entails
a transition from a parametric synthesis to a structural-parametric one [4]. The main
peculiarity of the structural-parametric synthesis is that the structure is defined during
the synthesis, as well as that it can be changed at various stages of design. This helps to
design amechanism that most accurately meets the specified requirements. 3Dmodeling
can significantly simplify the design process [5–18], but it is more convenient to solve
kinematic analysis and synthesis problems in 2D.The constraints or qualitative indicators
in the synthesis of mechanisms used are as follows:

• the condition of the links rotatability, i.e., ensuring that the input and (or) output links
can be rotated at an angle of more than 360°;

• acceptable pressure angles, i.e., the angle between the vector of the driving force from
the driving member to the driven one, and the velocity vector at the point of appli-
cation must not exceed certain permissible values in order to eliminate unacceptably
large values of reactions in kinematic pairs, the low efficiency of the mechanism, the
possibility of jamming (the impossibility of movement at any value of the driving
force on the input link);

• design restrictions on the mechanism dimensions; i.e., the links size must ensure that
the mechanism fits into the specified dimensions;

• accurately ensured specified law ofmotion or the specified positions of themechanism
links;

• other conditions and requirements determined by the conditions of operation and
operation of the mechanism.

Kinematic mobility cannot be determined only by the type and number of links
and kinematic pairs; it is necessary to consider the location of links and dimensional
measurements. The scheme, which represents the mechanism’s structure and kinematic
mobility, is called a structural–kinematic scheme. The method of structural–kinematic
synthesis through fitting structural units is considered in (6).
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3 Formulation of the Problem

Lever mechanisms allow getting various trajectories of the output link—from a straight
line to a perfect circle.When designing lever mechanisms, the use of CAD tools for solv-
ing synthesis problems very much simplifies finding optimal solutions. The ability to
visualize the result of the synthesis using animation allows seeing the synthesizedmecha-
nism in operation and adjusting the necessary dimensions. This technique is instrumental
when the structure of the mechanism is initially unknown, but there are, for example,
restrictions on the trajectory of the output link.

The study describes the visual animation method used for structural and kinematic
synthesis illustrated by the example of a mechanism with a double output link stroke.
A feature which distinguishes the developed mechanism from the Chebyshev prototype
is the difference in the values of the rocker arm span. The mechanism proposed by
Chebyshev performs two equal strokes of the output link; see Fig. 1. For some automatic
machines types, it is required to provide a rocker arm with double stroke, but unequal
angular steps, for example, 180° and 20° per a crank rotation. The main objective of the
study was to identify geometric dependencies that affect the value of the angular step.
The CAD program of parametric modeling T-FLEX CAD (Russia) was chosen for the
study.

Fig. 1 Chebyshev mechanism with double rocker arm GF

The main developments in parametric design concern 3D modeling. Parameteriza-
tion has not previously been used to study the mechanisms structural and kinematic
properties. Parameterization is instrumental to determine both the working area of a
mechanism and its kinematic and dynamic characteristics.

4 Theoretical Part

The main task of a designer is to identify the parameters that can affect the mechanism
links movement trajectory. In some cases, changing one or two dimensions can have
a significant impact on the operation of the entire mechanism. For example, adjusting
the length of the crank in a hinged four-link chain allows getting either two-arm or
crank-rocker mechanisms. Determining dimensions, which affect the trajectory of the
output link thus helping to obtain the angles of the rocker arm span γ51 = 15 . . . 25

◦
and
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γ52 � 180
◦
per rotation of the crank, is the task of this paper. In the course of the study,

a scheme of a six-branched mechanism with one degree of freedom was obtained; see
Fig. 2. The technique of animation parametric modeling showed that in order to obtain
the required angles of the rocker arm span, it is necessary to place the hinges D and
E on the same vertical line. The use of the parametric T-FLEX CAD model made it
possible both to visualize the operation of the mechanism and to control the dimensions
(synthesis parameters).

Fig. 2 Scheme of the synthesized mechanism with a double stroke of the KE rocker arm

Analytical design, for example, when MATLAB, Mathlab, or GeoGebra software
are used, requires the application of the coordinate method. The geometric approach
gives a better visualization, but until recently it was considered an approximate method
due to the construction error. Parametric mechanism synthesis with the help of CAD
software allows solving the problem of the resulting design error.

In the course of the study, it was found that the desired output angles are functions
that depend on the following variables Fig. 3:

• the length of the rocker DC = DF ;
• connecting rod length FL;
• the ordinate of the hinge E − yE ;
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Fig. 3 Variable editor in T-Flex CAD software

• the length of the rocker arm EL.

The synthesis taskwas reduced tofindingdependencies between thegivenparameters
that would provide the required values of the output coordinate, namely the unfolded
angle when the rocker arm 5 moves in the second phase of operation with minimal
deviations in the first phase.

5 Practical Significance, Offers, Results of Experiments,
and Implementation

The structural–kinematic synthesis performed with the help of the animation modeling
method (see Fig. 4) revealed the following patterns:

Fig. 4 Structural-parametric synthesis of a double-stroke rocker arm mechanism with the help of
animation modeling

• when lengths FL and EL grow, there is an increase in the second phase and a reduction
in the short travel time;

• when aDC size is larger than yE , the second phase direction changes: The rocker arm
rotates clockwise (see Fig. 4), as also indicated by the deflection in the graph in Fig. 5;
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Fig. 5 Change in the swing angle of the rocker arm 5 at different ratios of lengths of the designed
mechanism

• when equal values of the parameters are chosen, FL = EL, the obtained values of
the angles γ51 and γ52 are close to the desired ones, but when the rocker arm 5
is operating, shocks may occur, due to a sharp change in the value of the angular
velocity (see Fig. 7);

• when the length of the segmentCF grows, it leads to an increase in the angular velocity
of the rocker arm 5;

• the smoothest operation of the mechanism is achieved when and yE > DC;
• to obtain the specified values of the angular step, the ratio of lengths must be at least
FL = 0, 55yE , provided that yE > DC;

• when FL �= EL and yE = DC, the mechanism is not feasible.

The obtained functions showing the change in the angle of the rocker arm swing
and its angular velocity at different ratios of length segments are shown in the graphs in
Figs. 5 and 6.

Fig. 6 Changing the angular velocity of the rocker arm 5

As a result of the synthesis, a double-strokemechanismwith the following geometric
parameters was obtained:l1 = 0.02m, l2 = 0.16m, l3 = 0.088m, l4 = 0.052m,
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Fig. 7 Peak values of the angular velocity of the rocker arm 5

l5 = 0.05m, yE = 0.09m, xD = 0.12m, yD = −0.04m, � FDC = 25
◦
. The obtained

values of the angles: γ51 = 20, 5
◦
, γ52 = 180

◦
.

The output link of the designed mechanism has two acceleration phases, which are
characterized by an increase in the angular velocity. The rest of the time it moves almost
uniformly. But a sharp increase in the angular velocity can affect the forces in kinematic
pairs, so it is necessary to study the dynamic parameters of the designed mechanisms
separately.

6 Conclusions

Thus, the block diagram of a two-circuit flat lever mechanism developed by the method
of visual-parametric synthesis makes it possible to implement the law of motion of
the output link in a double stroke with a different angle of swing per a crank rev. The
animation modeling method reduces the time to determine the best possible parameters
of the mechanism and can be used for the design of mechanisms both in the field of
mechanical engineering and other industrial areas, for example, in furniture production.
This technique allows for the metric, kinematic, and dynamic analysis.
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Abstract. This paper proposes a method of reasonable selection of the fixation
scheme, and the number of intermediates supports for straight multi-span beams
in order to ensure the given values of the critical load from the compressive axial
force. This axial force may be an external load or may occur, for example, as a
result of a change in beam temperature. An effective way of providing the first
critical force of the beam is to choose the appropriatemethod of fixing it: the type of
the main supports and, if necessary, intermediate supports. This paper proposes a
method of normalizing effective length factors, which enables to obtain convenient
comparable values when choosing a fixation method and, as a result, to develop a
method for a reasonable selection of a support arrangement system for a straight
beam. The technique is based on the well-known theory of beam stability and uses
effective length factors as a criterion for selecting the fixation scheme, which is
formed after solving the corresponding differential equations of the beam state and
is determined only by the fixing conditions. The obtained results can be used in
calculations and design of any extended beam structures to control their stability
by selecting the appropriate fixation scheme.

Keywords: Stability · Beam · Support · Effective length factor · The first critical
load · Normalizing

1 Introduction

Extended tubular elements of structures are widespread in mechanical engineering and
usually serve to transport various liquid and gaseous substances; these include pipelines,
oil pipelines, steampipelines, railway rails, rods, cables,waveguides, etc. The appearance
of axial forces, for example, from a change in the temperature of the material of such
structures, causes a change in its geometric dimensions, which, if there are obstacles,
for example in the form of fixed supports, leads to the appearance of temperature forces
that can cause a loss of their stability. According to the theory of stability, the beam has
an infinitely large number of critical loadings, but the most dangerous is the first critical
force of loss of stability Pcr1. Then the condition for the operability of such extended
multi-support beam structures is to provide the given minimum acceptable value of the
first critical force Pcr1:

Pcr1 ≥ [P], (1)
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where [P] is the acceptable value of the external force.
The mathematical problem of critical load calculation is reduced to compilation and

solution of differential equations of state with boundary conditions reflecting conditions
of fixation and loading [1–16]. The analytical solution to this problem is usually complex
and uses various numerical calculation methods implemented in a number of specialized
computer programs,which are usually basedonFEA.However, numericalmethods allow
you to obtain only individual private solutions and there is a problem of extrapolation
and interpolation of calculation results, for example, in design calculations to evaluate
the effect of the arrangement scheme and the type of supports on the stability of the
design when choosing the most rational solution [17, 18].

The existing reference literature [19, 20] allows the engineer to carry out stabil-
ity calculations without the need to compile and solve differential equations. However,
almost all of this literature is oriented towards a research approach; that is, it is designed
to calculate the stability of existing structures with given fixations. However, in prac-
tice, engineers usually need to solve the inverse problem of determining the system for
arranging structural supports, for which the design will have the necessary values of the
first critical force. In these cases, they have to use a method of search, which is extremely
ineffective.

In this work, a technique is proposed that allows, on the basis of initial requirements,
to make a reasonable choice of the support arrangement system, which provides the
required values for the first critical load. In order to obtain an explicit analytical solution,
the theory of stability of beams is used, which makes it possible to clearly assess the
contribution of various factors to the results. The basis of the technique is the rationing
of the values of the support coefficients, which makes it possible to bring the calculated
equations to a convenient comparable form.

2 Criterion for Selecting a Support Arrangement System

The development of a reasonable scheme selection technique thatwill provide the desired
value for the first critical force requires the assignment of a scheme selection criterion.
We choose as such a criterion the support coefficient also called the effective length
factor, which is formed when solving the differential equation for the stability problem
of the beam and is determined only by the conditions of its fixations.

2.1 Derivation of the Effective Length Factor

Figure 1 shows the loss of stability of the straight hinge beam under the compressive
axial force.

According to the accepted scheme in Fig. 1, the equation of state at the moment of
stability loss has the form [1]:

EJmin
∂2y

∂x2
= −P · y, (2)

where y = y(x) is the beam deflection; E is the elastic modulus of the beam material;
Jmin is the minimum moment of inertia of the beam cross section; P is the external axial
force.



Normalization of the Effective Length Factor … 207

Fig. 1 Loss of beam stability under compression

The solution of this equation has a general form:

y = C1 · sin(kx) + C2 · cos(kx), (3)

where C1, C2 are the coefficients determined from conditions of beam fixation and
loading, k is the value calculated by formula:

k =
√

P

EJmin
, (4)

To solve Eq. (2), you must specify two boundary conditions that reflect the beam
fixations conditions in the supports. As a result, for the first critical force, we get a
solution in the form [1]:

Pcr = π2EJmin

μ2 · l2 , (5)

where μ is the effective length factor, which takes into account the method of beam
fixation. In the case of fixing (Fig. 1), it is:

μ = 1. (6)

The effective length factorμ is defined by fixing conditions that give the opportunity
to set the inverse task and to control the first critical force of a beam by means of the
scheme of arrangement of support with the required value of this coefficient. We will
consider the three most widespread schemes of fixing of a rectilinear beam (Fig. 2) and
values of effective length factors corresponding to them μ (Table 1). You can determine
the values of the coefficients μ from the reference literature [19, 20] or directly from the
solution of Eq. (2).

The schemes of fixation in Fig. 2 differ only by end supports, and if there are no
intermediate supports (N = 0), then we obtain a single-span beam. We accept that for
multi-support beams all supports are equally spaced from each other and then the length
of each span is:

li = l

N + 1
. (7)

The maximum number of intermediate supports in this paper is 10, but if necessary,
values can be obtained for any number of intermediate supports. However, from Table 1
follows that at N > 7 the values of effective length factor slightly depend on the quantity
of intermediate support and a type of end support.
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Fig. 2 Options of beam support arrangement scheme

Table 1 Original values of effective length factors μ

Scheme № Number of intermediate supports N

0 1 2 3 4 5 6 7 8 9 10

1 1

2 0.5 0.699 0.814 0.879 0.917 0.939 0.954 0.964 0.971 0.977 0.978

3 0.7 0.879 0.939 0.964 0.977 0.983 0.988 0.99 0.992 0.994 0.996

2.2 Normalizing of the Effective Length Factors

The original values of the effective length factors (Table 1) make it difficult to design
the support arrangement schemes due to the lack of normalizing and accounting for
the number of spans. For example, they do not allow you to explicitly estimate how
much the value of the first critical force will change when you change the number
of intermediate supports or change the type of fixation scheme. For convenience, we
normalize the initial values of the effective length factors with respect to the unfixed,
free beam support coefficient at its axial compression. We divide all original values
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of epy effective length factors in Table 1 by the free beam support coefficient by the
equation:

μ′ =
(
N + 1

μ

)2

. (8)

New values of the effective length factors μ′ for schemes in Fig. 2 are given in Table
2.

Table 2 New values of the effective length factors μ′

Scheme № Number of intermediate supports N

0 1 2 3 4 5 6 7 8 9 10

1 1 4 9 16 25 36 49 64 81 100 121

2 4 8.187 13.58 20.71 29.73 40.83 53.84 68.87 85.91 104.8 126.5

3 2.047 5.177 10.21 17.22 26.19 37.26 50.2 65.3 82.31 101.2 122.0

The proposed method of normalizing (8) made it possible to establish a direct depen-
dence for the first critical force on the new values of the effective length factors, while the
form of writing of the equation for the first critical force (5) practically did not change:

Pcr = μ′ · π2EJmin

l2
. (9)

In Eq. (9), the first critical force now depends linearly on the new values of the
effective length factor and the total beam length l is used, since the number of intermediate
supports is already taken into account according to Eq. (8). Also, the values in Table 2
determine how many times the first critical force will change depending on the type of
edge supports and the number of intermediates supports N since the new values of the
effective length factor directly determine it. Finally, the new values of the effective length
factor can be taken as a criterion for the reasonable selection of the support arrangement
scheme, which will ensure that its operability conditions (1) are met and allow the design
method of calculating the beam to be implemented.

3 Selection Method of Fixation Scheme

Normalization of support coefficients allows obtaining a simple procedure of reasonable
selection of scheme of fixation of a straight beam, for which the first critical force of
Pcr1 will not be lower or higher than specified value [P]. To do this, we express from
Eq. (9) the required minimum value of the effective length factor:

μmin = Pcr · l2
π2EJmin

. (10)
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To meet the operability condition (1), it is necessary to select from Table 2 such
a fixing scheme and the number of intermediate supports for which the values of the
effective length factor μ′ will not be less than the calculated value according to the
expression (10), that is:

min(μ′) ≥ μmin. (11)

The selected scheme will ensure that the operability condition of the beam (1) is
met, as can be seen by checking the actual value of the first critical force with the
selected value of the effective length factor μ′ according to Eqs. (9) or (5). Similarly, the
calculation is carried out for the case when the first critical beam force should be below
the specified value [P].

4 Discussion

The proposed approach to normalize the effective length factors made it possible to
obtain their values convenient for comparison. For example, we can easily determine
how many times the factors increase, that is, actually the first critical force, depending
on the type of end supports and the number of intermediates supports N compared to an
absolutely free beam. In this case, the new values of the beam effective length factors in
Table 2 will be the desired values. Let us plot a graph from them, which clearly shows
this dependence (Fig. 3).

Fig. 3 Relation of the first critical force of the supported and free beam

Also of practical interest is the relative dependence of the values of the effective
length factors μ′, which shows how many times the first critical force will change when
adding or removing one intermediate support. We calculate this dependence separately
within the limits of each attachment scheme in Fig. 2, the results are given in Table 3.
The obtained relative changes of the values of the coefficients �μ′ from the number of
intermediate supports are also presented in the form of graphs, which are given in Fig. 4.

Graphs show that the introduction of intermediate supports effectively affects the
first critical force, increasing their values. It can also be seen that with a large number
of intermediate supports, an increase in their number weakly affects the change in the
value of the effective length factor μ′. For example, at N > 7, adding a new support
increases the first critical force by only 1.21 times, that is, by about 20%.
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Table 3 Relative change of effective length factor values �μ′ from scheme and number of
intermediate supports

Scheme № Number of intermediate supports N

0 1 2 3 4 5 6 7 8 9 10

1 1 4 2.25 1.778 1.563 1.44 1.361 1.306 1.266 1.235 1.21

2 1 2.047 1.659 1.525 1.436 1.373 1.319 1.28 1.247 1.219 1.208

3 1 2.53 1.972 1.687 1.521 1.422 1.347 1.301 1.261 1.23 1.206

Fig. 4 Relative change of effective length factor values �μ′ from scheme and number of
intermediate supports N

5 Conclusion

The paper proposes the development of the theory of stability of beams by normalizing
the effective length factors, which made it possible to obtain visual comparative values
for them, as well as to develop a method for the reasonable choice of the fixing scheme,
which provides the given requirements for theminimumfirst critical force. The proposed
approach can be used in designing any extended structures to provide their first critical
force by choosing the method of fastening.
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Abstract. This article discusses the problem of ensuring a stable motion of the
feed mechanism of multi-operation machines for mechanical processing of semi-
finished leather products. The given calculations determine some conditions, such
as the lifting height of the pedal height limited by the movement of the operator’s
foot. The relationbetween the pressing forces and the pressure force on theworking
shaft shows that to create large values of the pressure force, the values of the
pressing forces must also be large. It is shown that the strength of the human foot
is insufficient to create large pressing force, so, additional devices and equipment
are required. The graphs of the dependence of the force arising on the transporting
roll on the angle between the pedal and the horizon, and on the angle between
the lever holding the pedal and the vertical axis, and the force acting on the pedal
were plotted and analyzed. Based on the results of theoretical studies obtained,
research is underway to manufacture an experimental bench for a multi-operation
roller machine

Keywords: Conveying mechanism · Tractive force · Semi-finished leather ·
Angle of contact · Free roller · Spreading table · Machining · Planning · Buffing ·
Average thickness · Passage width

1 Introduction

It is known that in many countries there are small and medium-sized enterprises for the
processing of raw hides. These enterprises try to use the available leather raw materials
efficiently and economically. This requires compact machines and equipment for the
primary mechanical processing of leather semi-finished products in small batches.

Currently, there is a growing need for energy-saving and resource-saving equipment
for the production of high-quality leather semi-finished products. For the needs of the
tannery, up to 90 units of technological equipment are required [1–5].

Despite the variety of machines and mechanisms used in small enterprises in the
leather industry, most of the technological operations in these enterprises are performed
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manually. The mechanization level is 50–80%. In addition, even with mechanized oper-
ations, the operator is forced to manually perform heavy and monotonous auxiliary
operations [6–11].

Due to low production capacity, small businesses do not use expensive, high-
performance technological machines specializing in the mechanical processing of semi-
finished leather products, since they are not used regularly and occupy production areas
[12–18].

Consequently, the development of a machine that performs several technological
operations is very relevant today.

2 Research Methods

A multi-operation machine was developed for the mechanical processing of semi-
finished leather products [19]. The use of such amachine in small tanneries is economical
and energy-efficient for the manufacturer. In this multi-operation machine, the feeder is
made up of some links (Fig. 1). When the OA axis is pressed vertically by the force FA,
the OA lever moves the DE lever with the BC lever. In turn, the moving shaft E acts on
the working shaft with the force F2. After that, the process of mechanical processing
of the semi-finished leather product begins. Consider the problem of determining the
pressure on the working shaft F2, created by the lever OA [20].

Fig. 1 Conventional scheme of the feeding mechanism of a multi-operation machine

To ensure the motion stability of this feeding mechanism, the force FA applied to
point A of the pedal, by the operator, should be sufficiently less, and the maximum lifting
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height h from the ground to pointA should be small enough so that the operator can easily
create required pressure by pressing the pedal. For this, we investigated the regularity
of the pressure acting on the working shaft, the angle of inclination of the OA lever to
the horizontal axis and the vertical angle of rotation of the BC lever.

Let us consider the definition of the force parameters of the feeding mechanism of a
multi-operation machine (Fig. 1).

First, determine the velocities of points A, B and C in Fig. 1. Since the BC lever
moves plane-parallel, the projections of the velocities of points B and C are mutually
equal relative to the axis directed along the length of the lever. i.e:

VC = VB · cosϕ1 (1)

here ϕ1 is the angle formed by the BC lever with the vertical axis.
DC and ED rotate about point D. Therefore, the velocities of points C and E are:

VC = ω1 · CD,VE = ω1 · ED (2)

where ω1—is the angular velocity of the axis of rotation of the lever EH about point D.
From the first equation of the system of Eqs. (2) we find ω1:

ω1 = VC

CD

From the system of Eq. (2), we determine the relation between the velocities of
points C and D.

VE = ED

CD
· VC (3)

Since OA rotates about point O, the velocities of points A and B are:

VB = ω · OB,VA = ω · OA (4)

where ω—is the angular velocity of the axis of rotation OA about the axis O. From (4),
we find

ω = VB

OB

Substituting ω into the second equation of the system of Eq. (4), we can relate the
velocities of points A and B.

VA = OA

OB
· VB (5)

Substitute Eq. (1) into (5):

VA = OA

OB cosϕ1
· VC (6)
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According to the Theorem on variation in the quantity of motion, we can write the
following:

M · VE = (F2 − Fel
2 ) · t

M1 · VA = (FA − Fel
1 ) · t (7)

where M, M1—are the weights of the levers EH and OA, respectively.
Fel
1 , Fel

2 —are the elastic forces of the spring in the levers OA and EH, t—is the
motion duration.

We derive expression t = MVE
F2−Fel

2
from the first equation of the system of Eq. (7).

Replacingt in the second equation of this system of equations, we obtain the following
equation:

MVE

F2 − Fel
2

= M1 · VA

FA − Fel
1

⇒ M · ED
CD · VC

F2 − Fel
2

= M1 · OA
OB cosϕ1

· VC

FA − Fel
1

M · ED
CD

· (FA − Fel
1 ) = M1 · OA

OB · cosϕ1
· (F2 − Fel

2 )

where FA—is the external force acting on the pedal.
Let us find F2 from the last equation:

F2 = M · ED · OB · cosϕ1

M1 · CD · OA (FA − Fel
1 ) + Fel

2 (8)

Suppose there is no spring on the pedal and ED lever. Then Eq. (8) has the following
form:

F2 = M · ED · OB · cosϕ1

M1 · CD · OA · FA (9)

Figure 1 shows that ifwe set the angleα between the initial position and the horizontal
position of the pedal, then the angle α is:

tgα = h

OA
(10)

here h—is the height of the pedal from the ground, α—is the angle formed by the pedal
with the horizon.

From (10) we determine OA:

OA = h

tgα
(11)

Given Eq. (11), we can write Eq. (9) as follows:

F2 = M · ED · OB · cosϕ1 · tgα

M1 · CD · h · FA (12)

These expressions determine the relationship between the forces F2 and FA.
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3 Discussion of Results

Let us introduce the numerical values of the developed machine (closer to the real ones)
into Eq. (9):M1 = 2 kg, ED = 253 mm, CD = 140 mm, OB = 250 mm, OA = 690 mm,
FA = 1 N, then we obtain the equation of the dependence of the force F2 on the angle
ϕ (0 … π

10 ). According to this equation, we can plot the following graph (Fig. 2).

Fig. 2 Graph of dependence of force F2 on angle ϕ1

As seen from Fig. 2, when the force F2 reaches a small value, the angle ϕ1 takes the
greatest value.

If we substitute the numerical values of the developed machine M = 44 kg, M1 =
2 kg, cosϕ1 = 0.95, ED = 253 mm, CD = 140 mm, OB = 250 mm, OA = 690 mm
into Eq. (9), we obtain the equations of the dependence of the force F2 on the force FA.
According to this equation, we get the following graph (Fig. 3).

Substituting the numerical values of the developed machineM = 44 kg,M1 = 2 kg,
ED = 253 mm, CD = mm, OB = 250 mm, cosϕ1 = 0.95 into Eq. (12), a dependence
of the force F2 on the angleα and heighth is plotted.

The graph shows the change in the force F2 at the values of the lever lifting height—
h, taken as 100, 200 and 300 mm, when the angle α changes in the range from 0 to
π /6.

As seen from Fig. 3, the force FA, applied by an operator to the pedal OA is directly
proportional to the force F2 applied to the working shaft E. That is, the less FA, the less
F2.

Figure 4 shows three different graphs of forceF2 depending on angleα. It is necessary
to determine suchh and α at which the force F2 has a small value. According to Formula
(12), for the force F2 to have a small value, it is enough for h to have the greatest value
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Fig. 3 Graph of dependence of force F2 on force FA

or for tgα to be the least. For tgα to be less than the angles, sinα must be the least value,
and cosα—the maximum value of the angles, that is, the less the value of the angle α,
the greater the value of the created pressure in the working area of machine.

Fig. 4 Graph of dependence of force F2 on angle α
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4 Conclusions

According to the above calculations, the stable operation of the considered machine
mechanisms can be ensured under the following conditions:

From the relation (9) between F2 and α, it is seen that the force F2 increases with
an increase in the angle of pedal rotation α, however, it is recommended to limit the lift
of the pedal height h because the movement of the operator’s foot is limited.

The compressive force F2 reaches its maximum value when the angle ϕ1 is 00°. This
means that it acts on the working shaft with the greatest force in the vertical position of
the lever BC.

From the ratio between the forces FA and F, it is seen that to create large values
of the force F2, the values of the forces FA must also be large. But the human foot
strength is limited. Therefore, to create a sufficiently large force FA, additional devices
and equipment are required.
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Abstract. When designing metal-cutting machines, the temperature criterion is
taken into account on the basis of calculation models created with various degrees
of detail. In this case, a characteristic feature of such models is the presence of
connections of parts that make up the assembly in question. In contrast to thermal
modeling of solid bodies using FEM, modeling of joints requires the introduc-
tion of parameters that determine contact thermal resistance into the calculation
model. The directional formation of contact thermal resistance during design is
determined by the implementation of design and technological measures. This
makes it possible to evaluate, along with the design options associated primar-
ily with the shape and dimensions of the joints, also the influence of the quality
requirements of the contacting surfaces, determined by the deviations of the mat-
ing surfaces from the ideal shape. The article proposes the results of numerical
modeling of the formation of contact thermal resistance and assessment of the
influence of the parameters of the intermediate layer (pseudo-medium), which
occurs in the contact zone of surfaces with microdeviations, on the passage of the
heat flow.

Keywords: Contact thermal resistance · Nominal contact area · Actual contact
area · Pseudo-medium · Finite element model

1 Introduction

The increasing requirement for the accuracy of processing on metal-cutting machines
puts thermal processes among the main factors that determine the quality of products.
Analysis of the balance of errors inmetalworking shows that the thermal error is 40–70%
of the total manufacturing error.

In this regard, there are reasonable recommendations that limit the values of the
temperature criterion for the main subsystems of the machine tool, which determine the
processing accuracy.

Heat flows in machine tools are very complex due to the large number of heat
sources (electric motors, rolling bearings, cutting zone, gear and belt drives, hydraulic
system, etc.), as well as the large number of parts included in their design. Therefore,
the formation of heat fluxes in machine tools is determined not only by the spread of
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heat from sources through solid parts, but, to a large extent, through the contacts of parts
with each other [1, 2].

The passage of a heat flux through real contacting surfaces of parts is very different
from its movement through a solid material and through an ideal joint, when the heat flux
practically does not encounter significant resistance on its way. The reason is that in real
joints, due to the presence of macrodeviations, waviness and roughness, which depend
on the structure and nature of technological processing, continuous contact along the
joint is broken. This leads to the appearance of contact thermal resistance (CTR), which
must be taken into account in the thermal models used.

Thus, the need to reasonably control heat fluxes, particularly precise units of metal-
cutting machine tools due to design and technological measures, makes the task of
forming a CTR very urgent.

2 Formation of Pseudo-Medium Characteristics

Previous studies by a number of authors [3–6] have shown that the conditions of contact
have a very significant effect on such characteristics of the joint as the convergence
of surfaces, contact stiffness, the nature of contact deformation (elastic, elastoplastic,
plastic) and electrical conductivity of the contact. There are significantly fewer works
considering the influence of contacting conditions on the passage of heat flux in machine
tool designs [7–14].

The modern theory of contacting surfaces is based on the position that the presence
of roughness, waviness and macrodeviations leads to discreteness of their interaction, as
well as the division of contact areas into nominal Aa, contour Ac and actual Ar (Fig. 1).

Fig. 1 Contact areas: 1—nominal; 2—contour; 3—actual

The nominal contact area Aa is determined by the dimensions of the contacting
bodies, is always known and is used in all calculations. The contoured contact area Ac
is associated with the presence of waviness, and the actual Ar is associated with the
presence of roughness on the contacting surfaces.

In work [3], it is indicated that the contour area of contact is the area that limits
the area of the location of the areas of actual contact. The distribution of such contact
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zones over the nominal area depends primarily on the shape and degree of waviness,
which determines the area and density of the actual contact areas. Macro unevenness of
surfaces will also affect the size of the contour area.

In the case of elastic interaction of a surface with spherical waves with a rigid smooth
plane and when the wave tops are at the same level, the formula [3] is given

Ac
/
Aa = 2.5 ·

(
1 − μ2

)2/3 · (R/L)2/3 · (
qa

/
E
)2/3

, (1)

whereμ is Poisson’s ratio; R—radius of spherical waves; L—wavelength; qa = P
/
Aa—

nominal pressure; P—load; E—modulus of normal elasticity.
Khokhlov [6] gives a simpler dependence, containing only two initial parameters,

for the relative contour area

Ac/Aa = (qa/σT)1−qa/σT , (2)

where σT is the yield point.
To determine the actual area in [6], the dependence was obtained

Ar = k · Aa · qa = k · P, (3)

where depending on the accuracy of calculations

k = 0.48075
/
σT ≈0.48

/
σT ≈1

/
(2 · σT). (4)

The linear dependence of the actual contact area on the load is also indicated in [4,
15].

At the contact of rough bodies, one more parameter should be taken into account,
connected with the fact that not all protrusions are elastically deformed by the amount
of y, due to their different heights. As a result, a layer (pseudo-medium) is obtained,
consisting of areas of actual contact and cavities filled with air or oil (Fig. 2).

Fig. 2 Scheme of contact of surfaces with the same roughness
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The thickness of this layer in the case of elastic contact of surfaces with the same
physical and mechanical properties and roughness [6]:

h3 = 2 · Rp ·
{
1 − (

1
/
2
) · [

qa
/
σT

][1−qa/σT] − 0.18 · [
qa

/
σT

]2·[1−qa/σT]
}
. (5)

Theoretical analysis showed that at qa
/
σT ≤ 0.1 and the calculation error is not

more than 6.5%, the pseudo-layer thickness can be determined as

h3 ≈ 2 · Rp, (6)

where Rp is the smoothing height (the distance from the line of protrusions to the middle
line).

For surface treatment methods with chip removal, the value can be calculated using
the formula [6, 16]

Rp = 2.6 · Ra = 0.5 · Rz, (7)

where Ra and Rz are roughness parameters.

3 Development of a Finite Element Model of Contacting Two
Rectangular Plates

In order to assess the effect of the characteristics of the intermediate layer upon contact
of two solid bodies that do not have macrodeviations, a flat finite element model of
contacting two rectangular plates 1 mm thick was developed on the conditions for the
formation of CTR (Fig. 3).

In this case, the change in thermal conductivity in the contact zonewill be determined
only by microdeviations, which can be conventionally taken to be the same throughout
the entire connection zone. Thus, the interlayer between the parts can be represented in
the form of a continuous pseudo-medium having a thermal conductivity coefficient and
a thickness that depend on the roughness of the contacting parts.

Since the thermal conductivity coefficient of the pseudo-medium is formed as a result
of direct contact of micro-roughnesses with the thermal conductivity coefficient of the
base material and the presence of cavities filled with oil or air, it can vary from λ =
0.025 W/(m K) (air) to λ = 50.0 W/(m K) (steel).

The dimensions of the contacting parts and the thickness of the pseudo-medium for
the used design model are shown in Table 1.

Plates material—steel (thermal conductivity coefficient λ = 50 W/(m K)).
The power of each of the five heat sources is 20 W/m.
The boundary conditions along the edges of the model were taken as follows: Con-

vection Fn = α(T − T0) along the side edges and along the upper edge was equal to
zero (α = 0 and T0 = 0), and along the lower edge α = 50 W/K m2 and T0 = 293 K.

Thefinite elementmeshwas built at discretization steps: at the lower nodes (No. 1 and
11)—0.005 m; in heat sources (No. 4–8)—0.004 m; in the nodes of the pseudo-medium
(No. 2, 3, 9, 10)—0.001 m.

https://doi.org/10.1007/978-3-030-85233-7_1
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Fig. 3 Plane model of contacting two plates

Table 1 Coordinates of vertices (nodes) of the plane model of contacting plates

Points 1 2 3 4 5 6 7 8 9 10 11

x, mm 0 0 0 0 0.005 0.01 0.015 0.02 0.02 0.02 0.02

y, m 0 0.02 0.0205 0.04 0.04 0.04 0.04 0.04 0.0205 0.02 0

Numerical experiments with the developed finite element model were carried out
using the ELCUT package [17–21].

The effect of the pseudo-medium was estimated by the temperature difference
�T (see Fig. 4), where l is the distance from the upper edge of the upper part in the
direction indicated in Fig. 3.

Knowing the value of �T , °K, it is easy to determine the thermal resistance of the
compound R, K m2/W as follows:

R = �T

q
(8)
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Fig. 4 Influence of a pseudo-medium with a thickness of δ on a temperature drop �T

or

R = δ

λ
, (9)

where q is the heat flux, W/m2; δ—thickness of the layer that overcomes the heat flux,
m; λ—coefficient of thermal conductivity, W/(m K).

4 Numerical Simulation Results

Figure 5 shows examples of graphs of temperature changes along the axis l at various
values of λ, constructed from the simulation results.

The values of �T obtained by processing graphs �T (Fig. 5) are shown in Fig. 6.
To assess the effect of the thickness of the pseudo-medium δ, which differs in thermal

conductivity from the base material, graphs of dependence �T = f (δ) were plotted. As
the material of the pseudo-medium, the material with λ = 5 W/(m K) and λ = 0.025
W/(m K) (air).

The simulation results are presented in Table 2.

5 Conclusion

The studies carried out have confirmed the possibility of using a contact pneumatic
medium when modeling the propagation of heat fluxes over the structures of metal-
cutting machines. Varying the characteristics of the pseudo-medium makes it possible,
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Fig. 5 Graphs of temperature changes along the axis l at various values of λ, obtained from the
simulation results in the ELCUT environment: a − λ = 0.025 W/(m K); b − λ = 0.5 W/(m K)

Fig. 6 Change �T depending on the thermal conductivity of the pseudo-medium

even at the design stage, to evaluate the adopted design decisions by the temperature
criterion. From the performed numerical experiments, it can be concluded that with a
decrease in the thickness of the pseudo-medium and an increase in the thermal con-
ductivity coefficient, i.e., by improving the quality of the contact, the temperature drop
in the contact �T decreases, and the contact thermal resistance decreases accordingly.
Moreover, the CTR depends linearly on the pseudolayer thickness, and the effect of
the thermal conductivity coefficient of the pseudo-medium has a pronounced nonlinear
character. The range of possible change in the thermal conductivity coefficient of the
pseudo-medium was established from the condition for the occurrence of CTR.
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Table 2 Dependence of temperature on the thickness and quality of the pseudo-medium

δ, mm �T

λ = 5 W/(m K) λ = 0.025
W/(m K)

0.5 0.45 100

0.4 0.35 80

0.3 0.27 60

0.2 0.18 40

0.1 0.09 20

0.07 0.06 14
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Abstract. The method of calculating the heat-stressed state of the individual
cylinder head of a liquid-cooled diesel engine, which is not only subjected to
mechanical loading, but also themain type of load, especially on the firing surface,
is the thermal load. Based on the study of the loading modes of the cylinder
head of similar engines, a loading cycle is proposed, and the numerical values
of which can be determined by the results of the study of cars in operation. The
problem of choosing kinematic boundary conditions when calculating the cylinder
head by the finite element method is considered. The boundary conditions for
calculating the stress state and especially the thermal boundary conditions for
the firing surface of the cylinder head, intake and exhaust channels, as well as
valves and cooling systems are analyzed. When calculating the thermal state,
it is necessary to coordinate the temperature fields of the valve chamfer and the
landing surface of the cylinder head, since heat flows change their direction during
the entire working cycle. Mathematical modeling by finite element method of
the thermal state of the cylinder head, as well as the stressed and heat-stressed
state, taking into account the accepted boundary conditions, is considered. When
calculating the heat-stressed state of the cylinder head, the estimated parameters of
the firing bottom of the cylinder head are proposed in order to ensure its durability.

Keywords: Internal combustion engine · Diesel · Cylinder head · Thermal
state · Boundary conditions · Heat-stressed state

1 Introduction

One of the main trends in the development of internal combustion piston engines is to
increase their power and efficiency, while ensuring environmental indicators adopted for
all years of their production and operation. Analysis of statistical data on the production
of foreign-made piston engines for various purposes shows that the capacity of new
modifications produced increases by an average of 60, …, 80% for every 10 years [1].
Manufactured engines, as a rule, boost by the average effective pressure,which inevitably
causes an increase in heat stress in parts that contact with hot gases: cylinder heads (CH),
valves, turbines, cylinder liners, and pistons. CH experiences mechanical loading in the
fabrication process (the contact pressure at the firing surface of CH from the pressing
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seat and the valve), and in the assembly process (loading force from tightening the
studs CH and tighten the mounting nuts to the injectors) [2, 3]. Under the influence of
these loads, the stress–strain state (SSS) of CH is determined. When operating a diesel
engine, significant stresses arise mainly from thermal loads [3–7] caused by temperature
fluctuations on the firing surface of the CH. Obtaining information about the temperature
fields of the CH at the design stage is important for evaluating its performance and
reliability, modeling the thermal stress–strain state, correct selection of materials, design
optimization, and design of the cooling system. Thus, the calculation of the thermal
stress–strain state is the main one in the calculation of CH. According to research [3, 8,
9], heating and cooling cycles in the combustion chamber (CC) during operation of the
diesel engine cause temperature differences on the firing surface of theCH. This “thermal
load” leads to significant temperature stresses that can cause cracks on the bottom side
of the inter-valve lintels, as well as on the lintels between the nozzle opening and the
inlet or outlet valve opening [2, 10–12]. In [2, 3], the method of calculating the stress–
strain state of CH under the influence of power loads that occur during manufacture
and assembly was considered in detail. For 4CHN10.5/12 diesel (D-145 T) due to a
significant temperature difference on the firing surface of the CH, the finite element
method (FEM) calculation showed that the stress intensity σ i in the inter-valve jumper
is 108.1MPa.At the same time, σ i under the action of themounting load and gas pressure
forces is only 31.1 MPa, so the temperature stresses are almost 3.5 times higher than the
stresses from the action of the mounting forces [3, 8]. The calculation confirms that it is
the heat-stressed state of the CH that determines its durability.

Let us consider the procedure for calculating the heat-stressed state of the CH of a
liquid-cooled transport diesel, taking into account the heating and cooling cycles in the
combustion chamber during its operation.

2 Purpose of Research

To develop a method for analyzing the thermal and stress–strain state of the CH of the
8CHN12/13 liquid-cooled transport diesel engine under the influence of the mounting
load and gas pressure forces, as well as thermal loads, which will allow calculating the
CH for durability and predicting its reliability in operation.

3 Materials and Methods of Research

Consideration of mounting loads caused by pressing the seats and valve bushings during
assembly; tightening the nut for mounting the nozzle during assembly; tightening bolts
or studs for attaching the CH to the block crankcase; gas force during diesel operation
was considered in [2].

Only low-frequency temperature fluctuations caused by changes in the engine oper-
ating mode are calculated for the calculation of TSSS [3]. High-frequency temperature
fluctuations of CH caused by changes in the temperature of gases in the cylinder have,
as a rule, an amplitude of 5,…, 8 °C at a depth of 1 mm from the firing surface, and do
not significantly affect the TSSS of the CH [13–16].
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When studying the modes of YAMZ-238 diesels installed on KrAZ-257 and KrAZ-
256B trucks, it turned out that about 50, …, 89% of the time they work in the zone of
external speed characteristics at a speed of 0.7, …, 1 of the nominal crankshaft [17]. On
an international highwaywith an asphalt-concrete surface, the number of speed switches,
and therefore the change of mode, is 15,…, 16 switches per 100 km of mileage, in heavy
urban traffic, such switches are already about 400 [17]. It can be recognized that similar
mode changes occur in diesel 8CHN12/13.

Therefore, when modeling the thermal state of CH, only low-frequency tempera-
ture fluctuations caused by changes in the engine operating mode should be taken into
account.

In this regard, the cycle of thermal loading of CH can be represented as a loading
cycle, from which it follows that the transition to a new mode leads to a sharp increase
in temperatures in the inter-valve jumper, while the temperature level Tmax is stabilized
for τ = 2, …, 3 min after the diesel enters the steady state (Fig. 1) that the transition to
the new mode leads to a sharp increase in temperatures in the inter-valve cross-piece,
while the temperature level Tmax is stabilized for τ heating load = 2, …, 3 min after the
diesel engine enters the steady state mode (Fig. 1). Vehicle movement at Tmax during
τ time del.1 (Fig. 1) it is accompanied by a load fluctuation (the speed of rotation of the
crankshaft is not constant), but this phenomenon practically does not have a significant
impact on the thermal mode of the diesel engine. Stopping the car leads to a decrease in
temperature to the level Tmin for τ cool = 2,…, 3 min and subsequent exposure τ time del.2.

Fig. 1 Thermal loading cycle

To calculate the FEM, it is necessary to create a three-dimensional model of the
CH based on the drawings (Fig. 2) using the solid-state modeling program SolidWorks,
Catia, Pro/Engineer, ANSYS, etc.

According to reference data [18], the physical and mechanical properties of CH
materials (aluminum alloy AK5M7 (AL10V)), guide bushings, valve seats, and cylin-
der liners are determined and set depending on the temperature. On the basis of the
created three-dimensional model, a finite element model (FEM) is constructed using
the SolidWorks Simulation and ANSYS finite element modeling software packages,
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Fig. 2 Cylinder Head of diesel 8CHN12/13: a view from the firing surface of the CH: 1—inlet
valve; 2—exhaust valve; 3—hole for installing the nozzle, 4—inlet channel; 5—holes formounting
pins CZ; F1-2—inter-valve jumper; F2-f—jumper between the exhaust valve and the nozzle cup;
b cross section along the line A–A

and boundary conditions are assigned. The most successful is the use of a FEM based
on three-dimensional twenty-node isoparametric finite elements (FE) when building a
FEM, it is necessary to use a thick design grid and reduced CE in the junction sections,
for example, in the inter-valve jumpers or in the jumpers between the nozzle hole and
the valve hole of the CH. The size of the FE side is selected based on the condition of
ensuring the required accuracy of calculation and the cost of machine time.

When choosing kinematic boundary conditions for the FEM, it is necessary to take
into account the possibility ofmoving surfaces associatedwith the block case. According
to [19], the exclusion of lateral movements of the surface of the FEM CH causes an
increase in the stresses in the inlet valve jumper by 3, …, 4 times. If there is no gasket
between the CH and the cylinder block, then it can be assumed that only the friction
force limits the free lateral expansion of the CH [3].

To display the conditions of thermal interaction between the environment and the
surface of the CH body, the following boundary conditions are assigned.

4 Matching the Temperature Field of the Valve Chamfer
and the Landing Surface of the Cylinder Head

When calculating, it is necessary to coordinate the temperature fields of the valve chamfer
and the landing surface of the CH, since heat flows change their direction during the
entire operating cycle [4].When the diesel engine is running, when the valves are closed,
heat is transferred from the exhaust valve to the CH or from the CH to the intake valve
via the chamfer and the valve seat. During the intake cycles, the intake valves are washed
with fresh charge, and when the exhaust valves are released, and they are washed with
exhaust gases. The parameters of heat exchange can be determined by the boundary
conditions of the third kind: the gas temperature and the coefficient of heat transfer in
the valve slot.
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The heat transfer coefficient of the contact of two bodies αk W/(m2 K), depending on
the material properties of the contacting parts, the quality of processing of the contacting
surfaces, as well as the contact pressure can be determined by the formula [20].

αk = 2.12 × 104λm

(
p

Em
Bp

)0.8

+ λc

(hm1 + hm2)(1 − m)d
, (1)

where λm = 2λ1λ2/(λ1 + λ2) is the average coefficient of thermal conductivity of mate-
rials of contacting bodies; p—contact pressure; Em = 2E1E2/(E1 + E2)—the average
modulus of elasticity of materials of contacting bodies (in this case, aluminum alloy and
cast iron); Bp = 0.15, …, 0.25 dimensionless coefficient characterizing the geometrical
properties of contact surfaces, depending on the amount of average heights of asperities
hm1 and hm2 of the contacting bodies (the greater the amount of hm1 + hm2, the less Bp);
λc ≈ 0.35—thermal conductivity of the medium in the volume of the asperities (when
the temperature in the contact zone Tk = 420 ºK and pressure p = 10 MPa λc≈ 0.35 ×
10−3 W/(m K)); m—coefficient of filling of the profile of the asperities (for sanded
surfaces μ = 0.5); d ≈ 1.2, …, 1.6—coefficient characterizing the maximum influence
of the protrusions of asperities that depend on the ratio p/E [19].

In accordance with the recommendations [4, 21], when determining the thermal and
stress–strain state of the CH, a separate calculation of its and valves is used with iterative
matching of their temperatures. In the first iteration, when calculating CH, an arbitrary
temperature of the valve seat is set, and then the coefficient of heat transfer from the
valve to the seat. When the valve is open, the time-average temperature and heat transfer
coefficient are calculated.

4.1 Boundary Conditions on the Firing Bottom of the Cylinder Head

To determine the average value of the heat transfer coefficient over the firing surface of
the CH, the Voshni or Hohenberg formulas can be used. In [22], it is shown that none of
the dependencies allows us to obtain satisfactory results. In this regard, the Zapf formula
[22] is used to calculate the average coefficient of heat transfer of αch in CH during gas
exchange:

αcch = CD−0.22T−0.52∞ p0.78c0.78m , (2)

where C = 535; T∞—current temperature of the working fluid in the cylinder, K;
cm—average piston speed, m/s; p—current cylinder pressure, MPa.

The temperature of the medium is averaged over the entire surface of the combustion
chamber and is assumed to be equal to the temperature obtained by thermodynamic
calculation averaged over the cycle time. The distribution of the heat transfer coefficient
over the radius in the first approximation can be assumed to be similar to the temperature
distribution on the firing bottom of the piston [23].

4.2 Boundary Conditions in Inlet and Outlet Channels

When the engine is running, a significant amount of heat, in addition to the firing bottom,
is supplied to the walls of the exhaust channel. The boundary conditions in the inlet
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and outlet channels can be represented by the Nusselt number [22, 23], which is a
dimensionless heat transfer coefficient:

Nuin.k. = 0.214Re0.68
(
1 − 0.765

hin.k.
din.k.

)
; (3)

Nuout.k. = 2.58Re0.5
(
1 − 0.797

hout.k.
dout.k.

)
. (4)

In expressions (3, 4), h and d are the valve stroke and valve diameters (with corre-
sponding indexes: in.k.—inlet; out.k.—outlet). To calculate the Reynolds number, the
determining dimensions are the hydraulic diameters of the channels and the average flow
rate in the inlet and outlet channels:

Re = QDg

νA
= vDg

ν
, (5)

where Q is the volumetric flow rate of gas, m3/s; Dg—hydraulic diameter of channel,
m; ν—kinematic viscosity of gas, m2/s; A—area of section, m2; v—the characteristic
velocity of m/s.

The transition to the heat transfer coefficients α is carried out according to a known
dependence, where λ is the thermal conductivity of the gas. The calculation is based on
the parameters of the working body averaged over the working cycle.

The calculation of stresses in the coupling of the seat and cylinder head, taking into
account the tension and heating, was discussed in detail in [2].

4.3 The Heat Transfer from the Coolant

At moderate forcing levels, the Sonneken formula can be used to calculate the heat
transfer coefficient as much as, W /(m2 K) [24]

αl = (300 + 1800
√
wl)1.163 (6)

where wl is the speed of the coolant.
In [2, 24], dimensionless parameters are proposed for calculating as much as, since

the cooling of CH can occur in the mode of forced convection and surface boiling;
therefore, the calculation based on the dependence (12) leads to large errors.

5 Performance Indicators

Since the most typical types of CH failures are cracks on the side of the firing bottom
on the inter-valve jumpers, as well as on the jumpers between the nozzle hole and the
inlet or outlet channels (zones F12 and F21, see Fig. 2).

Within each finite element (FE), the scalar temperature field and the vector dis-
placement field are described by second-order polynomials; the stresses change linearly.
The FE form function is parabolic, which makes it possible to use significantly fewer
elements with the same calculation accuracy than when using tetrahedral elements [23].
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A fourteen-point cubator numerical integration formula can be applied to obtain the
thermal conductivity and stiffness matrices of the bulk CE, as well as the corresponding
vectors of the right parts. This formula reduces the counting time by 20% compared to
the twenty-seven-point one.

To solve the problem of thermal conductivity, the thermal conductivity matrix and
the heat load vector of each element are calculated, and on the basis of this matrix, the
general matrix and the “heat load” vector of the entire design scheme are formed. The
temperature at all nodal points of the calculation scheme is determined after solving the
resulting system of linear equations.

Since the aluminum alloy AK5M7 (AL10V), from which the CH is made, changes
its physical and mechanical characteristics depending on temperature [21], to clarify
the thermal conductivity coefficient λ and the elastic modulus E, they were recalculated
depending on temperature. Variables λ (T ) and E (T ) can be calculated at nodes and then
interpolated using form functions. To implement this method, the temperature range of
CH was divided into ten intervals, for which one can take λ = const, E = const.

6 Calculation Results and Conclusions

Despite a fairly significant number of studies on determining the heat transfer coefficient
[22], their values obtained from empirical dependencies differ greatly. More accurate
calculations and refinement of formulas can be carried out using numerical methods
based on the results of experimental studies. When calculating the thermal problem in
a non-stationary setting, the only way to solve the problem is to average temperatures
and heat transfer coefficients over time.

According to the results of calculations based on the above dependencies, the heat
transfer coefficient on the firing bottom of the CH is about αch = 800 W/(m2 K) (in the
area of the inter-valve jumper—775 W/(m2 K).

In the maximum torque mode, the highest temperature of the firing surface of the
8CHN12/13 CH diesel engine is 345 °C in the inter-valve jumper. The temperature of
the cooling side CH is equal to 175 °C. The temperature of the seat surface of the exhaust
valve seat is 450 °C. When further boosting the diesel engine by the average effective
pressure, it is necessary to provide measures to improve the design of the CH.
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Abstract. One of the perspective trends of improving aerial vehicle design,
including small-size unmanned aircrafts is the morphing wing technology that
is based on principles of adapting the wing configuration to aircraft flight condi-
tions. For small-size aircrafts, this problem is still open because airflow over the
wing corresponds to low Reynolds numbers Re ≤ 300 000 due to the main fac-
tors: small shape and low speed. As a result, the boundary level is separated at the
upper surface of the aerofoil and transitions to turbulent flow and then reattaches
to the surface forming a laminar separation bubble. A small-size aircraft shows a
worse lift force and the aircraft performance. This article analyzes a possibility
for increasing the lift force of a small-size unmanned aircraft by morphing the
aerofoil configuration: in the wing plane, outside the wing plane and in the trans-
verse plane of the wing. This required an analysis of acceptable morphing wing
concepts of morphing by changing the wing area, sweep and changing the area
together with sweep.

Keywords: Small-size unmanned aircraft · Morphing wing

1 Introduction

The aviation engineering includes enhanced design studies for small-size unmanned
aircrafts (SUA) that are now widely used by military forces for reconnaissance and
striking functions [1–5].

Specific aerodynamic characteristics of SUA include flow around the wind with low
Reynolds numbers calculated by the profile chord Re = 2 × 105, …, 1.5 × 106 due to
the small shape: wing span 0.6, …, 2, 3 m, body length 0.3, …, 1.8 m and low speed:
100, …, 150 km/h.

The Reynolds numbers correspond to the laminar-to-turbulent transition when the
boundary level is separated at the upper surface of the aerofoil and transitions to turbulent
flow and then reattaches to the surface forming a laminar separation bubble, Fig. 1 [6,
7]. An excluded part of the wing is formed in the bubble and does not generate the lift
force. The sketch in Fig. 1c shows that this is the wing part with the lift force coefficient
Cf = 0 and lateral dimension up to 17% of the chord length [8].

A laminar separation bubble is a strap extended along the wing, and it therefore
considerably reduces the lift force.
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Fig. 1 Separation flow above aerofoil. a Plan view of wing flow; b profile view of wing flow;
c change conditions Cf on the chord

There are methods for controlling the separation-vortex shedding that are based on
typical principles of the boundary layer control [9, 10].

The three main methods: blow, suction and transition to turbulent flow of the bound-
ary layer give kinematic energy to the boundary layer due to mass exchange between the
boundary layer and non-stagnant flow layers when the wing configuration is constant.
Other options for controlling the boundary layer are morphing wing concepts that gen-
erate favorable conditions for the flow by modifying the wing configuration to adapt it
to the flight conditions.

2 Task

Morphing wing is a technology of morphing the wing configuration in order to improve
its aerofoil and minimize flow-induced losses in flight conditions. The parents of the
concept are Wright brothers whose Flyer-1 had no hinge high-lift devices as modern
aircrafts have. Instead, its wings were bending and twisting with the help of rods and
sheaves.

This technology has two main trends. Trend one: applying the lift force generation
mechanism is similar to bird’s or insect’s wings. Trend two: applying either option
instead of the uniform rigid profile wing with hinge high-lift devices. Option one: rigid
morphing wing with telescopic sections, see Fig. 2a, b. Option two: flexible morphing
wing that can change the aerofoil configuration and twisting, see Fig. 2c–e.

Themorphingwing designers understand the associated issues and this allows believ-
ing that a small-size unmanned morphing aircraft will be created. This requires an
analysis of good design solutions of the morphing wing technology for such aircrafts.

For small-size aircrafts, the rigid morphing wing would be a choice as it does not
require complicated and energy-consuming drive systems. The rigid morphing wing
allows reducing dimensions, number or getting rid of hinge high-lift devices that create
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Fig. 2 Morphing wing options. a telescopic wing; b additional aerofoil retracted; c chord-wise
bending; d profile thickness change; e profile curative change

wing edge gaps with turbulence and higher drag. Moreover, the high-lift reduces stealth
capability which is not good for military purposes for SUA. Below is review of rigid
morphing wing options for SUA.

3 Review of Rigid Morphing Wing Options

The morphing wing technology provides for two options of morphing the rigid wing
[10, 11]:

• In the wing plane (area, span, chord);
• Outside the wing plane (folding, bending, twisting);
• And combinations thereof.

Earlier options of the in the wing plane morphing that gave the greatest variation of
aerodynamic performance yet simple design are:

• Area change (Fig. 3);
• Sweep change (Fig. 4);
• Area and sweep change.

The variable wing area gives high speed and short wing maneuverability, greater
flight duration and range and fuel efficiency of the long wing. Depending on the wing
outline changing line, Fig. 3 shows the following options for changing the wing area:
telescopic sections, telescopic lead and trail, deflections and twists of the wing edges,
up/down retracting additional aerofoils, wing retracting from the body and twisting
around the vertical rotation line. The telescopic wing with sections capable of moving
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Fig. 3 Main ways of changing the wing area. a telescopic wing; b wing lead and trail retracting;
c up/down deflection of the wing edges; d wing edges’ twist by 180°; e up/down retracting
additional aerofoils; f wing retracting from the body and twisting around the vertical rotation line;
g additional aerofoil twist by 90° to the vertical line

Fig. 4 Main ways of changing the sweep. a–d twisting wing panels with changing the sweep rela-
tively the vertical rotation line; c twistingwing edges; f diamondwing twist by 90°; g asymmetrical
change of the wing plane sweep (oblique airfoil)

back can considerably reduce SUA transverse dimensions in the start condition and
therefore make transportation and launching thereof easier.

The main ways for changing the sweep are illustrated in Fig. 4.
Changing the sweep is changing the sweep angle during a flight to improve the lift

force-drag ratio. For low-speed stages: climbing and lowering, using the reduced sweep
wing more effectively. The high-speed cruise mode requires a larger sweep. Sweep
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change affects changes of the wing extraction; therefore, the wing flow aerodynamics
as this reduces the wave resistance and improves the aircraft maneuverability [12–36].
This morphing type is mainly used in fighting aircrafts and not good for SUA due to low
speed. Moreover, changing the sweep will not be good for SUA that cannot take-off and
landing stages by itself. They are container-type SUAwith a starter for take-off (catapult
or accelerator) and single-use SUA with no landing stage.

4 Justification of Practical Rigid Morphing Wing Option for SUA

For this, use the data on Fig. 1c and “effective wing area” Sef definition. This is the
wing surface area where the lift force is generated. Therefore, the wing lift force will be
proportional to its effective area and calculated by formula:

Sef = S · (1 − kex) (1)

where S—is geometrical wing area, m2. For a rectangular wing, S = b·l, where b—is
wing chord, m; l—is wing span,m; kex—wing exclusion coefficient, kex = Sex/S, where
Sex—is excluded wing area.

If the rectangular laminar bubble axis length is 17% of the chord [8], then kex =
0.17. From Formula (1), Sef = 0.83S.

Let us study the optimal wing chord. In order to ensure separation-free flow, the
chord must be equal to the separation-free shedding 0.38·b, that is, the wing must be
narrow.

Let us find the effective wing span lef = Sef/0.38 b = 0.83· b·l/0.38 b = 2.18·l.
Therefore, the effective wing must be more than two times narrower and longer of a
typical wing.

The conclusion is that aerodynamics improvement of a rigid wing of SUA should
consider a longer and narrow wing free of high-lift devices. The most practical option
from the above is a telescopic wing. Differentially retracted sections enable it to function
as ailerons, while symmetrical retracting can change the lift force required for the flight
conditions.

5 Conclusions

The morphing wing study aimed at justification of practical options for small-size air-
crafts shows that SUA design reduces generation of the lift force of the wing with typical
profiles and span and eventually does not allow applying the options for SUA to full
extent.

Wing aerodynamics with low Reynolds number and separation of laminar boundary
level are deemed to be critical factors because in this case most of the morphing wing
options cannot be used when flow conditions are characterized with high Re typical for
full-size aircrafts.

Small-size unmanned aircraft engineering takes the priority position in aviation and
that is why aerodynamic modeling and study of optimal SUA configurations should
proceed.
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Abstract. Logging is an integral part of the Russian economy. However, with
significant forest reserves, timber extraction is ineffective, and the economic ben-
efit is only 1.3% of GDP. In this context, it is necessary not only to take into
account the harvesting methods and equipment, but also the methods of reforesta-
tion. Thinning is one of the most important reforestation operations. Currently,
the equipment used for planting maintenance is either large-sized machines such
as harvesters, forwarders, skidders or a hand-held motorized tool. They, in turn,
have a number of restrictions on their use. For example, harvesters, when working,
cause great damage to undergrowth and unnecessarily compact the soil, and hand
tools are ineffective and labor-intensive. This is a sufficient reason not to carry out
care measures. In this regard, it is important to develop a device that combines the
maneuverability of a hand tool and the performance of a large machine. Based on
these conditions, the article provides a proposal for the development of a wheelless
shredder based on the Bobcat mini-loader. A description of its work is given, as
well as the characteristics of wood, in accordance with which the parameters of
the base machine and the wheelless grinder were selected. As a result, the article
outlines the positive results that are achieved during felling.

Keywords: Improvement cutting · Forest restoration · Mechanization ·
Logging · Chopping without felling wood

1 Introduction

Improvement cutting—is the most important forestry activity aimed at the formation
of stable highly productive economically valuable plantations, the preservation and
enhancement of their useful functions and the timely use of wood. They are carried
out by removing unwanted trees from plantations and creating favorable conditions for
the growth of the best trees of the main species [1].

The following types of felling are: admitting light, cleaning, thinning, passage felling,
regeneration felling, re-forming felling, landscape felling, selective sanitary felling [2].

2 Relevance

The Krasnoyarsk Territory is one of the leaders among the regions of Russia in terms
of forest resources; therefore, it is strategically important to maintain a balance between
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felling and restoring forests. The area of its forest fund is 168.1 million hectares, and the
forested area is 69% of the territory. More than half of the forests are larch, about 17%—
spruce and fir, 12—pine and 9%—cedar. Forests are 88% coniferous. Every year, on the
territory of the Krasnoyarsk Territory, reforestation activities are carried out on an area
from 50.4 to 57.0 thousand hectares, forest cultures are created in forest areas from 4.8 to
7.3 thousand hectares, and measures are taken to promote natural forest regeneration in
an area from 45.5 to 49.8 thousand hectares. As a result of work on forest reproduction,
land covered with forest vegetation on an area of 77.6–83.6 thousand hectares is being
carried out, which allows ensuring a balance between forest felling, forest fires, other
negative impacts and reforestation [3].

Russia has a wide variety of resources, one of which is forest. The timber industry
occupies an insignificant part of the country’s economy, only 1.3%ofGDP.This indicates
an ineffective use of forest potential [4].

Taking into account the low efficiency of forest use in Russia, it is necessary to
choose a type of reforestation that, at minimal cost, will provide good results in the long
term.

Thinning can be seen as one of themost effectivemethods of reforestation. It requires
a minimum inclusion of additional equipment or even the use of forestry machines. The
use of various fertilizers or specially grown trees is not required.

3 Problem Statement

Improvement cutting is an effective forest restoration operation [5]. However, even
here, there are disadvantages that force the neglect of forest care measures. Large-sized
machines, such as harvesters, skidders [6, 7], are mainly used in felling. They have high
productivity, but their use in young and mid-aged forests does more harm than good.
Because the machines are large, they often destroy healthy undergrowth and small trees.
In addition, with their weight, they unnecessarily compact the soil. Hand power tools,
in turn, are effective with a large density of plantations; however, labor productivity is
low. In addition, there is a need to deliver the brigade to the site of felling, additional
accommodation arrangements [8]. The main disadvantage of felling with the help of
large-sized machines and manual power tools is the need to deliver the felled trees from
the felling site to the warehouse. These are additional economic and time costs. In this
regard, there is a need to develop a device that is able to combine the efficiency of the har-
vester and the maneuverability of a person. At the same time, it is also important to solve
the problem of utilization of felled plantations in order to exclude their transportation to
the place of storage.

4 Theoretical Part

One of the reasons for the low efficiency and low applicability of improvement cutting in
forestry is the unsettled system for conducting maintenance activities, as well as a great
variety and orderliness of equipment for felling [9]. This, in turn, leads to additional
costs for equipment maintenance and labor organization. However, it is very important
to carry out forest restoration measures, since in the long term they allow to improve
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the quality of the grown timber, increase the growth per unit area, improve the sanitary
conditions in the forest, and much more.

When choosing equipment for felling, it is necessary to be guided by environmental
and economic indicators. So, if you carry out forest restoration using large machines,
there is a risk of damaging growing and healthy young trees, as well as unnecessarily
compacting the soil. In addition, when cutting with harvesters, it is necessary to take the
removed trees to a warehouse and further process them. This, in turn, adds to the cost
of such an operation [10].

In the case, when improvement cutting is carried out with a hand motorized tool, for
example, a motorized hedge trimmer, labor productivity are reduced in comparison with
machine felling. But at the same time, it is environmentally safer, since a person removes
damaged trees more thoroughly and accurately. Also, with a high density of plantations,
a person will cause less harm to trees, since he is more mobile [11]. Another nuance
when conducting felling with a hand-held motorized tool is the need to deliver the crew
to the cutting site, as well as organize additional accommodation and food points for
them, which in turn adds cost to the process. It is important to note that after manual
felling, it is also necessary to deliver the remote trees to the warehouse or immediately
process them.

The existing equipment for grinding small trees and felling waste is quite diverse.
It includes mechanisms with both internal combustion engines and electric ones, as
well as driven from the power take-off shaft of a wheeled tractor. Cutting products can
be scattered, fed into the car body, collected in a special container. Implementation of
mechanisms hinged or trailed.

Usually, special shredders are used for wood processing. These shredders can be
mounted in the body of a truck or stationary. Among such devices, one can single out a
disk chipper with the ability to attach it to various vehicles [12]. There is also a way to
remove felling residues, which involves the use of a modernized forwarder trailer. When
collecting trees, they are sorted, and then they are processed into chips using a rotary
knife mill [13].

It is important to take into account that processed wood should not be left in the
cutting area or warehouse, as it is a factor that increases the fire hazard. It is necessary
to immediately send it for further processing. However, wood chips can also be left in
the forest as fertilizer.

Such an integrated approach has its advantages, but in conditions of limited mobility,
it is not relevant. In addition, this option requires additional financial investments.

In this situation, it is necessary to put into operation such a device that will combine
good cross-country ability, high productivity, maneuverability and efficiency. To do this,
you need to understand what the subject of labor is.

Basically, when choosing, an economic and biological classification are used in
accordance with which trees are divided into I—the best, II—auxiliary (useful), III—
unwanted (to be removed). Externally, defects can be divided into the following cate-
gories: bimodality, root curvature, trunk curvature, knotty, apex curvature and the pres-
ence of lateral shoot [14]. Such a classification takes into account the sum of economic
and biological indicators for assigning a tree to a certain category. In addition, each cat-
egory uses additional classifications according to Kraft, Nesterov, Shedelin, etc. During
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felling, it is necessary to strive to level the vertical structure of the stand and to evenly
distribute the stands over the entire area of the site [15, 16].

Since larch, pine and spruce II … IV categories are the most common tree species in
the forests of Eastern Siberia, consider the geometric parameters of these tree species,
which are presented in Table 1, while focusing on themaximum diameter at chest height,
that is, 20 cm [17].

Table 1 Geometric parameters of Siberian conifers of II … IV categories

Species Bonitet

II III IV

Height (m) Volume (m3) Height (m) Volume (m3) Height (m) Volume (m3)

Larch 23 0.360 20 0.320 17 0.280

Spruce 21 0.320 19 0.294 17 0.268

Pine 21 0.300 19 0.282 17 0.264

Assuming the density of spruce 550 kg/m3, pine—600 kg/m3, and larch 700 KT/m2,
determine the mass of trees by the following formula:

mt = Vt ∗ ρt, (1)

where V t—volume of tree, m3, ρt—density tree, m3.
We also determine the force of gravity of the plantings by multiplying the mass by

the acceleration of gravity. We will summarize the obtained data in Table 2.

Table 2 Mass and weights of Siberian conifers of the II … IV categories

Species Bonitet

II III IV

Mass (kg) Weight (N) Mass (kg) Weight (N) Mass (kg) Weight (N)

Larch 252 2475 224 2200 196 1925

Spruce 176 1728 161,7 1588 147 1447

Pine 180 1768 169,2 1662 158 1555

Based on the data obtained, it can be concluded that the largest weight, with a
diameter at a chest height of 20 cm, has a larch of 23 m, which corresponds to the II
category and a weight of a tree of 2475 N. In accordance with this, it is necessary to
select such a basic machine, which, taking into account the weight working equipment
will carry out thinning, meeting all safety standards.
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Taking into account the fact that the trees must to be cut subsequently be transported
and disposed of, it is rational to offer such a device that will simultaneously cut and chop
the removed tree.

As a base machine, we will take a Bobcat T770 mini-track loader (Fig. 1), and as a
working body, we will use a chipper without felling wood [18].

Fig. 1 Mini-track loader Bobcat T770

Since the loader is crawler-type, it makes it stable when working on clay soil as well
as on rocky roads, and the hydrostatic transmission increases its flotation, even when
fully loaded. The machine boom rises to a height of 3.3 m, which makes it possible to
bring the attachment to the tree in a convenient position, even on a small slope. The
glazed cabin allows for safe felling in high-density stands. It will also eliminate injury
if the severed parts of a tree accidentally hit a person.

The main features are the rated lifting capacity of 1611 kg and the tipping load of
4602 kg. This, in turn, will allow for the unhindered use of devices that not require to
felling for improvement cutting and provide a reserve of power for tipping the tree [19].

Chipper without felling wood is an open cylindrical casing in which a logarithmic
knife is installed at an angle to the shaft. The device is equipped with a hydraulic gripper
and pressure rollers. The cutting disk (Fig. 2) has a maximum diameter of 25 cm to fully
penetrate the wood. The cutting disk radius is reduced by 5 mm every 18°.

The chipper is powered by the hydraulic system of the existing machine.
The work cycle looks like this:

1. A tree is selected for removal;
2. The approach and aiming of attachments is made;
3. The tree is captured;
4. Cutting and chopping wood;
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Fig. 2 Cutting disk

5. Moving to the next tree.

The existing equipment for chopping small trees and felling waste is diverse, but
none of the devices performs the function of cutting trees. In addition, the use of such
mechanisms is difficult due to the difficulty of their delivery to the place of work [20].

5 Practical Significance

Using a chipper without felling wood in improvement cutting will reduce environmental
damage by reducing the number of accidental visits to healthy plantations, since the base
machine is smaller. In addition, it compresses the soil less. The use of the proposed device
will eliminate the need to deliver the cut trees to another place, and will allow them to be
processed immediately. This, in turn, will reduce the cluttering of the warehouse, which
means it will reduce the fire hazard. In comparison with manual labor, productivity will
increase, because most of the time in the working cycle will be spent only on moving
from tree to tree. The need to organize the labor of additional workers will disappear.
Cutting will be safer for the operator.
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6 Conclusion

Improvement cutting is an important forestry measure, which is aimed at the formation
of highly productive, biologically sustainable plantations with specified parameters, as
well as at the preservation and enhancement of their useful functions, the timely use
of wood. They are made by cutting down some of the trees from the plantations and
creating favorable conditions for the growth of the remaining best trees of the main
species. Thinning is one of themost time consuming and challenging forestry operations.
Therefore, the widespread use of thinning is difficult to implement with a low level of
mechanization.

With the correct technology chosen, as well as with regular thinning, the following
positive results occur:

1. Changing the composition of forest stands in the direction desirable for the economy;
2. Selection of the fastest growing and most valuable forms of tree species;
3. Reduction of the period of growing technically mature wood;
4. Improving the quality of the grown timber;
5. Increase in total growth per unit area. Increase in the productivity of plantations by

5–15%;
6. Improving the sanitary situation in the forest and increasing the resistance of forest

stands against harmful factors;
7. Strengthening water protection, water regulation, soil protection and other values of

the forest [21, 22].

The machines used in improvement cutting must meet the requirements for produc-
tivity and economy, as well as for the implementation of programs with minimal damage
to the growing stand and soil.
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Abstract. This paper investigates the mechanics of the heat setting process of
the ‘cup’ part. There is a certain difficulty in forecasting the behavior during
manufacturing of thin-walled parts out of sheet blanks, so there is a possibility
of losing their stability due to the presence of unwanted stresses, which leads to
additional expenses onnegating these defects.Obtaining thin rods, flatmembranes,
rings and even more complex parts of various configurations often leads to a
necessity of lengthy reworks of stamps and tooling, which leads to additional
material expenses, which significantly increases the manufacturing cost. In order
to estimate the possibility of negating defects, related to the size of gaps between
the workpiece and the stamp tooling elements, the simulation of the heat setting
process was performed using ANSYS/LS-DYNA software for different sizes of
tooling elements. During the heat setting, due to the temperature and duration of
the process the stress state of the workpiece changes, so the choice of the desirable
gap variant is determined by the close values of intensities of residual stressed and
strains in the entire workpiece volume.

Keywords: Heat setting · Metal · Model · Modeling · Stress · Warping ·
Wrinkling · Corrugation

1 Introduction

Nowadays, titan alloys took the leading place among other high-strength construction
materials. Many parts of modern airplanes, rockets and jet engines are made by using hot
sheet stamping out of alloys like OT4-1 [1–5], which allows the creation of strong and
rigid, but lightweight structures with low material consumption [6, 7]. The considerable
drawbacks of stamping these alloys, which are particularly prominent in the case of thin-
walled products, are wrinkling and corrugation of their parts [8–10]. In order to remove
these negative effects and manufacture a part with designed parameters and dimensions,
a costly heat setting operation is usually performed.

2 Methods and Theoretical Foundations

The main condition defining the choice of material for the heat setter tooling is the
linear thermal expansion coefficient, which must be 1.5–2 times higher than that of the
part‘s material (for OT4-1 it is 9 × 10−61/◦C). In this study, we also use 12X18H10T
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(GOST 5632—72) stainless steel alloy with the coefficient of linear thermal expansion
of 17 × 10−61/◦C.

In Fig. 1, the form of the part and its cross-section after the hot stamping is presented.
Warpage in the form of deflection and corrugation appeared on the flat portion of the
part with the 205 × 10−3m diameter.

Fig. 1 a The form of the part ‘cup’; b Cross-section of the part ‘cup’

The presence of the defects during heat setting operation could be detected using
the results of simulation [11, 12] of the distribution of residual stresses and deforma-
tions after cooling the workpiece to 20 ◦C. The geometry of the tooling was modeled
using KOMPAS-3D software (see Fig. 2) and later imported into ANSYS/LS-DYNA
workspace (see Fig. 3).

Fig. 2 The geometry of the tooling in KOMPAS-3D software

In Figs. 4 and 5, we present the movement graph of the tooling and the workpiece.
The following contacting surfaces were chosen: workpiece—punch, workpiece—die.
The coefficient of friction was taken equal to 0.12, RBUZ displacement restrictions
were imposed on the entire die tooling—only Z-axis movement is permitted.

In our simulation, we used the 4-node shell element SHELL 163, which accounts
for bending and spring back. Its constants, material properties for the tooling and the
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Fig. 3 Tooling mathematical model in ANSYS / LS-DYNA software

Fig. 4 The movement of the punch and the die
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Fig. 5 The movement of the workpiece

workpiece, movement constraints, as well as other parameters: Shearfactor (SHRF) =
0.83 (a factor affecting the type of mathematical analysis when setting a problem), No.
of integration pts. (NIP) = 5 (number of nodes along with the thickness of the SHELL
163 element), Thickness at node 1 (T1) = 0.0062 (thickness at the node).

The mechanical properties of the OT4-1 samples for the creation of a transverse
anisotropic hardening model (see Fig. 6) were established using the Tinius Olsen H5KT
machine. The data was processed by Horizon Startub Wizard software and printed out
as graphs.

In Fig. 7, we present the hardening curve for OT4-1 titan alloy from ANSYS/LS-
DYNA, derived at the followingmaterial properties: density= 4.54×10−3 kg/m3 Young
modulus = 1.12 · 105 MPa, Poisson’s ratio = 0.32, yield point = 2.5 × 108 Pa.

3 Experimental Technique and Results

An adequate mathematical model could allow us to predict the development and degra-
dation of the system, evaluate its performance and durability under specified conditions,
check hypotheses about the causes of the observed phenomena and undesirable changes
in the state of the system [13].

The model provided us with features of the stress–strain state of the workpiece [4,
14, 15] after applying three modes of the heat setting and varying the gap between the
punch and the workpiece (0; 0.1 × 10−3 m).

In Fig. 8, we present the distribution of intensity of residual stresses and intensity of
deformation after complete cooling down to T = 20 ◦C.

It was discovered, that the mathematical model of the heat setter, with the gap set
to, yields the highest observed irregularities of the residual stresses and deformations
after cooling down to. With the gap between the tooling and the workpiece set to,
the stresses and deformations had the lowest and most consistent values. Therefore, in
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Fig. 6 Hardening curve of OT4-1 titan alloy

Fig. 7 Hardening curve of the modeled material from ANSYS/LS-DYNA
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Fig. 8 a Distribution of the intensity of the residual stresses; b Distribution of the intensity of the
residual deformations after the heat setting

order to eliminate warpage and corrugation of the ‘cup’ part, the optimal gap size of is
considered the best.

4 Conclusions

In this paper, the constructive and technological analysis of the hot-stamped part was
performed. Two kinds of defects (warpage and corrugation) were discovered, which
could be eliminated by heat setting operation during manufacturing of the ‘cup’ part.

The efficiency of the developed technology is determined by the fact that the down-
time in the manufacture, including the ‘cup’ part, is significantly reduced due to the
increase in the number of usable parts (see Fig. 9).

Thanks to the inclusion of the heat setting operation in the technological process of
manufacturing of this part the number of defective parts was reduced from 80 to 20%.
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Fig. 9 The part in the assembly
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Abstract. The paper analyzes generating tensions in a tension leveler (TL) of a
continuous strip pickler of a broad-strip cold rolling mill of a large-scale metallur-
gical enterprise. The research objective is to ensure stable TL operation based on
the correct settings of the electric drive torque and speed for various strip gauges.
The novelty comprises developing a mathematical description of the actual strip
extension depending on the bridle roller diameters, and a mathematical model
linking the strip tension with a given strip thickness and loads of the main and
extension drives. It has been found that the actual strip extension may vary within
a wide range of 1.5–3.1%. An average value of 2.3% can be achieved by chang-
ing the roller diameters within a quite narrow range. A 1 mm change in diameter
was found to cause a change in actual extension of approximately 0.1%. It has
been established that the strip tension upstream of the TL is directly determined
by the extension drive load. The dependencies obtained to calculate the electric
drive speed and power parameters allow adjusting the TL drive speed and torque
settings to maintain the target extension and avoid unacceptable loads on the plan-
etary gear elements at various strip gauges, thereby improving the strip resource
and stability of operation.

Keywords: Continuous strip pickler · Tension leveler · Strip tension · Planetary
gears · Extension drive

1 Introduction

The continuous strip pickler (CSP) is located at the start of the cold rollingmill production
line. While passing through the CSP, the strip undergoes the following procedures:
unwinding, scale breaking, endwelding, debarring, pickling, rinsing, drying, and coiling.
The tension leveler is designed to straighten the strip profile and break up the scale
emerging on the strip surface after the hot rolling [1–3]. The stable TL operation impacts
significantly on the operation of the entire CSP unit [4–7]. The paper studies the TL
developed and supplied to process a wide range of strips. A feature of its design (Fig. 1)
is the use of planetary gear reducers in the bridle drives. Operating experience has
shown that in the planetary gear elements, excessive forces occur, causing their failure.
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In our opinion, themain reasonsmay include an insufficient safety margin of mechanical
equipment and incorrect adjustment of drives in the case of a complex planetary gear [8,
9].

Fig. 1 The layout of the TL reducer gear wheels (B—extension drive motor; C—the motor of
bridle No. 2; D—the motor of bridle No. 3; 1—roller connected to the C motor through the
planetary gear reducer; 2—the TL input roller; 3—the TL output roller; 4—roller connected to
the D motor through the planetary gear reducer)

The paper is aimed at ensuring the stable TL operation based on the correct setting of
the electric drive torque and speed for various strip gauges. Achieving this goal requires
solving the below problems:

• deriving formulas linking the drive rotation speeds with the speed of the strip on the
TL rollers,

• analyzing the impact of unequal roller diameters on the actual extension,
• deriving formulas linking the drive shaft torques with the strip tension upstream and
downstream of the TL,

• analyzing changes in the rear and front strip tension as a function of loading the main
and extension drive motors.

2 Determining Dependencies to Calculate the TL Drive Speeds

In the TL, the planetary gear is used to more accurately set the speed of the roller located
upstream of the cassettes. The main drive sets 90% of the rear roller speed, the extension
drive adds the remaining 10%, while to change the extension by 0.1%, and the extension
drive speed should be changed by 10%. Thus, the use of a planetary gear reduces the
speed control accuracy requirements for the drive.
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Figure 2a shows simplistically the gear ratios between the center and countershafts
and the outer gear. Here, i = zo/zc is the gear ratio represented as the ratio of the outer
gear teeth number zo to the central gear teeth number zc. The planetary gear of bridle
No. 3 has the following teeth number: zo = 72 and zc = 18.

Fig. 2 a gear ratios and b rotation speeds in the planetary gear reducer of bridle No. 3

At the first stage of the study, experimental data on the distribution of tension in the
TL and adjacent bridles have been gathered and processed using the electric drive torque
and speed oscillography [10, 11]. Analysis of the oscillograms obtained for different strip
gauges has shown that the actual strip extension varies within 2.6–2.9%, while the target
extension is 1.2%. It has been found that such a significant difference is caused by the
lack of consideration of the actual roller diameters of bridles 2 and 3 in the main and
extension drive speed settings.

To determine the exact drive settings, the dependence between their rotation speed
and the speed of the strip on the TL rollers should be determined. Using the known teeth
numbers of the TL drive tooth and planetary gears, the gear ratios of the speeds of the
motor A and rollers 1–4 (Table 1) and those linking the speeds of the motors B, C, D,
and A have been calculated [12]:
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Table 1 Gear ratios between motor & roller speeds

Roller No Motor

A B C D

1 22.259 203.468 147.965 276.978

2 20.150 184.191 133.947 250.736

3 18.683 170.777 124.192 232.476

4 19.617 179.316 130.402 244.100

Here, E% is the calculated strip extension; V1, V2, V3, V4 are the linear strip speed
(m/min) on the 1st, 2nd, 3rd, and 4th roller, respectively; D1, D2, D3, D4 are diameters
(m) of the 1st, 2nd, 3rd, and 4th roller, respectively; nA, nB, nC, nD are the rotation
speeds (rpm) of the A, B, C, and D motors, respectively.

3 Analysis of the Impact of Inequality of Roller Diameters
on Actual Extension

At this stage, the authors have analyzed the impact of actual roller diameters on the strip
extension. The motor speeds have been calculated by the formulas programmed in the
controller without considering the diameters (k), and the extension has been calculated
considering the inequality of the roller diameters. The calculation results (Table 2) show
that for a target (t) value of 1.2%, and the actual (a) extension is 2.64%, while the strip
speed does not affect the actual extension.

Table 2 Impact of roller diameters on extension

Parameter Value

Target extension, % 1.2 1.2 1.2

Linear strip speed (t), m/min 300 200 100

The 2nd roller diameter (k), mm 1250 1250 1250

The 3rd roller diameter (a), mm 1245 1245 1245

The 2nd roller diameter (a), mm 1227 1227 1227

Motor A rotation speed, rpm 1427.3 951.5 475.8

Motor B rotation speed, rpm 854.8 569.9 284.9

The 2nd roller linear speed (a), m/min 290.93 193.95 96.98

The 3rd roller linear speed (a), m/min 298.80 199.20 99.60

Actual extension,% 2.64 2.64 2.64



Study and Improvement of Operation of the Planetary … 265

The actual strip extension E23% is determined through the speeds of the 2nd and 3rd
rollers by formula:

E23% = V3− V2

V2
· 100 (2)

To determine the extension by the above formulas, the roller speeds should be known.
These speeds are proposed to be determined through the TL motor speeds already avail-
able in the control system. The dependence between the roller and motor speeds is
described by previously obtained formulas (1). Let us calculate how the roller diameter
affects the actual extension. To do this, we vary the diameters of the 2nd and 3rd rollers
within the range of the average value ± 4 mm, which is 1229 and 1245 mm for the 2nd
and 3rd rollers, respectively.

Analysis of the data obtained shows that the actual extension may vary in a quite
wide range of 1.6 (diameters 1.240/1.235 mm) to 3.1% (diameters 1.249/1.225 mm).
An average value of 2.3% is achieved at different diameter ratios, e.g., 1.240/1.226 mm
or 1.249/1.235 mm. In general, a 1 mm change in diameter may be considered to cause
a change in actual extension of about 0.1%.

4 Calculation of the TL Strip Tension

As part of the continuous strip pickler line, two groups of drives should be distinguished:
those regulating the strip speed (speed master drive) and those regulating the strip ten-
sion. Tension control motors make up the majority. Since direct tension control requires
installing a tension sensor, which is not always possible due to the compact pickler
design, the indirect method of regulating the drive torque, proportional to the tension, is
often used in practice [13]. The designation of strip tensions used by the TLmanufacturer
is shown in Fig. 3.

Fig. 3 Designation of tensions for the section of bridle No. 2—bridle No.4 (T3—the strip tension
downstream of the buffer; T4—the strip tension between the rollers of bridle No. 2; T5—tension
upstream of the TL; T6—tension downstream of the TL; T7—the tension between the rollers of
bridle No. 3; T8—the tension between bridles Nos. 3 & 4; T9—the tension between the rollers of
bridle No. 4; T10—tension downstream of bridle No. 4 upstream of the baths)

By their joint action, the input buffer, bridle No. 2, and the extension drive set the
rear tension T5 upstream of the TL. The main drive and bridles Nos. 3 and 4 pull the
strip out of the TL rollers and provide the required tension upstream of the baths.

According to the processmode proposed by theTLmanufacturer, themain controlled
coordinate is not the strip tension but the extension. Information about the TL strip
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tension is very critical since when the tension is too high, accelerated wear and failure
of mechanical equipment occur [14]. The situation is also complicated by the presence
of several planetary gears and the interconnection of the drives of bridles Nos. 2 and 3
through them.

The strip tension at the TL output (front tension) is made up of those created by
bridles Nos. 3 and 4 and the strip upstream of the T10 baths:

T6 = T�3 + T�44 + T10 (3)

The strip tension upstream of the TL (rear tension) is made up of those created by
bridle No. 2 and the input buffer:

T5 = T�2 + T3 (4)

According to the technical documents, the maximum front tension is 600 kN, while
the maximum rear tension is only 300 kN. The maximum front tension is 2 times more
than the rear one; therefore, it is logical to install two bridles Nos. 3 and 4 downstream
of the TL, which, with their four rollers, are capable of creating twice as much force as
two rollers of bridle No. 2 located upstream of the TL.

The formulas to calculate the rear and front tensions created by the TL’s 1st , 2nd,
3rd , and 4th rollers are given below:

T2 = (Mb · 184.191+Mc · 14.01)/(D/2),

T3 = (Ma · 18.683+Mb · 170.777)/(D/2) + T34 · (1− 18.683/19.617)
(5)

An analysis of these formulas shows that the planetary gear between the TL’s 2nd and
3rd rollers allow transmitting 92% of the energy (170.777/184.191*100%) of the rear
tension created by the extension drive forward through the mechanical transmission and
converting it into the front tension through the 3rd roller. This explains why a change
in the extension drive load does not affect the main drive load: the main drive only
adds front tension, but most of it is created by the rear tension mechanically transmitted
forward. The front tension also changes simultaneously with the rear tension, but this
change cannot be fixed due to the lack of a direct sensor.

When the extension drive is overloaded due to the incorrect processmode, the load on
the planetary gear also increases significantly since it transmits the rear tension energy,
which increases multiply. Obviously, this situation leads to accelerated wear and failure
of the planetary gear.

5 Analysis of the Change of the Rear and Front Strip Tension
as a Function of Motor Load

At the final stage of the study, the authors analyze separately the action of each of three
bridlesNos. 2, 3, and 4. Furthermaterial summarizes the results obtained above and gives
a general picture of the strip tension distribution in the TL. To do this, four sections were
identified for which the below parameters were calculated:

• the strip tension T3 downstream of the buffer,



Study and Improvement of Operation of the Planetary … 267

• the strip tension T5 upstream of the TL,
• the strip tension T6 downstream of the TL,
• the strip tension T10 upstream of the baths.

The strip tensions downstreamof the buffer and upstreamof the bathswere calculated
by the TL manufacturer’s formulas. The strip tension upstream of the TL was made up
of those in the buffer and from bridle No. 2. The strip tension downstream of the TL was
made up of those upstream of the baths and from bridles Nos. 3 and 4. The formulas to
calculate the strip tension in the TL section are given below:

T3 = 2.6449 · H−0.6405 · H · B,

T10 = 1.111 · H−0.0606 · H · B,

T5 = T3+ T2 = T3+ (Mb · 184.191+Mc · 14, 01)/(D/2),

T6 = T10+ T3 + T4 = T10+ (Ma · 18.683+Mb · 170.777)/(D/2)

+ T34 · (1− 18.683/19.617) + T4. (6)

where H, B are the strip thickness and width (mm).
Table 3 shows the tension calculation results for several options. The extension and

main drive loads and the strip thickness were varied. The strip width was taken equal to
1.850 mm.

Table 3 Calculation of strip tensions in the TL section

Parameter Value

Thickness, mm 2.2 2.2 2.2 2.2 4.0 4.0 4.0 4.0

Main drive load, % 10 20 10 20 10 20 10 20

Extension drive load, % 20 30 40 50 20 30 40 50

Tension-input buffer, kN 64.9 64.9 64.9 64.9 80.5 80.5 80.5 80.5

Tension upstream of the TL, kN 134.8 169.7 204.6 239.6 150.3 185.3 220.2 255.1

Tension downstream of the TL, kN 337.0 401.9 401.8 466.7 419.3 484.2 484.1 548.9

Tension upstream of the baths, kN 43.1 43.1 43.1 43.1 75.6 75.6 75.6 75.6

The results obtained allow drawing the below conclusions:

• the strip tension upstream of the TL is directly determined by the extension drive load;
with an increase in the load from 20 to 50% at a strip thickness of 2.2 mm, the tension
increases from 134.8 to 239.6 kN, at a strip thickness of 4.0 mm-from 150.3 to 255.1
kN, and in both cases the difference is 105 kN;

• at minimum main and extension drive loads (10 and 20%, respectively), the strip
tension upstream of the TL is approximately 2 times higher than in the input buffer,
i.e., bridle No. 2 additionally creates the same tension as in the input buffer;
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• when the extension drive is loaded by 50%, the strip tension upstream of the TL is
approximately 4 times higher than in the input buffer;

• the ratio between the strip tensions downstream and upstream of the TL is about 2.0–
2.5; approximately half of the front tension balances the rear tension, and the other
half goes to the plastic bending deformation of the strip between the rollers;

• when comparing the strip tension downstream of the TL with that upstream of the
baths, it should be noted that for thin strips of 2.2 mm, this ratio reaches about 10,
and for thick strips of 4.0 mm, and it is about 7. Such a high-tension ratio obviously
required installing two bridles Nos. 3 and 4. For comparison, upstream of the TL, this
indicator does not exceed 4; therefore, a single bridle No. 2 is sufficient.

6 Conclusion

As a result of the analysis of the TL drive operation, the dependencies to set the motor
speeds have been obtained considering the TL roller diameters. The dependence of the
strip extension on the actual roller diameters has been found. The dependencies of the
front and rear tensions on the main and extension drive torques have been obtained.
It has been found that the strip tension upstream of the TL is directly determined by
the extension drive load; at the load of 50%, the strip tension upstream of the TL is
approximately 4 times higher than in the input buffer. It is shown that the ratio between
the strip tensions downstream and upstream of the TL is about 2.0–2.5; approximately
half of the front tension balances the rear tension, and the other half goes to the plastic
bending deformation of the strip between the rollers.

The planetary gear between the TL’s 2nd and 3rd rollers allows transmitting 92%
of the energy of the rear tension created by the extension drive forward through the
mechanical transmission and converting it into the front tension through the 3rd roller.
Thus, the main drive only adds front tension, but most of it is created by the rear tension
mechanically transmitted forward.

The dependencies obtained to calculate the electric drive speed and power parameters
allow adjusting the TL drive speed and torque settings to avoid the extension drive and
the planetary gear overloads and maintain the target strip extension. The study allows
preventing the overload of the planetary gear elements and thereby improving the strip
resource and stability of operation.
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The Development and Study
of a General-Service Automatically Controlled

Weighing Batcher

I. M. Shandybina, A. M. Makarov, and M. P. Kukhtik(B)
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Abstract. Ageneral-purpose automatically controlledweighing batcher has been
developed, which refers to the field of packaging equipment, and it is intended to
weigh and batch food and non-food granular products. The existing designs have
been studied, and a patent search for similar inventions has been carried out. A
kinematic diagram of the mechanism has been drawn on the basis of the analysis
of the inventions similar to the study object. The design of the batching unit and a
schematic block diagram of the automatic control system of the batcher have been
developed. The modeling and study of the device design have been carried out.
Being equipped with an automated control system, this mechanism can be used by
machine-building enterprises, which are engaged in the development, production,
and operation of devices for product batching and filling.

Keywords: Weighing batcher · Automatic control · Filling food products ·
Filling non-foods products

1 Introduction

One of the main challenges at the current stage of development of the food industry is
improving the operation efficiency of automated batching and filling devices due to an
increase in the filling accuracy [1, 2].

As shown by the patent search carried out, no global changes have been introduced
into designs of batching devices since 1986 [3–8].

The analysis of the existing designs of automatically controlled batchers has shown
that so far the main goal of Russian designers has been to increase the efficiency. The
batching accuracy of the filling mechanisms has been, however, decreasing [9–14]. As
it has been revealed, this manifests itself particularly pointedly when vegetable products
like potatoes are filled in small containers.

Therefore, when a design of a general-purpose automatically controlled weighing
batcher is developed, a crucial task is to meet the criterion of optimality, i.e., to simulta-
neously improve the production efficiency and increase the filling accuracy. A weighing
batcher, which meets the operational standards, has been modeled to solve the task set
[15–19].

The following tasks were set and solved when the batching device was being
developed:
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• studying the existing designs;
• carrying out a patent search for similar inventions;
• creating a kinematic diagram of this mechanism on the basis of the analysis of
inventions similar to the study object;

• developing the design of the batching unit;
• developing a block diagram of the automatic control system;
• determining the technical parameters of the device.

2 The Configuration and Operating Principle of the Weighing
Batcher

The analysis carried out of the existing designs and the patent search have allowed to find
out the designs, which are the most analogous to the design proposed. Several batching
and filling devices for bulk materials can be referred to as such [3–5]. Those devices
consist of units, such as a hopper with a feeding funnel, a vibratory feeder, which is
equipped with a motor-driven gate, and a weighing unit. The weighing unit contains a
weighing tank with a strain gauge, which is connected to the drive of the vibratory feeder
gate through a feedback control unit.

The configuration of an automatically controlled weighing batcher is known [6]. The
batcher has the case with a cup inside in the form of a cylinder with a beveled surface.
There are spindles with bearings pressed into the case at the ends of the cup on the
longitudinal axis of the cylinder. Two fittings are attached to the case: one above the cup
and the second one under the cup. A drive is installed on the case, in line with the cup
cylinder, and it turns the cup 180° to empty a batch weighed. The case and the drive
mechanism are installed on sensors.

However, the disadvantages of this device are that it is only intended to weigh bulk
materials and that the weight of the entire structure, including the drive, enters the
calculation of the scale capacity of the sensors. Thisweight ismuch bigger in comparison
with the weight of a batch. Such correlation reduces the batching accuracy in small
portions.

The configuration of a combination weighing batcher is known [7]. The batcher con-
sists of a vibratory feeder, which is made as a system of radial vibratory trays intended
to supply a product to the weighing modules, which are located around the circum-
ference. The weighing modules contain accumulation baskets, which are connected to
the weighing baskets equipped with strain gauges through the first motor-driven gates.
The weighing baskets are connected to the tank for a batch of a product through the
second motor-driven gates. The strain gauge of each weighing basket is connected to a
microprocessor, which analyzes the signals from the strain gauges. The microprocessor
is connected to the control units, which are intended to control the motion of both the
gate and the vibratory tray drives. The tank for a batch of a product contains outlet
slopes, which are intended to feed batches of a product from the weighing baskets to the
intake funnel. Each vibratory tray has a tray, a platform, a base, an electromagnet with
its armature, and at least two plate springs.

A disadvantage of this device is that the batcher is only intended to operate with
medium fraction bulk products, i.e., it cannot batch small and large products such as
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potatoes, carrots, apples, etc. When the device is used, a product, e.g., potatoes, will
change its position and orientation in space in a random way by moving along the
vibratory tray. Also, if a product is stuck at a certain stage of batch forming, it can
influence the weighing accuracy, and thus the accuracy of the subsequent filling, in a
negative way.

The configuration of a discrete automatically controlled weighing batcher is known
[8]. The batcher consists of a supporting frame with a load receptor, which is installed
on it in order to turn on a tray and a weight sensor; a discharge device with a drive, and a
control unit. The discharge device equipped with a drive has a tray rollover bar, which is
connected to the supporting frame, with the frame being supported by a weight sensor.
The bar is mounted with gaps in relation to the bottom of the tray and to a clamp, which
is attached to the external part of the tray. The bar can impact on the bottom of the tray
in the point, which corresponds to the center of gravity of the supporting frame.

A disadvantage of this device is the impossibility to weigh raw materials with large
dimensions, i.e., when raw materials with large dimensions are loaded in this weighing
batcher, a decrease in the batching accuracy of small batches will occur as the raw
material will bump against the bottom of the tray, which will result in a damage to
the units and, consequently, a decrease in the reliability and service life of the entire
machine.

All the above-listed alternatives have a common disadvantage. It is the impossibility
to fill large objects at a high speed and with a high productivity. A combination batcher
was taken as a prototype when developing the device [7].

A kinematic diagram of the mechanism was developed by analyzing the alternatives
of the study object (Fig. 1).

Fig. 1 AKinematic diagram of mechanism: 1—loading belt, 2—rod, 3—mobile walls, 4—hous-
ing walls, 5—“petals”, 6—flexible catching, 7—opening disk, 8—joints, 9—vibrating supports,
10—hydraulic drive
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Figure 2 represents a 3D model of the general-purpose weighing batcher developed,
the design of which is free from this disadvantage [20]. A cross section of the batcher is
set out in Fig. 3.

Fig. 2 3D model of the batcher

Fig. 3 Cross section of the batcher

The batcher consists of housing 1 (the back wall is not displayed in Fig. 2), which
is set on supporting frame 2; control unit 3, drive 4, rod 5, which is rigidly coupled
with opening disk 6; ribs 7, mobile disk 8, which is equipped with damping coating
9 (e.g., food rubber or silicon) and divided into sectors forming eight radial trays 10,
which are connected to opening disk 6 by means of flexible catching 11. Load frame
12 is connected to mobile disk 8 through joints 13, and it is put in motion by means of
vibration motor 14. An angle is formed therewith between the surface of radial trays 10
and the level axis for unloading products. Weight sensor 15 is installed under each radial
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tray 10 of mobile disk 8. Guiding ribs 16 allow a product to enter directly a container.
Drive 4 is rigidly connected to rod 5.

A block diagram of the automatic control system of the batcher is set out in Fig. 4.

Fig. 4 Block diagram of the automatic control system of the batcher

The operation principle of the general-purpose automatically controlled weighing
batcher is as follows. A command to start loading can come from an external control
device, e.g., an automated technological process control system or from a button at a
remote control panel. As the target weight is achieved, weight sensor 15 sends a signal
to control unit 3, which forms a command to turn off the loading mechanisms.

Control unit 3 sends a signal to turn on vibration motor 14, in order to uniformly
distribute the product along the surface of mobile disk 8. On distributing the product in
a uniform way, drive 4 lifts up rod 5 together with ribs 7, thereby dividing all the mass
equally. Rising together with rod 5, opening disk 6 pushes radial trays 10 of mobile disk
8, which turn on joints 13, thus creating an angle for unloading the product.

In order to return rod 5 and ribs 7 to the start position, control unit 3 forms a command
to drive 4, which lowers rod 5 and radial trays 10 of mobile disk 8 by means of flexible
catching 11. New loading starts on a signal from control unit 3.

All the necessary components were selected to implement the automatic control
system on the basis of a comparative analysis. A control program was written for the
programmable logic controller (PLC).

The batcher drive can be implemented in two variants. In the first case, a double-
acting pneumatic cylinder can be used as the drive. This pneumatic cylinder is put in
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motion by a source of compressed air and controlled by the PLC via an electropneumatic
control valve. The advantage of this type of a drive is fast response time and high torque
when a product is moved, batched, and distributed. In the second case, a linear electric
drive (actuator) can be used, which is controlled by the PLC directly or via a converter.
The advantage of this variant of implementation is the absence of a necessity for a source
of compressed air and lower operation costs of the batching equipment.

The technical result of the design proposed is an improvement in the accuracy of
batching small portions of a product. This is achieved by the fact that the batcher consists
of a supporting frame, a weight sensor, a discharge mechanism with a drive, a control
unit, a loading frame, a vibration motor, a rod, a flexible catching, and eight radial trays
in the form of sectors, which are located at a mobile disk and mounted on joints, with
the mobile disk being equipped with a damping coating.

The vibration motor allows to uniformly distribute a product along the surface of the
mobile disk owing to vibration and thus improve the accuracy of batching small portions
of a product.

The rod lifts the mobile disk, thus enabling the uniformly distributed product to
divide into equal batches, which also improves the accuracy of batching small portions
of a product.

The presence of a flexible catching in the design contributes to a uniform distribution
of a product along the surface of the mobile disk as a result of vibration and, therefore,
improves the accuracy of batching small portions of a product.

The installation of eight radial trays in the form of sectors, which are mounted on
the mobile disk and turn on joints, allows to form an angle between the surface of the
radial tray and the level axis so as to unload a product, so that the entire product should
directly enter a container while rolling down the inclined surface along the guiding ribs.

The design with eight radial trays is optimal, and it is due to the fact that when a
greater number of radial trays is set, sharp angles are formed between their vertically
located guiding ribs. These angles do not allow to fill in the capacity of the radial tray,
thus creating an inactive area in it and reducing the accuracy of batching small portions
of a product. When the number of radial trays is less than eight, the efficiency decreases
in terms of packets filled.

Equipping the mobile disk with a damping coating allows to increase the storage
time of the products packed, as their surface will not be crumpled and broken when a
product is bumped against the mobile disk. The damping coating will, in its turn, reduce
the impact loads on the weight sensor, which will extend the service life of the machine
in a whole and result in an increase in the accuracy of batching small portions of a
product.

The operation of the general-purpose automatically controlled weighing batcher is
perform in several stages.

Stage one. The device is ready for loading, i.e., the walls and the rod are on the same
level with the petals, creating a level ground. After that, the vibratory supports are turned
on, which will distribute the product all over the surface.

Stage two. The rod and the walls are pulled out by means of the drive. They divide,
in their turn, the product into eight equal parts.
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Stage three. The petals are lifted up relative to the support elements by means of the
disk, which is attached to the rod. During this, some gaps appear between the wall of
the housing and the petals. The product drops into these gaps and enters eight special
containers.

The technical parameters of the device were obtained during calculations and
simulation modeling. The preliminary dimensions of the device elements:

• the radius of the mobile disk: 0.37 m;
• the length of the rod: 0.8 m.

The anticipated productivity of the mechanism developed shall be about 3 tons per
hour, i.e., approximately 1000 bags of finished products will be packaged in an hour.
The planned efficiency of the project is determined under the following parameters:

• an improvement in the operational properties of batching devices due to the jam
prevention;

• an increase in the batching speed;
• enabling uniform distribution of a product on trays;
• an increase in the operation convenience.

3 The Results and Discussion

The results obtained have allowed to conclude that the device developed is suitable to
perform the tasks set. Its use will raise considerably the quality and accuracy of filling.

Themechanism developed is characterized by simplicity and generality of its design.
It allows to use the device, with minimum costs for its adaptation, for filling and pack-
aging items, which are close to the study object in their shape and configuration. Such a
reprofiling of the automated batcher developed will allow to expand its application field.

Consumers of the results of the project can be machine-building enterprises, which
develop, produce, and operate devices used for batching, filling, and packaging food
and non-food products. The performance of the device was confirmed by the approval
at the All-Russian Scientific and Creative Competition “Mechatronics and Robotics
Forward!”,whichwas held at the venue of the largemachine-building enterprise “Tauras-
Fenix”, which specializes in developing and manufacturing equipment for packaging,
filling, and batching liquid, paste-like, solid, and bulk foodstuffs.
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Abstract. Electronic systems of cars and tractors operate in various conditions:
the operating temperature ranges from -45 to 125 °C, the airflow temperature
ranges from -40 to 110 °C, the operating pressure ranges from 80 to 108 kPa, high
dust content and pollution of mass airflow sensors (MAFSs) with dust particles,
fuel, andoil.Abrief analysis ofMAFSconfigurations showed their significant vari-
ety. However, high response time, low accuracy and reliability of airflow control,
and low operational reliability resulted in the rejection of imperfect configurations
and their replacement with film-type sensors. An analysis of modern means and
methods to control the technical condition of MAFSs showed that there are no
methods for their in-place control under operating conditions. This research is
based on the use of the DBD-4 tool for the formation of test modes. As a result
of the experimental research during the formation of test inputs, we developed
the MAFS control modes, which consist in the cutout of three cylinders and load-
ing one cylinder remaining in operation with the power of mechanical losses of
the dead cylinders. The annual economic effect of diagnosing one passenger car
amounted to 3880 rubles.

Keywords: Engine · Failure ·Mass airflow sensor · Diagnostics · Test method

1 Introduction

Automotive electronics is currently developing at a significant pace. There appear new
systems, sensors, and elements [1–3]. Let us consider the aspects of improving modern
intake systems and their components [4–7], in particular, the configuration of mass
airflow sensors [8–10].One of the earliestmass airflow sensors is a pivotedflapflowmeter
with a sensitive damper in the air flow. However, due to their significant response time
and low sensitivity, they are not used in modern systems of cars and tractors [11–13].
There is also a vortex MAFS also called a Karman meter. The element base of this
MAFS uses the ultrasonic principle of signal detection. An analysis shows that these
sensor configurations have disappeared from the intake systems of modern cars and
tractors, but they are widely used in industry [14–17].
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The most widespread MAFS configuration over the last decade is a thermometric
or threadlike mass airflow sensor [18–22]. However, its cost and self-cleaning ability
raised doubt, which led to its replacement with more up-to-date technologies.

2 An Analysis of the MAFS Control Means and Methods

In the initial part of the analysis, we should note that modern mass airflow sensors
belong to non-repairable and non-recoverable electronic devices [23–26]. Specifications
indicate the MAFS control method using a regulated power supply unit and a control
voltmeter (it is also possible to control the resistance of the terminals) (Fig. 1a).

Fig. 1 a MAFS control method using a regulated power supply unit and a control voltmeter:
1—controlled MAFS, 2—measuring voltmeter, 3—regulated power supply unit; bMAFS control
method when comparing its parameters with the reference ones

However, this method shown in Fig. 1a does not allow us to detect deviations of the
MAFS from the correct operation.

The literature also mentions the MAFS control method when its parameters are
compared with the reference ones (Fig. 1b) [15–20].

This method provides for the need to dismantle the controlled MAFS from the
automotive vehicle. The modes set on the device do not correspond to the operating
ones. The method is very laborious and ineffective.

Factory laboratories and ordinary enterprises propose the MAFS control method
taking into account the influence of the direct and reverse air flow (Fig. 2).

This method has basically the same disadvantages as the previous one; besides, it is
even more laborious and complicated.

A wide range of diagnostic scanners, testers, motor testers, and digital oscilloscopes
are used to control the technical condition of mass airflow sensors [17, 19, 21, 22].
However, control is local and focused on a specific connector or lead. As the MAFS
diagnosing practice shows, only the followingMAFS failures are reliably distinguished:
open circuits, short circuits to plus, or ground fault. The deviation from theMAFS correct
operation is not registered in any way.

Thus, it becomes necessary to develop a diagnostic method without dismantling the
mass airflow sensor from the vehicle, taking into account its actual operating conditions.
This method is proposed for test control of MAFSs during the formation of load actions
and recording the response of the MAFSs’ output parameters to the performed tests.
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Fig. 2 MAFS control method taking into account the influence of the direct and reverse air flows

3 Methods

Let us consider the theoretical aspects of applying the testing method and its characteris-
tics when used onmodernmotor vehicles. Ordinary practice faces frequent malfunctions
causing a significant deviation of the air supply [23–26]. Let us determine the total head
loss at the cylinder inlet, the amount of passing air, and the cyclic airflow rate. To this
end, we compose Bernoulli’s equation [10, 11]:
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2
IN

2
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W 2
IN

2
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where Pk and Pa are the air pressures at the inlet and directly in the cylinder; ρk and
ρa are the air densities at the inlet and in the cylinder, respectively; Wk and WIN are,
respectively, the air velocity at the inlet to the intake system and the average air velocity
in the valve during the intake process (m/s); Zk and Za are the elevations from the axis
of the intake system and the axis of the intake valve, respectively; β is the coefficient of
the charge velocity attenuation in the considered cylinder section, β = WC /WIN ( WC

is the average air velocity in the considered cylinder section); ξ IN is the coefficient of
the intake system resistance referred to its narrowest section.

Taking the conditional assumption that Wk = 0 and the elevations of the elements
of the intake system and individual cylinders are identical Zk = Za, and, at the same
time, neglecting the change in the density of air and the air–fuel mixture during their
movement in the intake system (ρk = ρa), we obtain:
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Transforming Eq. 2 and expressing the head loss from it in the form of the difference
�Pa = Pk–Pa in the considered section, we obtain:

�Pa = Pk − Pa =
(
β2 + ξIN

)W 2
IN

2
ρk (3)
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Let us present the equation of the air–fuelmixture flow continuity taking into account
the smallest values of the cross sections in the ICE intake system and cylinder:

WIN · fIN = CPmax · Fp (4)

where f IN is the area of the working section of the intake valve (the narrowest section
of the intake system) (m2); CP max is the maximum piston velocity (m/s); Fp is the total
area of the piston crown (m2).

Using the known expression, we determine the maximum piston speed:

CPmax = R · ω ·
√
1+ λ2 (5)

where R is the crank radius (m); ω is the angular speed of the ICE crankshaft, which can
be determined from the expression ω = 2πn (n is the ICE crankshaft speed, rpm); λ is
the ratio of the crank radius R to the crank length L, λ = R/L.

Jointly solving Eqs. 4–5 and expressing WIN we obtain:

WIN = CPmax
Fp

fIN
= 2π · R · n ·

√
1+ λ2

π · D2

4
· 1

fIN
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n
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(6)

Further, substituting the value of the air velocity in the valve WIN into expression
(2), we obtain:
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β2 + ξIN

)
ρk · A2

1
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2

1

f 2IN
= A2

n2

f 2IN
(7)

Thus, taking into account all the transformations, we determined the head losses at
the inlet to the ICE cylinder, the air velocity, and the cyclic airflow rate. These models
(5, 6, 7) can be used to determine the actual amount of air, the pressure drop of the air
entering the ICE cylinders, and the air velocity in the valve section.

4 Experimental Research Procedure

During the research, the basis for the load formation was the DBD-4 electronic device
used as a loading device for the ICE. This device provided loading by a sequential
complete and partial cutout of the working cylinders and individual pulses of an electro-
magnetic injector [17–19].As a result, one cylinder remained on, loadedwithmechanical
losses of other dead cylinders [20–22]. Besides, when this loading scheme was used, the
throttle valve was opened sequentially with 5% discreteness. In these modes, the follow-
ing output parameters were controlled: mass airflow rate Q (kg h); voltage from the test
lead of the MAFS U (V); throttle valve opening R (%); and hourly fuel consumption V
(l/h) at a smooth change in the ICE crankshaft speed n (rpm).
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5 Results

According to the experiment program, we obtained the dependences of the mass airflow
rate Q, the voltage from the test lead of the MAFS U, the throttle valve opening R,
and the hourly fuel consumption V (l/h) on the ICE crankshaft speed n (rpm). Let us
analyze each dependence in the order of the experiments. At the first stage, we built
the dependences of the mass airflow rate Q (kg/h) on the ICE crankshaft speed n (rpm)
(Fig. 3).

Fig. 3 Dependence of the mass airflow rate on the ICE crankshaft speed: a when the first cylinder
is on (cylinders 2, 3, 4 off); b when the second cylinder is on (cylinders 1, 3, 4 off); c when the
third cylinder is on (cylinders 1, 2, 4 off); d when the fourth cylinder is on (cylinders 1, 2, 3 off)

An analysis of the data in Fig. 3 shows an obvious maximumwhen testing the fourth
cylinder, where we recorded the minimum air leakage of 14% from the cylinder. The
maximum mass flow rate in the fourth cylinder reaches 361 kg/h at the simultaneous
maximum ICE crankshaft speed of 4,230 rpm. The minimum mass flow rate in the
third cylinder reaches 315 kg/h at the simultaneous maximum ICE crankshaft speed of
4,040 rpm.

And at the final stage of the experiment, we assessed the hourly fuel consumption
depending on the ICE crankshaft speed (Fig. 4).

Fig. 4 Dependence of the hourly fuel consumption V on the ICE crankshaft speed n: a when the
first cylinder is on (cylinders 2, 3, 4 off); b when the second cylinder is on (cylinders 1, 3, 4 off);
c when the third cylinder is on (cylinders 1, 2, 4 off); d when the fourth cylinder is on (cylinders
1, 2, 3 off)

An analysis of the hourly fuel consumption monitoring results (Fig. 4) showed that
the highest value of 33.5 l/h at the maximum ICE crankshaft speed is observed for
the fourth cylinder. When monitoring the hourly consumption of the second cylinder,



A Study of the Technical Condition of Mass Airflow … 283

we recorded the result of 33.1 l/h. Measurements of the parameters of the hourly fuel
consumption in the third and first cylinders showed 32.4 and 31.3 l/h, respectively.

The presented result shows that with an increase in cylinder-piston group wear, the
value of the mass airflow rate drops and, accordingly, the fuel supply decreases. Thus,
the cylinder with the best tightness will always show themaximum fuel consumption per
hour. There appears themaximum difference in the hourly fuel consumption between the
control results of the fourth and first cylinders�V4,1 = V4–V1 = 33.5–31.3= 2.2 l/h. In
percentage terms, this value reaches 6.5%. This parameter results from a set of various
input parameters and can be additionally used to clarify the technical condition of the
intake system and the cylinder-piston group.

6 Conclusion

We analyzed numerous works dealing with the design, research, and diagnostics of mass
airflow sensors and identified the most promising ones among them.

We carried out a brief analysis of the MAFS configurations, from which it follows
that the basis of the modern intake system is film technology-based sensors, which have
replaced all other options. The considered modern means and methods to control the
technical condition of mass airflow sensors should be supplemented by developing a
testing method.

As a result of a comprehensive study of the practical methods to control the technical
condition of mass airflow sensors, we developed a new method for testing the MAFS on
an operating automotive vehicle. The method is based on the use of the DBD-4 tool for
the formation of test modes.

As a result of the experimental research during the formation of test inputs, we
developed the MAFS control modes, which consist in the cutout of three cylinders and
loading one cylinder remaining in operation with the power of mechanical losses of the
dead cylinders. Besides, further loading consists in a smooth stepwise formation of the
load on the cylinder remaining in operation. The controlled parameters included themass
airflow rate, voltage from the test lead of theMAFS, the ICE crankshaft speed, the hourly
fuel consumption when the throttle position varies from 0 to 100%. The most sensitive
parameters are the mass airflow rate and its duplicating voltage at the test contact of the
MAFS.
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Abstract. The paper presents a method for predicting the thermal characteristics
of machine tools using a feedforward neural network. The method was based on
the results of full-scale and computational tests. Experimental modal analysis is a
feature of the proposed mathematical description of the thermal behavior model
of the machine tool. This made it possible to use an analytical description for the
thermal characteristics of the machine tool and analytically link the values of the
input vector and the predicted values of the thermal characteristics. The conducted
research on predicting the thermal characteristics of machine tools using neural
networks revealed the multivariance of the predictive characteristics. To select
one solution, it was proposed to use two criteria for the discrepancy between
the predicted and calculated values of thermal characteristics. The results of the
machine experiment are presented for four variants of the varied parameters of
the mathematical model. The use of a feedforward neural network to predict the
thermal characteristics of machine tools has shown high efficiency in reducing the
duration of a full-scale experiment.

Keywords: Thermal characteristics · Machine tool · Feedforward neural
network · Temperature displacements · Modal analysis

1 Introduction

Today, all spheres of the economy are permeated with the idea of using artificial intel-
ligence. In [1], the main trends in the development of intelligent manufacturing are
presented. In [2], a cement production control system is presented, built on the use of
fuzzy logic. In [3], an effective application of the multi-objective optimization algorithm
is shown to solve the multi-objective data clustering problem based on the pigeon behav-
ior algorithm. In [4], a methodology for controlling a swarm of drones based on swarm
algorithms is presented. In [5], a modular method for creating modern CNC machine
tools based on artificial neural networks and cloud technologies is presented. In [6],
a serial–parallel hybrid polishing machine tool is presented. To achieve the required
machining quality, a multi-objective optimization problem is formulated, solved using a
genetic algorithm based on an artificial neural network. In [7], a solution to the problem
of constructing a flexible manufacturing system with optimal characteristics using an
integrated model combining an artificial neural network and a fuzzy analytical network
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process is presented. Research in the field of systems for compensating the temperature
error of machine tools, created on the basis of artificial neural networks, occupies a spe-
cial place in achieving machining accuracy on CNCmachine tools [8–17]. According to
various estimates, the use of such systems makes it possible to reduce the temperature
error of the machine tool by up to 80%, and in some cases, their efficiency is even higher.
So in [9], the result of compensation for the temperature error of a turning machining
center is given, which made it possible to reduce the temperature displacements of the
spindle from 19 to 1 µm.

Along with this, artificial neural networks are characterized by three basic prob-
lems: an experimental database for network training; optimization procedure for finding
the weights of neurons; variety of artificial neural network architecture. These prob-
lems raise doubts about the effectiveness of artificial intelligence methods compared
to traditional methods. Therefore, from time to time, there are studies devoted to the
comparative analysis of the effectiveness of neural network models in relation to, for
example, regression ones [18].

The need to use neural network technologies in real time to control machine tools
imposes strict restrictions on the unambiguity of the results generated by the neural
network. Therefore, in this work, a study of the stability of the resulting solutions for
constructing the thermal characteristics of aCNCmachine tool based on a neural network
model was carried out.

2 Methods for Solving the Problem

Despite the diversity of artificial neural network architectures, the practice of their appli-
cation to solving problems of approximation and forecasting has shown that feedforward
networks with one hidden layer of neurons are quite effective.

We have adopted the below described neural network architecture. A multi-layer
feedforward network consists of three layers: input, one hidden, and one output. The
input signal propagates in the forward direction only. The backpropagation algorithm
is used to train the network. Each neuron in the hidden layer has a sigmoidal activation
function.

A description of the features of the implementation of the thermal model of the
machine tool is presented below. To solve the problem of thermal stability of a particular
machine tool, its thermal model can be represented by its thermal characteristics [19].
Without taking into account the lag, the thermal characteristic at a specific point of the
bearing system of the machine tool for temperature displacements can be represented as

δn(tj) =
∑

k=1,4...,3m−2

xk,n(1 − e−tj/xk+1,n)+
∑

k=1,4,...,3m−2

xk+2,ne
−tj/xk+1,n ,n → X ,Y ,Z, j = 1, ...,L

(1)

where xk,i, xk+1,i, xk+2,i are modal parameters, amplitude, thermal time constant, and
initial level, respectively;m is number of temperature modes; tj is separate time interval;
L is number of time intervals; δn(tj) is coordinate displacement along the n-th axis.
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Equation (1) explains the choice of input and output signals for the neural network.
We represent the set of observed and predicted time intervals as a single vector t

t = {0, t1, . . . , tm, tm+1, . . . , tL} (2)

where tm is the limiting moment in time for which the training sample is formed; tL is
limiting moment of forecasting time.

Similar vectors can be generated for temperatures and temperature displacements

T = {0,T1, . . . ,Tm,Tm+1, . . . ,TL}andδ = {0, δ1, . . . , δm, δm+1, . . . , δL} (3)

Sliding window. Obviously, the temperatures or displacements vector can be taken
as an input signal in the form

T = {0,T1, . . . ,Tm}and δ = {0, δ1, . . . , δm} (4)

and as an output signal, respectively, take vectors of the form

T = {Tm+1, . . . ,TL}andδ = {δm+1, . . . , δL} (5)

For the practical implementation of (4) and (5), it was proposed to use the sliding
window method [20]. The idea of the method is that a certain time interval is set during
which the process is monitored, in the form

t = {0, t1, . . . , tm} (6)

During this time interval, a data vector of the form (4) is formed. Using the concept
of a sliding window, we introduce the width of the sliding window p, its offset b and the
forecasting horizon�, that is, the time interval forwhich the desired function is predicted.
The width of the sliding window corresponds to the length of the input data vector as
known values of temperature displacements. The size of the window offset determines
the length of the target vector or output signal in the neural network architecture. The
generalized vector X of lengthm, taking into account the parameters, can be represented
as a matrix of size

[
(p + b)q

]
. Thus, the available sample of experimental data of length

m is divided into q-pairs of vectors: length p and b.The used data structure leads to a
change in the network architecture: the input layer of the network will be represented by
p-neurons; output layer – by b-neurons. After training the neural network, it is possible
to form a forecasting horizon � outside the training sample of length m.

Results of experimental studies. To obtain a training sample, full-scale tests were
carried out at two spindle speeds of two HAAS TM-1P and 400 V CNC machine tools:
2500 and 4000 rpm.

Smoothing thermal characteristics. A feature of using electronic measuring devices
in field tests is the formation of step thermal characteristics. This is explained by the fact
that the polling and recording of the measured data to the file is performed with a fixed
time step. Therefore, the direct use of this data for training the network can create an
additional error not related to the implementation of thermal processes on the machine
tool. To minimize this error, it is proposed to use the thermal characteristics smoothing
procedure.
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Software tool. The solution to the problem posed in the work of studying the stability
of a solution based on a neural networkmodel for the thermal characteristics of amachine
tool was carried out from a machine experiment. To solve this problem, a software tool
(ST) “Neural network thermal modeling of machine tools” was developed in the Matlab
system. The architecture of the developed ST can be referred to as layered. Each of the
layers is a set of programs of the same functionality and in practice implemented as a
single working window with controls.

As the initial data for training a neural network, either experimental or software-
generated data can be used in accordance with (1). Then, (1) takes the form

δn(tj) =
∑

k=1,4,...,3m−2

xk,n(1 − e−tj/xk+1,n)+
∑

k=1,4,...,3m−2

xk+2,ne
−tj/xk+1,n + k · �r · tj

(7)

where�r is a random data error generated randomly,�r ∈ [0, 1][0, 1];k is a scale factor.

3 Discussion

A machine experiment was carried out for two variants of the input data. For the first
variant of the input data, the time vector in the form (6) was fed to the input of the
neural network. The network output took the form (5). In the second version, the sliding
window method was investigated, so the input and output vectors had the same physical
meaning: temperature displacements.

For each variant of the input data of the network, the following parameters were
varied: the number of neurons in the hidden layer; the size of the input and output
vectors; input vectors error; the size of the training, validation, and test sample; functional
features of thermal characteristics supplied to the network input or their multimodality;
the presence and absence of normalization of the input vector.

A feature of the construction of an artificial neural network (ANN) was their cyclic
generation. The presence of various ANN variants is due to the fact that synaptic weights
and bias for each neuron in the network are determined from the solution of the optimiza-
tion problem. An ANN simulation in relation to predicting the thermal characteristics
of machine tools showed that it is difficult to find stable, slightly different solutions.
Therefore, to select one ANN option, it is proposed to use two similar criteria of the
form

Kp1 = 1

Nλ

N∑

ζ=1

[
(δnp,ζ − δλ,ζ )/δλ,ζ

] · 100 (8)

Kp2 = max
([

(δnp,ζ − δλ,ζ )/δλ,ζ

]) · 100, ζ = 1,Nλ (9)

where δpr,ζ ,δλ,ζ are predicted (by ANN) and calculated values of temperature displace-
ment; Nλ is the number of predicted elements of the vector δpr,ζ .
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Analytical studies and practice of thermal testing have shown that after 100 min
of continuous operation of the machine, all high-frequency modes characterized by a
small value of the thermal time constant no longer affect the kinetics of the formation
of the thermal characteristic [19]. Therefore, at any point of the thermal characteristic,
the record is valid

y = A1(1 − e−λ1t) + B1e
−λ1t + C + ε (10)

where A1, B1 is the amplitude and the initial level of the first temperature mode in
physical coordinates of the function under study y; λ1 is the reciprocal of the thermal
time constant of the first mode; C is the sum of the amplitudes of all high-frequency
modes; ε is a small error caused by the processes of stabilization of high-frequency
modes continuing in time.

Considering the small value of ε for machine tools with a temperature error sig-
nificantly greater than one micron, this value can be neglected. Then, it is possible to
analytically determine the thermal time constant of the thermal characteristic as the
reciprocal of λ1 by the known values of the ordinate of the thermal characteristic at
times t1 and t2

λ1 = ln(Y1/Y2)/(t2 − t1),

Y1 = (A1 + C − y1)/(A1 − B1),

Y2 = (A1 + C − y2)/(A1 − B1) (11)

The times t1 and t2 are selected on the section of the thermal characteristic used for
training the network, and the moment in time t2 delimits this section from the prediction
section. In this case, any predicted value of the investigated function y3 at time t3 has
the form

y3 = A1 + C − eln((A1+C−y2)/(A1−B1))−λ1(t3−t2)(A1 − B1) (12)

Thus, when calculating criteria (8) and (9), the components of the output vector of
the trained ANN are used as predicted values of the thermal characteristic δpr,ζ , and the
calculated values δλ,ζ are determined by dependencies (11) and (12).

The ANN modeling made it possible to establish the following results and patterns.
For the first variant of the ANN input data:

• for a single-modal function, the best results of ANN modeling are achieved when
using one neuron in the hidden layer;

• in the presence of two modes, it is preferable to use several neurons for the hidden
layer; at the same time, no strict regularities were revealed about the correspondence
between the growth of the number of neurons in the hidden layer and the stability of
the results of ANN modeling;

• for a unimodal function, the forecasting efficiency is insignificant, but higher, since
the size of the input vector was formed in a time less than one thermal time constant
(stable results were recorded when constructing a predictive characteristic according
to the input vector obtained from observations, for a duration of 90% of the thermal
time constant of the test thermal characteristic); when modeling a bimodal function,
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stable results were recorded when constructing a predictive characteristic using an
input vector obtained from observations, for a duration of 130% of the thermal time
constant of the first mode of the test thermal characteristic;

• the use of normalized input data did not improve the stability of the ANN modeling;
• when studying the ratios of the sizes of the training, validation, and test samples, it
was found that the minimum size of the training sample was 60% of the length of the
input data vector; the minimum size of the validation and test samples cannot be less
than 10% of the length of the input data vector.

As an illustration of the efficiency of ANN simulation, Fig. 1 shows four indexed
curves for two variants of variation of ANN simulation parameters. Curve 1 is a noisy
initial vector with known modal parameters, formed in accordance with (7). Curve 2 is
a theoretical thermal characteristic formed in accordance with (1). Curve 3 is predicted
thermal characteristic as the result of ANN modeling, isolated from the set of solutions
by criterion (9). Curve 4 is also a predicted thermal characteristic representing the result
of ANN modeling and highlighted by criterion (8). Figure 1a illustrates the efficiency
of ANN simulation for a single-modal thermal characteristic, Fig. 1b – for a two-modal
one. Figure 1a shows that depending on the selected criteria (8) or (9), you can get a
different result. However, to date, there is no justified decision on the priority of criteria
(8) relative to (9). Therefore, other things being equal, it is necessary to achieve close
modeling options when using criteria (8) and (9), for example, by choosing the duration
of the basic experiment, during which the training sample is formed. For the thermal
characteristics shown in Fig. 1 b, the duration of the basic experiment was 130% of the
thermal time constant of the first mode of the test thermal characteristic.

Fig. 1 ANN simulation results: a 1 mode, duration of the experiment is 0.5τ , 1 neuron (in the
hidden layer), � > 3τ ; b 2 modes, 1.3τ , 3 neurons, � > 3τ

For captions for Fig. 1, the following designations were used: �– forecast horizon;
τ is the thermal time constant of the first mode of the test thermal characteristic.

For the second variant of the ANN input data, using the sliding window method,
invariant results and patterns were also obtained:

• regardless of the modality of the investigated thermal characteristic, the best results
of ANN modeling are achieved when more than two neurons are used in the hidden
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layer, but a stable decrease in the modeling error with an increase in the number of
neurons in the hidden layer was not established;

• for a unimodal thermal characteristic with a comparable error in predicting a bimodal
thermal characteristic, the forecast horizon is larger, but comparable with the thermal
time constant of the first mode;

• for a single-modal thermal characteristic, more stable results of ANN modeling are
achieved with a larger sliding window; for a two-modal thermal characteristic, the
optimal ratios for the size of the sliding window, the forecasting horizon, and the
duration of the base experiment are ambiguous and are selected experimentally.

Figure 2 shows five indexed curves. Curves 1 are noisy thermal characteristics over
the length of the base experiment. The duration of the basic experiment in Fig. 2 a was
one thermal time constant of the first mode, and in Fig. 2b – 130% of the thermal time
constant of the first mode of the test thermal characteristic. An excessive increase in
the duration of the base experiment automatically leads to a decrease in the efficiency
of ANN simulation, since it is known from the theory of thermal conductivity that the
duration of the base experiment equal to determines more than 95% of the amplitude
of the thermal characteristic. Curve 2 is a theoretical thermal characteristic formed in
accordance with (1). Curves 3 and 4 are the predicted thermal characteristics obtained
from the results of ANN modeling using criteria (8) and (9), respectively. Curve 5 is
approximated functions.

Fig. 2 Results of ANN modeling: a 1 mode, � = 0.9τ , 4 neurons; b 2 modes, � = 0.65τ , 10
neurons

4 Conclusion

A new procedure for studying the stability of ANN modeling for the thermal character-
istics of a machine tool is presented. The new procedure has made it possible to form a
generalized concept of studying the effectiveness of the use of neural network technolo-
gies in thermal modeling of machine tools. This concept defines a typical set of variable
modeling parameters, a basic mathematical model based on a modal approach, and a
typical software architecture that can be developed to study the effectiveness of ANN
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modeling. In this work, only one type of ANN architecture has been investigated, and
taking into account their diversity, the presented methodology shows the prospects of
ANN research in thermal modeling of machine tools.

The practical result of using a neural network of direct propagation in solving the
problem of predicting thermal characteristics is the possibility of further reducing the
durationof the full-scale experiment of themachine; this reduction is estimated at approx-
imately 30% of the duration of a full-scale experiment, implemented in accordance with
an approach based on experimental modal analysis, in which stable predictive solutions
are obtained with a duration of a full-scale experiment equal to twice the time of the
thermal time constant of the first mode.
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Abstract. The relevance of the creation and research of planetary cycloidal gears
is due to the increasing needs of the industry in servo drives of actuators with
high-precision positioning of the final link. Currently, a wide variety of plane-
tary cycloidal gearboxes are used in industry, made according to different design
schemes, but equally containing cycloidal gears with straight teeth. Gears with
straight-toothed gears do not fully realize their potential in terms of the bear-
ing capacity of the gears and dynamic characteristics, in particular, in terms of
smoothness and noise. This problem can be solved by the use of helical gears that
can improve the specified performance of planetary cycloidal gears. However,
the possibility of their application is largely constrained by the lack of effective
industrial technologies for manufacturing skew-toothed cycloidal gears with high
accuracy, assembling gearboxes based on them and evaluating their kinematic
errors. To date, there is not enough research on real samples of planetary skew-
toothed cycloidal reducers. The developed and created skew-toothed cycloidal
gearbox of the original design and a special stand for experimental studies with
a measuring system capable of registering the kinematic errors of the gearbox in
automatic mode are presented. The method of experimental determination of the
kinematic error is described, some results of the study of the kinematic error of the
presented gearbox are presented, their evaluation is performed, and conclusions
are formulated.

Keywords: Cycloidal gearbox · Experimental bench · Kinematic accuracy ·
Methodology · Research results

1 Introduction

Comprehensive automation of modern mechanical engineering is now becoming a seri-
ous incentive for the creation and production of servos of a wide range of applications,
which are increasingly used in tracking systems of various machines, in particular,
modern machine tools, actuators of robotic devices, remote control systems (e.g., high-
precision positioning systems of narrow-directional antennas), mechatronic drives, etc.,
and which are subject to increasingly high requirements for the quality of motion trans-
mission, response to the control signal and working out the accuracy of movement
(positioning) of the executive link [1–3].
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To increase the clarity of the control signal processing (to minimize the delay in the
reaction to it and the accuracy of the movement of the executive link), servomechanisms
are usually equippedwith various amplifiers,most often of themechanical-type reducers,
which have high kinematic rigidity. The most preferred in this respect are the planetary
cycloidal gears (PCG) [4–6] characterized, first of all, by the multi-pair engagement, as
well as the possibility of gas-free coupling of the interacting gears.

Compared to traditional involute gears, PCGare characterized by significantly higher
[7]: compactness; kinematic rigidity; gear ratios realized in a single reduction stage with
a small number of gears; transmitted torques and resistance to mechanical overloads;
accuracy of the phase positioning of the output shaft, as well as: in 2.0.4 times less
weight at the same gear ratios; the possibility of amore convenient layout of the designed
devices, thanks to the alignment of the input and output shafts; the possibility of using
PCP as a differential mechanism; higher efficiency [8, 9].

2 Relevance of the Topic

Currently, in mechanical engineering, a wide variety of planetary cycloidal gearboxes
(PCGB) are used, made according to different design schemes, but equally containing
cycloidal gears with straight teeth.

For these PCG,methods for selecting design schemes [10] and calculating all param-
eters have been developed, their manufacturing technologies are well developed by
industry, and a large number of theoretical and experimental scientific studies have been
devoted to evaluate the effectiveness of their characteristics [11–14].

At the same time, PCG with straight-toothed gears do not fully realize their poten-
tial in terms of the bearing capacity of the gear rings and dynamic characteristics, in
particular, in terms of smoothness and noise. However, the possibility of using helical
gears that can improve these indicators of planetary cycloidal gears is currently largely
constrained by the lack of effective industrial technologies for manufacturing helical
cycloidal gears with high accuracy, assembling gearboxes based on them and evaluating
their kinematic errors. To date, there is not enough research on real samples of planetary
oblique-toothed cycloidal reducers (POTCR), which puts the topic under consideration
in the category of relevant.

3 Problem Statement and Solution Methods

For comprehensive studies of the kinematic accuracy, as well as the performance indi-
cators of the POTCR, it is necessary to have a prototype of such a gearbox, a special
stand for experimental studies of its characteristics and a methodology for conducting
them.

The kinematic error of PCG is determined by the set of production (primary) man-
ufacturing errors of its kinematic links (elements), their rigidity, the accuracy of their
assembly, as well as operating conditions characterized by the magnitude and type of
thermal and mechanical loads [15, 16].
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Therefore, for greater objectivity, both calculated and experimental studies of the
kinematic accuracy of PCG should allow simulating its operation under adequate
operating conditions [17].

The object of the study was an original prototype of a promising PCG with oblique
gears, made according to patents [18, 19], the 3D model, see Fig. 1.

Fig. 1 3D model of the POTCR 1—housing; 2—satellite; 3—output flange of the coupling;
4—bearing; 5—pin of the parallel crank mechanism; 6—cover; 7—eccentric shaft; 8-—angular
contact bearing; 9—eccentric shaft bearing; 10—pin bushing

Studied POTCR has the following main characteristics: number of gears transmis-
sion—1; the angle of inclination of the teeth of gear wheels β = 120; total gear ratio
Up = 102; the torque on the output shaft of the reducer M = 250 N · m; frequency
of rotation of the shafts, respectively, the input nin = 6000 min−1 and output nout =
59 min−1; backlash of not more than �ϕ = ± 2.5 s of arc. min; dimensions: Ø380 ×
186 mm.

Before assembly, the manufactured kinematic elements of the gearbox were sub-
jected to a metrological examination on a control and measuring machine, which made
it possible to determine and evaluate their primary errors [20].

For experimental studies of the POTCR to determine its kinematic and dynamic
characteristics, a special stand was designed and created. The block diagram of stand is
shown in Fig. 2.

The stand is also equipped with a specially developed control and measurement
system that can automatically perform:measurement and registration of kinematic errors
in the formof spectrograms, followedby their processingby a special analytical computer
program, errors in the overall gear ratio, as well as simulate test conditions that are close
to real operating conditions.

At the beginning of the process of measuring the kinematic accuracy POTCR
mounted on the stand, see Fig. 3, checked for free rotation of the input shaft, and then
to the PC runs a special program “Diakin – 4” for processing the experimental data
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Fig. 2 Block diagram of the stand 1—gearbox input motion sensor (LIR-158A); 2—elastic cou-
pling; 3—PC; 4,5—diaphragm couplings; 6—gearbox input motion sensor (LIR-190A); 7—step-
per motor ST57-76D; 8—POTCR; 9—load device (electromagnetic coupling EAT 20); 10—elas-
tic coupling; power sources: 11—stepper motor and 12—electromagnetic coupling; 13—stepper
motor driver; 14—the converter of signals of the input and output sensors

obtained in the study of kinematic precision POTCR, which at the same time in online
mode on the PC monitor output the measurement results. The kinematic error of the
gearbox chain was recorded at three full revolutions of the output shaft of the gearbox
at the rotational speeds of the input shaft nin = 100 min-1 and the output shaft nout =
0.98 min-1 at idle, respectively. As a result of the study of the POTCR under the program
“Diakin – 4” at idle, the graph of the kinematic error and the spectrum of the kinematic
error of the POTCR were obtained.

4 Results of Experimental Studies

The maximum value of the kinematic error of the gearbox under study is defined as
the difference between the highest and lowest peak values within one revolution of the
output shaft. From the graph, see Fig. 4, it can be seen that the largest kinematic error
�ϕ does not exceed 144 arcseconds or 2.4 arcmin with a gear ratio error not exceeding
0.011%.

The spectrum of the kinematic error allows you to identify the angles rotation of the
output shaft of the gearbox, on which there are noticeably high (spikes) errors, at the
corresponding harmonics. These errors are primarily caused by assembly defects (shaft
misalignments, etc.), inherent defects in standard products (bearing runouts, etc.), as
well as the possible presence of contamination, etc.
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Fig. 3 Appearance of the POTCR on the stand

Fig. 4 Kinematic error graph

Comparing the spectrogramwith the kinematic error graph, it is possible to determine
in which phase position of the output shaft, which harmonic h introduces the greatest
error.

The error, characterized by small and almost identical harmonic amplitudes, is usu-
ally caused by defects in the geometry of themating gears and the quality of the actuating
surfaces of the kinematic elements [21].

From the spectrogram of the gearbox under study, see Fig. 5, it can be seen that
the most significant spikes in the amplitudes of the phase errors �ϕ are observed at
the harmonics: h = 1.0.3 (38…60 angular min); h = 58…62 (6…27 angular min); h =
100…106 (8…17 angular min).
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Fig. 5 Spectrogram of the kinematic error of the PCCR

5 Conclusion

Analysis of the results obtained spectral components showed that the main sources of
kinematic error POTCR are not sufficiently tight tolerances on geometrical parame-
ters (size, shape Executive of surfaces and their relative location) of the kinematic ele-
ments, the lack of quality surfaces cycloidal gear rims and provide the required precision
Assembly of the gearbox.

Compliance with the conditions for achieving the appropriate manufacturing quality
of kinematic elements by production methods and their assembly with maintaining the
required gaps in the interfaces of kinematic links will ensure a high level of kinematic
accuracy and uniformity of the gear ratio, which will allow the use of planetary skew-
toothed cycloidal reducers as the main type of drives in high-precision actuators with
high smoothness.
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Abstract. The paper describes the developedmodels of conveyor-bottom buckets
solving the problem of reducing the coefficient of friction of rocky soils on the
working body bottom through the transition from sliding to rolling friction while
forming a new structural and technological group of bucket loading bodies, which
can be used on excavators, bucket loaders, and other loading equipment. The
paper discusses technical solutions represented by a combination of two bottom
structures with a roller surface and in the form of a closed belt. The developed
mathematical model of interaction of a conveyor-bottom bucket working body
with the soil allows simulating the working process and analyzing the results.
Based on the developed analytical tool, the optimal parameters of the structural
conveyor-bottom components can be determined for specific operating conditions,
considering theminimization of power consumption for loading the soil as a target
function of the problem being solved.

Keywords: Conveyor-bottom bucket · Mechanization of loading · Penetration
resistance · Minimization of power consumption

1 Introduction

Studying the interaction of the bucket working body with the rock mass has revealed
the factors affecting the efficiency of mechanized loading rocky soils [1–21]. It has been
established that the design of the bucket working body is mainly improved by reducing
resistance to the bucket penetrating the stockpile [22]. Herewith, the resistance to the
bucket working body penetrating the stockpile significantly depends on the coefficient
of friction of the material loaded on the bucket component surfaces [23, 24].

The conveyor-bottom bucket models developed, solving the problem of reducing the
coefficient of friction of rocky soils on the working body bottom through the transition
from sliding to rolling friction, form a new structural and technological group of bucket
loading bodies, which can be used on excavators, bucket loaders, and other loading
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equipment [25]. These technical solutions are represented below (Fig. 1) by a combina-
tion of two bottom structures with a roller surface and in the form of a closed belt. In
turn, the closed-belt models are structurally divided into the non-driven ones and those
with a belt drive mechanism. There can be various versions of the conveyor-bottom belt
drive: a motor with a mechanical transmission and various hydraulic power cylinders.

Fig. 1 Systematics of conveyor-bottom bucket working bodies

The excavation of bedrock or filled soil in a stockpile is performed mechanically by
introducing a bucket loading body into the loosened material. In the study, the impact
of the conveyor-bottom bucket working body parameters on the forces of rocky soil
interaction with the stockpile is evaluated by a comparative analysis of the processes
occurring when conventional flat and roller surface bottoms penetrate it.

The analysis of studying the bucket loading body interaction with the soil allowed
summarizing the methodological approaches to the mathematical description of the
resistance to the bucket working body Wwb penetrating the stockpile (excluding the
side walls) (Fig. 2):

Wpo = Wl + Wdn, (1)

whereW l—is the drag force of resistance to the penetration of the leading bottom edge;
Wdn—is the force of resistance to bottom penetration.
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Fig. 2 Diagram of generating forces of resistance to the bucket working body bottom penetrating
the stockpile

In this study, shoving the bucket loading body bottom to the ground face or bulk
material has been considered based on the S. Coulomb theory of adhesion and ultimate
rock equilibrium (Fig. 2).

It is considered that when the material is loaded with external shear forces, shear
planes emerge in its mass, where shear τ and normal σ stresses and adhesion C act,
analytically related according to the S. Coulomb law:

τ = Ctg ρ0 (2)

When developing an analytical tool, the methodological approach described in [19]
has been used.

2 Determining the Resistance to the Bucket Bottom Edge
Penetration

When the bucket bottom is shoving to the ground face or bulk material before the leading
edge with the height bZ and the length equal to the internal bucket widthBk, a compacted
core emerges in the form of a soil wedge with an internal friction angle ρo (Fig. 3). The
soil wedge width coincides with the bucket width Bk. Normal forces N and tangential
soil-on-soil friction forces F act on the wedge edges, creating shear stresses τ .

The drag force of resistance to the penetration of the bucket bottom edge Wd is
determined by the equation of the sum of the force projections on the horizontal axis:

Wl = 2(N · sin ρo + F · cos ρo) (3)

The normal force N is defined as the force of pressure on the wedge side surface:

N = bεBo

2 sin ρ 0r
(4)

where σ r are the normal stresses on the inclined sliding faces of the soil wedge.
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Fig. 3 Diagram of generating forces of resistance to the bucket bottom edge penetration

Tangential friction force is given byF =μ2N;whereμ2 = tgρ0 –ρ0 is the coefficient
of soil friction on the soil, and ρ0 is the internal friction angle.

For bulk materials, the internal friction angle is equal to the stockpile slope angle:
ρ0 = αXT .

Thus, the force of resistance to the bucket bottom edge penetrationWl is determined
as follows:

Wl = (sin ρ0 + μ2 cos ρ0)
bεb0
sin ρ0

σg (5)

3 Determining the Resistance to the Bucket Bottom Penetration

The bucket bottom under an angle of inclination to the soil ψ1 penetrates the stockpile
with the natural soil slope angle αxt. When the bucket bottom penetration starts, a shear
plane emerges under an angle ψ2, and a loosened material prism is formed with a cross
section OA1B, a weight G, and slide planes: OA1—the plane of soil sliding against the
bottom; OB—the plane of soil sliding against the ground. In the slide plane OA1, the
force of resistance to the soil motion F1 and the normal force N1 act on the prism from
the bucket bottom side, and Coulomb forces arise in the slide surface OB: the force F2
of the soil-on-soil friction, the soil adhesion force FCC, and the normal force N2.

The total force of resistance to horizontal bottommotionwhen penetrating a stockpile
is

Wdn = F1 · cosψ1 + N1 · sinψ1 (6)

When the soil moves along the fixed rollers of the conveyor bottom, rolling friction
of the material on the rollers and sliding or rolling friction emerges in the roller bearings
[11].

Thus, the force of resistance to the soil motion F1 is equal to the total force of
resistance to soil motion along the conveyor bottom in the form of a roller surface in the
plane OA1:

F1 = F1P = F1P1 + F1P2 + F1P3 (7)

where FP1 is the resistance to the material rolling along the rollers, FP2 is the
resistance to friction in the roller pins, FP3 is the resistance to the material sliding along
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the rollers and imparting kinetic energy to them. The resistance to the material rolling
along the rollers F1P1:

FP1 = 2k · N1P/DP (8)

where k is the coefficient of rolling friction of the material on the rollers; DP is the
roller diameter, m;

The resistance F1P2 is a consequence of friction in the roller pins if the material lies
on zP rollers:

F1P2 = μP · dP · (N1P + PP · zP) /DP (9)

where PP is the gravity of the rotating roller parts; μP is the coefficient of friction
in the roller neck; dR is the roller neck diameter, m.

The resistance to the material sliding along the rollers and imparting kinetic energy
to them F1P3:

F1P3 = KP · PP · zP · v2P/(g · L) (10)

where KP < 1 is a coefficient considering that not the entire mass of the rotating
roller part is concentrated along its circumference (in practice KP = 0,8 ÷ 0,9); vP is
the circumferential roller rotation speed, m/s; g is the free-fall acceleration, m/S2; L is
the load path (L = Lvn / cosψ1), m.

For the normal force N1, the functional dependence is described by the equilibrium
equations of the concurrent force system:

N1 = f (F1, F2, N2, Fsc, ψ1, ψ2,μ1, μ2) (11)

In the problem being solved, the prism of the material with the cross section OA1B
is considered as a solid body performing a translation motion and being in equilibrium
under the action of a system of three concurrent forces: R1,R2 (Fig. 4).

The resulting forces of R1,R2 are considered as vectors:

�R1 = �F1 + −→
N1. (12)

�R2 = −→
F2 + −→

Fsc + �N2 (13)

The concurrent force system equilibrium equations are written in the form of the
projections of these forces on theOy andOz axes and are supplemented by the equations
of friction and adhesion forces.

n∑

i=1

Fij = 0;
n∑

i=1

Fiy = 0;

N1 sinψ1 + F1cosψ1 − (F2 + Fsc)cosψ1 − N2 sinψ1 = 0

(14)
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Fig4 Concurrent force system equilibrium diagram

n∑

i=1

Fiz = 0

−G + N1 − cosψ1 − F1 sinψ1 − (F2 + Fsc) sinψ2 + N 2 cosψ2 = 0

(15)

Solving Eqs. (14) and (15) gives the below formulas. Normal force N1 for the plane
bottom penetration:

N1 = N1P = Fsc · K10 + G · K11. (16)

Normal force N1 for the roller surface bottom penetration:

N1 = N1P = Fsc · K12 + G · K13 + μP · dP · PP · zP · K14/DP + KP · PP · zP · v2P · K14/(g · L),

(17)

where Ki is the coefficients

K1 = (sin�1 cos�1 + sin�2 cos�2)

(sin2 ψ1 + cos2 �1)
;K2 = (sin�1 sin�2 − cos�1 cos�2)

(sin2 ψ1 + cos2 �1)

K3 = cosψ1(
sin2 ψ1 + cos2 ψ1

) ;K4 = (cos�1 sin�2 + sin�1 cos�2)

(sin2 ψ2 − cos2 �2)

K5 = (sinψ1 sinψ2 − cosψ2 cosψ2)(
sin2 ψ2 + cos2 ψ2

) ;K6 = μ2 · K1 + K2;

K7 = K1

1 − K5 · K6
;K8 = K3

1 − K5 · K6
;K9 = K4 · K6

1 − K5 · K6
;K10 = K7

(1 − μ1 · K9)
;

K11 = K7

(1 − μ1 · K9)
;K12 = K7(

1 − 2 · k · K9/Dp−μp · dp · K9
) ;

K13 = K8(
1 − 2 · k · K9/Dp−μp · dp · K9

) ;K14 = K9(
1 − 2 · k · K9/Dp−μp · dp · K9

) ;
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The adhesion force in the slide plane OB is determined by the formula:

Fsc = Bk · Lvn · sinψ2 · tgast · C/(tgψ2 − tgast). (18)

where C is the adhesion, specific tangential adhesion force per unit of slide plane
area, Pa.

Weight G of the loosened sliding prism OA1B hanging over the working area of the
inclined bottom:

G = 0.5 · ρm · L2vn · Bk · tgψ2. · tgast/(tgψ2 − tgast). (19)

where ρM is the soil density, kg/m3.
Simulation of loading the soil with a conveyor-bottom bucket working body will

allow evaluating the efficiency of reducing the coefficient of friction of rocky soils on
the working body bottom through the transition from sliding to rolling friction and
determining the optimal parameters of the structural conveyor-bottom components for
specific operating conditions.

4 Conclusion

1. To reduce the power consumption for loading the soil, technical solutions have been
proposed for conveyor-bottom buckets solving the problem of reducing the coeffi-
cient of friction of rocky soils on the working body bottom through the transition
from sliding to rolling friction while forming a new structural and technological
group of bucket loading bodies. Developing this area may serve as an impetus for
the development of new efficient machines and technologies.

2. A mathematical model of interaction of a conveyor-bottom bucket working body
with the soil has been developed, which allows simulating the working process and
analyzing the results.

3. Based on the developed analytical tool, the optimal parameters of the structural
conveyor-bottom components can be determined for specific operating conditions,
considering the minimization of power consumption for loading the soil as a target
function of the problem being solved.
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A Study of Vacuum Assisted Resin Injection
for Molding Hard-To-Reach Locations

in the Manufacture of Parts
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Abstract. An increase in the share of composite materials is due to the possibility
of obtainingmechanical properties superior to those ofmetals.One of the problems
of the widespread application of composite materials is difficulties arising when
choosing optimal reinforcement schemes and expensive manufacturing technolo-
gies. The most effective manufacturing technology is autoclave molding, but its
disadvantage is high cost of manufacturing equipment. Therefore, manymanufac-
turers use the vacuum infusion technology: the filler is impregnated with a binder
composition, which makes it possible not to limit the duration of stack assembly,
which is especially important when manufacturing large-sized and thick-walled
products. The disadvantage of this technology is possible insufficient penetra-
tion of the binder into the fabric of hard-to-reach elements. This article discusses
problems arising in the manufacture of products from the composite materials
by the vacuum infusion method. Attention is paid to the problems of molding
and impregnation of the leading and trailing edges of the product. The elements
carry the base plane for joining two products. High requirements are applied to
the geometry, accuracy, and rigidity of these elements.

Keywords: Vacuum assisted resin injection · Carbon fiber · Defects · Resin
transfer molding

1 Introduction

The use of products made of composite materials is due to the development of manu-
facturing technologies, machining [1–3], and repair [4, 5] of these materials. Particular
attention is paid to the process of manufacturing, as it facilitates the replacement of prod-
ucts from traditionalmaterialswith the composite ones. Currently, the followingmethods
of manufacturing products from carbon fiber-reinforced polymer (carbon fiber) are used:
autoclave molding [6–8] and vacuum assisted resin injection. Autoclave molding [9] is
a process of manufacturing composites used in the aerospace industry. It ensures the
process and material reliability by using high volume fiber components from the pre-
manufactured materials. Autoclave molding has not become a mass production process
due to the high labor intensity, long cycle duration, and high capital cost [10]. There-
fore, the vacuum infusion technology [11] has become widespread in the manufacture
of large-sized products, such as aircraft wings and boat hulls.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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Vacuum infusion [12, 13] is complicated by hard-to-reach locations for binder com-
positions [14, 15], which cause voids and other defects [16, 17]. Various software mod-
ules are being developed and implemented to simulate the impregnation process [18,
19]. In [20], the author describes a technique for improving the process of laminating
the material using magnetic clamps. This method is suitable for molding corners and
edges. However, it is only applicable when working with the metal tooling. To reduce
the share of scrap, additional operations such as the resin degassing technology [21] and
the method of double vacuum bags [22, 23] are used.

2 Objectives

The research object is the manufacture technology for the center section of the flying
wingusing themonolithicmold of a negative type. For the convenience ofmanufacturing,
the center section (Fig. 1a) is divided into upper and lower panels. When assembling the
center section, the panels are connected to each other by an adhesive seam applied to
the mating surfaces located along the leading and trailing edges.

Fig. 1 a Central section, b mold overlays

Structurally, molding elements of the leading and trailing edges are flat overlays
located along the leading and trailing edges of the working mold surface. The overlays
have holes to install them on the mold block. The overlays installed on the mold are
shown in Fig. 1b.

To obtain a mating surface, it is necessary to ensure that the fabric adheres to the
working overlay surface. The outer contours of the panel are formed by a theoretical
profile, which is dependent on the geometry of profiles that form it. The aerodynamic
contour has a greater height in the center wing symmetry plane and a smaller one in the
end chord plane. As a result, the distance from the interface is variable and decreases as
the section plane moves away from the center wing symmetry plane. Thus, there is such
a distance between the working overlay surface and the mold, at which it is necessary to
use an additional element to ensure the adherence of the fabric to the working overlay
surface due to the limited access for the tool used for straightening the fabric. To use
the filler, the distance between the working overlay surfaces and the mold should be less
than 10 mm. A geometric analysis of the tooling identified coordinates of the sections,
limiting the areas of application of the filler for molding mating surfaces of the panel
edges.
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3 Experimental Details

The purpose of the experimental study is to develop a technology for laying materials in
complex zones (Fig. 2) to formmolding elements used for joining. Structurally, molding
elements are flat overlays located along the leading and trailing edges of the working
surface of the mold.

Fig. 2 a Mold interface along the leading edge, b mold interface along the trailing edge

Figure 2a shows the configuration of the profile in the leading edge region; the
interface goes in such a way that there are no closed zones that impede the manufacture
of the mold, as well as the recess of the finished part; the minimum radius of curvature
of the surface is larger compared to that of the trailing edge surface shown in Fig. 2b.
The configuration of the trailing edge was chosen in the same way as that of the leading
edge. When laying the fabric and molding the panel, the tooling blocks were divided
along the section plane and used separately from each other. Overlays installed on the
mold blocks were used as carriers of the separation plane along the leading and trailing
edges. The stages in the process of laminating fabric layers, installing ancillaries, and
comparing panel molding approaches are described below.

Figures 3, 4 and 5 show the stages in the process of laminating fabric layers and
installing the overlays in the manufacture of test edges of the panels. Initially, a layer of
carbon fabric is laid on the mold surface (see in Fig. 3a). A layer retainer was used to
temporarily fix the fabric layers to the mold.

Fig. 3 1—mold, 2—carbon fabric, 3—foam filler a Lamination of carbon fabric layers,
b lamination of the filler
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Fig. 4 1—mold, 2—carbon fabric layers, 3—foam filler, 4—overlay a Lamination of carbon
fabric on the filler top, b installation of the overlay

Fig. 5 1— mold, 2—carbon fabric layers, 3—overlay Lamination of carbon fabric along the
leading edge

At the second stage, the foamfillerwas laminated along the trailing edge (see Fig. 3b).
The overlays were removed.

At the third stage, the carbon fiber layer was laminated on the mold surface. The first
and second layers were wrapped around the filler (Fig. 4a). The overlays were removed.

At the final stage, the overlays were installed, and the foam filler was fixed (Fig. 4b).
When molding the leading edge region, the carbon fabric layer was laminated on the

mold surface (see Fig. 5). The layers were temporarily fixed with glue, sprayed locally in
a thin layer on the most significant places (edges, locations where the radius of curvature
of the surface is smallest).

4 Results

It was revealed that the areas of the edges under study were hard-to mold. Thus, to obtain
a joint surface of the panels, two different methods were used (Fig. 6a, b) for each area.
Under the limited access for the tool (Fig. 6a), impregnation with a binder composition
(Fig. 6a, position 4) was partial due to the capillary effect of fabric fibers. This was an
ineffective method which caused the occurrence of areas with a low content of epoxy
resin (Fig. 6a, position 6). In the second option, several holes were made in the flat
overlays for better passage of the binder composition (Fig. 6b). Thus, under the limited
tool access, the edge area was impregnated more homogenously.
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Fig. 6 1—mold, 2—onductive mesh+peel ply, 3—foam filler, 4—peel ply, 5—binder flow, 6—
non-impregnated area of carbon fabric. Trailing edge impregnation pattern a using the capillary
effect b using a perforated overlay

The filler is not laminated when molded areas of the edge are 10 mm (about 0.39 in)
in height, as the edge geometry allows all layers to be conveniently compressed when
assembling the stack. In Fig. 7a, the fabric is directly compressed by the vacuum bag
under the influence of a pressure difference in the bag and in the environment. However,
due to the insufficient compression of the fabric, mold defects occur at the edge (Fig. 7a,
position 1). This is due to the insufficient supply of fabric needed for the full adherence
to the mold. However, excess fabric can distort the weave structure and create folds,
which have a negative effect on the properties of the laminate.

Fig. 7 1—Non-adherence of fabric to the mold, 2—conductive mesh+peel ply, 3—peel ply, 4—
mold, 5—molding profile The scheme of molding edge sections and access for the tool without
a and with b the molding profile

The second method is devoid of this drawback (Fig. 7b), since the fabric is supported
by the molding profile (Fig. 7b, position 1), produced with the use of additive technolo-
gies. The molding profile ensures better adherence of fabric to the mold and reduces the
likelihood of folds. The molding profile is curved around the edge and located under the
vacuum bag, allowing pressure to be transferred from the vacuum bag to the fabric. The
profile is fastened to the mold by three L-shaped clips, located at equal distances along
the profile.

The scheme of molding edges providing tool access is shown in Fig. 7.
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5 Discuss

When comparing different approaches to themolding of edges in hard-to-reach locations,
it was found that the use of perforated overlays ensures better passage of the binder at
the trailing edge of the panel. The use of specialized shaped profiles contributes to better
adherence of fabric to the mold in the impregnation and polymerization of the binder
composition of the leading edge.
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Abstract. The work provides comparison results of flare physicochemical prop-
erties of VG, Etalon Research and Production Company, VAI FUCHS and SMS
DEMAG burners, ensuring diffusion burning at external natural gas mixing with
process oxygen and kinetic burning at their premixing in the burner volume. The
rapid burning length, variation of the temperature field and velocity, the maxi-
mummethane, hydrogen, carbon oxide concentrations throughout the flare length
were defined using computer simulation in ANSYS 17.2 software, module CFX.
Identical boundary parameters were stated for all burners. It was established that
gas-oxygen burners used at the state-of-the-art operating arc steel furnaces are not
meant for burning of the initial premixed blend as gaseous combustion is accom-
panied by the flare drawing into the burner interior with its subsequent failure.
The burning conditions of natural gas with process oxygen in the state-of-the-art
arc steel furnace operating space were proposed; they ensure rational heating of
cold charge material and the melt with due account for the combustion product
properties.

Keywords: Methane · Oxygen · Flare · Conditions · Diffusion ·Mixing · Kinetic

1 Introduction

Diffusion burning of natural gas with process oxygen is considered provided that the
gas mixture is generated in the furnace free space outside the burner. At the diffusion
burning, the gas and the oxidizer are fed separately until they meet at the gas and
oxidizer flow boundary; due to molecular diffusion, a mixture characteristic of laminar
diffusion flame is formed at low flow rates or molar diffusion, contributing to large-scale
turbulence formation inherent to turbulent diffusion flame at the Reynolds number of
over 2310. The gas and oxidizer mixture is partially generated prior to its ignition and
in the course of burning what causes significant difficulties at the process review. The
combustion product temperature, composition, physical and thermophysical properties
in the burning area separated from the initial mixture by the border, impact both the
initial mixing stage and the chemical reaction velocity. The temperature in the diffusion
flame front at equal diffusion heat (thermal conductivity) and gas and oxidizer mix
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interdiffusion is the same with the burning temperature of the stoichiometric premixed
blend. Such result is possible provided equal mass and thermal diffusivities with no heat
losses to atmosphere. Basic concepts of the diffusion burning theory were developed and
published in works [1–8]. At the current open flame furnaces, kinetic burning of natural
gas with oxygen is implemented considering their design features, the process, heating
and temperature conditions; the special feature of such burning consists in preparation
of well-premixed blend. The mix preparation for burning is practically excluded from
the cycle of subsequent physicochemical processes.

Burning conditions may be defined based on the distribution analysis of the com-
bustible mixture components, particularly CH4, CO and H2, in the flare volume. In view
of complicated experimentation to study the element distribution in the furnace operating
space, the researchers increasingly tend toward the burning process computer simulation.
For this purpose, the computational fluid dynamics (CFD) simulation software ANSYS
CFX developed by ANSYS Inc. is well proven [9–12].

Let us illustrate natural gas diffusion and kinetic burning with oxygen in an arc steel
furnace using the corresponding design burners.

2 Computer Simulation of Burning Process

To plot the combustible mixture component distribution field in the operating space,
the ANSYS CFX Software Package is used; the analysis there is based on solution
of the simultaneous transient equations for mass conservation, impulse and energy as
well as the stream component transfer equations [13–19]. The burning process in the
turbulent stream was analyzed using the extended coherent flamelet model (ECFM) on
the preliminary developed 3D model of the furnace burner and the operating space.
The heat transfer model was defined as the total energy. The equations were closed
with the k-ε turbulence model. The ECFM model choice was determined by the most
accurate analysis of the premixed fuel and oxidizer blend burning process [19]. The
combustible mixture was generated using the CFX-RIF tool with determination of the
fuel and oxidizer composition. The fuel and oxidizer temperature was preset at 288
K, and pressure in the furnace operating space was 1 atm. Heat transfer in the burner
housing was neglected.

3 Comparison of Flare Properties at Kinetic and Diffusion Burning

Figure 1 shows burners of the Etalon Research and Production Company, SMSDEMAG,
VAI FUCHS and VG burner with natural gas and oxygen mixing in the diffuser. The
stated boundary parameters for all burners were identical:

• Process oxygen flow—0.553 kg/s with oxygen concentration of 95%, mas.;
• Methane flow—0.092 kg/s. (with methane concentration of 100%, mas.). Natural gas
hydrocarbon composition was factored into the equivalent methane concentration.

Figures 2, 3, 4, 5 and 6 show evaluation results of the maximum CH4, CO, H2
concentration, temperature and velocity variation throughout the flare length.
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Fig. 1 Design versions of gas-oxygen burners evaluated by the computational method a VAI
FUCHS burner, b VG version burner, c etalon research and production company burner; d SMS
DEMAG burner

Fig. 2 Variation of the maximum CH4 mass fraction in cross section of combustion product
volume throughout the flare length of VG, etalon research and production company, VAI FUCHS
and SMS DEMAG burners

In the flare rapid burning zone with the length of 100—200 mm of the VG burner
in Figs. 2, 3, 4, the CH4, CO and H2 concentrations reach the minimum and indicate
completion of the initial blend burning.
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Fig. 3 Variation of themaximumCOmass fraction in cross section of combustion product volume
throughout the flare length of VG, etalon research and production company, VAI FUCHS and SMS
DEMAG burners

Fig. 4 Variation of the maximum H2 mass fraction in cross section of combustion products
throughout the flare length of VG, etalon research and production company, VAI FUCHS and
SMS DEMAG burners

The maximum temperature of the combustion products in the burner flare varies
within 2757–2792 °C while the gas-dynamic flow velocity is measured in a broad range
(Table 1). It should be noted that the VG burner combustion product temperature of
2776 °C corresponds to the gas-dynamic flow with the velocity of 1.15–3.75 times
higher as compared to the burners creating the diffusion burning.
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Fig. 5 Temperature fields of VG, etalon research and production company, VAI FUCHS and SMS
DEMAG burner combustion products at natural gas burning with oxygen (O2–95%)

Fig. 6 Velocity fields of VG, etalon research and production company, VAI FUCHS and SMS
DEMAG burner combustion products at natural gas burning with oxygen (O2–95%)
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Table 1 Burner performance

Parameter VG version
burner

Etalon research
and production
company burner

SMS DEMAG
Burner

VAI FUCHS
Burner

Maximum velocity
of combustion
products, m/sec

750 200 650 250

Rapid burning
length, mm

100 500 300 Over 1000

Maximum
temperature, K (°C)

3049 (2776) 3062 (2789) 3030 (2757) 3065 (2792)

Maximum hydrogen
() mass fraction in
combustion
products, %vol

35 49 41 56

Maximum carbon
monoxide (CO)
mass fraction in
combustion
products, % vol

32 38 36 42

4 Summary

The VG burner creating the kinetic burning of natural gas with oxygen ensures complete
burning of the initial blend and rapid heating of charge materials just with combustion
products with high temperature and gas-dynamic flow velocity.
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Abstract. The article proposes a newmodular design of a vacuum solar collector
with additional salt panels that are part of a common work surface, adapted to
operating conditions in areas with low temperatures, rare but abundant precipi-
tation in the form of snow, and a high building density of low-rise and mid-rise
buildings, near which it is possible to place an array of vacuum collectors with a
minimum length of the pipeline for transporting the heated coolant when they are
fully located relative to each other. A configuration of a new vacuum manifold
with design features aimed at adapting to external factors typical of the operat-
ing area with severe climatic conditions and high levels of insolation is proposed
to ensure the maximum temperature of the coolant inside the vacuum tubes and
reduce the losses of converted energy. A holder of the work surface of the collec-
tor is proposed, which provides the functionality of changing the direction of its
center in nine directions, based on which it is possible to implement a tracking
system for direct, scattered, and reflected solar radiation. The results of the study
of the effectiveness of the developed functional model in real operating conditions
on the territory of the settlement of the Far East of Russia in winter and spring are
presented.

Keywords: Machine designs · Technological inheritance · Design adaptation ·
Solar collector · Modular design · Quality improvement · Manufacturability

1 Introduction

The available data on the increasing amount of energy produced using solar techniques
indicate their growing spread, which stimulates research in the area of improving the
solar technique efficiency, aimed at unlocking their potential. Solving the problem of
insufficient use of the vacuum collector efficiency potential is one of the solar energy
research areas. Vacuum collectors convert heat generated by any heat source and are
suitable for energy sources other than the Sun. For such collectors, the issue of adapting
the design to the operating conditions remains relevant since non-optimal configuration
not only reduces the rated efficiency but also increases the risk of malfunctions, which is
unacceptable, especially for solar systems forming the basis of the heat supply system.

In Russia, the practice of using vacuum collectors is most common in the positive
temperature areas, which is largely due to the configurations of available industrial
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prototypes adapted tomild operating conditions. According to theGlobal Engagement—
Areas of Work—IEA study results, the number of solar hours and the level of solar
radiation are higher in the low-temperature territories of Russia, where the heating cost
issue is especially urgent. The vacuum collector potential is better unlocked just in cold
climates, but this requires adapting the technology to the typical conditions of Russian
low-temperature territories [1]. Earlier [2], a configuration has been proposed for the
solar collector work surface holder adaptable to the position of the natural IR radiation
source (the Sun), featuring a hemispheric base acting as a support for the reflector (and an
element containing a heat-insulating layer with a heat exchanger inside) and pneumatic
actuators setting the reflector inclination angle in nine directions. The holder proposed
has a modular design, which allows changing the configuration to ensure the highest
efficiency when working under certain operating conditions [3]. The northern populated
areas of Russia are characterized by low temperatures and a high density of low- and
mid-rise buildings, the roofs of which host many various heat radiation sources (e.g.,
surfaces heated by the Sun, heating mains, exhaust pipes, surfaces reflecting the Sun’s
rays, etc.). In [4, 5], the concept of a position-controlled vacuum solar collector control
system is proposed, ensuring automatic orientation of its work surface’s center toward
the greatest total heat radiation from available sources.

In conjunction with the configuration of the holder providing the collector surface
orientation in nine directions, such a control system [6] will be the most effective imple-
mentation of a vacuum solar collector to be operated in cities of the northern regions of
Russia [7] and territories with similar climatic conditions. Since the collector work sur-
face holder adaptable to the position of the natural infrared radiation source (the Sun) has
a modular design, it can be adapted to operate under the conditions of low temperature,
snow precipitation, and icing of the work surface to ensure the highest heat conversion
efficiency and easy maintenance.

2 The Work Surface Design

The new vacuum manifold assumes support for reorienting the work surface center.
Each reorientation is associated with additional energy consumption for the operation of
the actuators adjusting the collector center rotation angle relative to the initial position.
Therefore, it is advisable to ensure hardware support for energy-saving modules. Since
the Sun is the main source of energy converted, solar panels will be used as energy-
saving modules. They are suitable to convert radiation into electrical energy, which will
be used by actuators, and the excess energy will be accumulated by other elements of
the solar system the collector is coupled with. Solar panels are auxiliary modules aimed
at minimizing the additional energy consumption for reorienting the collector’s work
surface and should take up a smaller part of the work surface. Figure 1 shows the design
of the work surface of a vacuum manifold with energy-saving modules [8].

The work surface perimeter is built of four solar panels being separate monolithic
blocks, which allows their prompt replacement in the case of failure. The block thickness
allows accommodating electrical wiring andmeasuring device subsystems (in particular,
IG22 series InGaAs photodiodes operating within the electromagnetic wavelength range
of 500–2200 nm). The figure shows that the work surface has a concave shape required
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Fig. 1 Work surface design

to ensure an inclination angle of 45°—the recommended value for the best surface
insolation in the Russian Far East. Also, such a shape allows accumulating sediments in
a certain work surface zone and dumping them when the work surface center orientation
changes.

The solar panels aremounted on ametal profile attached to the reflector located under
the vacuum tubes. The reflector has a concave shape; the bending radius corresponds to
the hemispheric base radius. Figure 2 shows the work surface mounts.

Fig. 2 a Work surface mounts, b fastener scheme

The mounting option proposed allows not disassembling the entire structure but
replacing the individual elements, which, among other things, simplifies the device
cleaning during operation. The figure also shows a massive hemispheric base. It is the
main work surface support, which may weigh up to 70 kg (considering the weight of the
work surface itself and the potential accumulation of precipitation).
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3 The Base Design

The main vacuum collector purpose is converting thermal energy; therefore, the main
part of the work surface should be occupied by vacuum tubes, while to minimize heat
loss, the heating main length [10] (from vacuum tubes to the heat exchanger) should be
minimal. To comply with these criteria, it has been proposed to arrange the tubes in the
holder surface center and make them symmetrical and place the bulb with a heat pipe
connected to the heat exchanger [11] to the center of the structure (Fig. 3).

Fig. 3 a Base in section, b general base

The vacuum tube structure and operation principle correspond to the heat pipe type
with the only difference in [12] the location of the heat pipe bulb. Such a solution allows
inclining the work surface in any direction, in contrast to standard vacuum collectors
with heat pipes, the inclination angle of which is limited to a single direction since the
heat exchanger is placed at one of the tube ends, and to ensure effective thermodynamics
inside the vacuum tube, the coolant should accumulate in its lower part. Such a vacuum
tube structure assumes connecting to the heat exchanger through the central part of the
structure.

In standard vacuum collectors, the heat exchanger [13] is placed outside the work
surface and has an own heat-insulating layer (the thickness of which is adapted to certain
operating conditions). This paper solves the problem of adapting vacuum collectors to
operating conditions of low-temperature areas, so the heat-insulating layer thickness
should be as large as possible. The zone of an interface between the bulb and the heat
pipe and the heat exchanger is also important since the main transfer of the converted
energy to the coolant inside the heated room occurs there. The new design integrates
a heat-insulating layer with a heat exchanger in the base, ensuring the smallest energy
transfer interface (heatingmain) length.Thedesignproposed is also suitable for installing
new vacuum collectors on the heated object roofs (Fig. 4).

The new vacuum solar collector configuration proposed supports various actuators
[14, 15] (pneumatic, hydraulic, or electric linear actuators) ensuring the work surface
orientation in nine directions. Orienting the surface center allows converting the energy
of total heat radiation from all available sources (e.g., surfaces heated by the Sun, heating
mains, exhaust pipes, surfaces reflecting the Sun’s rays, etc.). To study the efficiency of
the solutions proposed, a functional prototype was implemented, supporting the work
surface orientation using an automated system of tracking the heat radiation sources
(Fig. 5).
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Fig. 4 Heating system connection

Fig. 5 Photos of the functional prototype

The studies have shown that the proposed solutions ensure the efficient operation of
the solar system based on a new vacuum manifold under the following conditions:

The design proposed is a development of the solutions implemented in the collectors
supporting the tracking system, where the work surface consists of solar panels only
(not requiring heating main for a liquid coolant) and is suitable to ensure a similar func-
tionality in terms of orienting the work surface toward the heat radiation source while
considering the thermodynamics. The functional ability to orient toward any potential
heat radiation sources allows converting thermal energy even in short solar days since
some sources’ temperature (exhaust pipes, windows, heated walls of premises, heating
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mains, etc.) is independent of the Sun, and they provide additional heat radiation. The
design proposed is modular and suits better to adapt collectors to certain conditions; it
also simplifies the maintenance of the entire solar system. Per the totality of its char-
acteristics, this solution surpasses its analogs on the market and can better unlock the
potential of vacuum collectors in cold areas.

Table 1 Experimental conditions

Experiment conditions Options

The geographic location of the reservoir 50°33′ North 137°00′ East
Duration from January 5 to March 25

Ambient temperature range from −35 °C to + 5 °C

Wind speed range from 9 m/s to 27 m/s

The average level of insolation 4.5 kW/m2 per day

Average day length 7 h 21 min

Available heat sources Sun, living room window (less than 1 m
distance), chimney (1.5 m distance), reflected
sunlight

Length of heating main The collector is installed close to the heated
room, the length of the heating main is less
than 1 m

Tube material Copper coated with an absorbent layer [7]

Number of tubes 20 pieces

Tube parameters Diameter 38 mm, length 1000 mm, without
insulation layer

Heat exchanger parameters A similar tube is used as a heat exchanger
connected to a hose going to the radiator
located in the heated room

Reflector Two aluminum sheets, 5 mm thick

Executive mechanisms 4 electric rods (work surface weight 11 kg)

The construction basis Aluminum profile

Controller for ensuring the operation of an
automated tracking system

Raspberry Pi 4 Model B 4 GB
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Abstract. This article presents a mathematical model and method for defining
a stress–strain state of the thin-walled structures strengthened under load with
the account of elastoplastic strains. The peculiarity of this paper is the fact the
assessment of a stress–strain state of the strengthened structure is conducted with
the account of changes in the section dimensions under load, the availability of
the initial stresses and plastic strain occurrence in the system components. The
presented model allows avoiding quite complex theoretical ratios occurring at the
calculation of rods with a curvilinear longitudinal axis or a curvilinear profile.
Are provide the results of the calculation of strengthening for the cantilever beam
under the bending strain with torsion. The results obtained showed that when
calculating without taking into account the warping of the cross sections of the
bar, the resulting deformations and stresses are only elastic. In case the calculation
was conducted with taking into account the warping, in the lower side flange of
the rod I-section, a significant region of plastic strains occurs.

Keywords: Mathematical model · Thin-walled structures · Strengthening ·
Variational method · Warping of cross sections · Elastoplastic deformations ·
Stress–strain state

1 Introduction

It is known that damages and changes of the computational schemes of the objects under
operation occurring in the structures during their strengthening causing the occurrence of
constrained torsion of thin-walled components [1–9]. Note that mechanical engineering,
aviation and construction industries are increasingly using thin-walled structures [10].
Therefore, to calculate the strengthening of thin-walled rod systems, it is relevant to
develop a mathematical model and the method for defining a stress–strain state taking
into account the characteristics of a strained thin-walled rod.

Simulating the processes of strain–stress state change at the strengthening is quite a
complex problem especially if nonlinear processes occur. This is explained by the need
to consider the changes in geometry, structure computational scheme and additional
stresses occurring during strengthening [11–13]. For the foregoing reasons, the relevant
issues are those that concern developing amathematical model to assess the strain–stress
state of the strengthened rod systems at linear and nonlinear strains.
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2 Mathematical Model and Calculation Method

This article describes a variational method for defining a stress–strain state of the thin-
walled structures strengthened under load with the account of elastoplastic strains. The
peculiarity of this paper is the fact the assessment of a stress–strain state of the strength-
ened structure is conducted with the account of changes in the section dimensions under
load, the availability of the initial stresses and plastic strain occurrence in the system
components.

At the calculation, the author uses the basic assumptions and the relationships of the
rod theory [14] and assumptions adopted in the theory of thin-walled rods, taking into
account shifts [15].

The application of the presented model allows avoiding quite complex theoretical
ratios occurring at the calculation of rods with a curvilinear longitudinal axis or a curvi-
linear profile. Also, it eliminates the need to apply any additional transformations or
use any other methods to take into account eccentricities related to the selection of the
coordinate origin of the ways of load application or structural components’ connection.

As it is known, at the torsion of thin-walled rods, cross-sectional warping occurs.
In the longitudinal axis Ox direction, additional displacement occurs from the warping
of the section uk(x) which has the following form in compliance with the theory of
thin-walled rods with the account of shifts.

uk(x) = − β(x)ω(y, z), (1)

where β(x)—function of measure of the warping; ω(y, z)—sectorial profile area.
To describe the rod strain, a local coordinate system Oxyz is introduced into its

cross sections. It has the axis Ox perpendicular to the cross-sectional plane (Fig. 1).
It is assumed that the torsion center coincides with the coordinate origin Oxyz, while
i, j, k—unit vectors of the coordinate system.

Fig. 1 Cross section of a thin-walled bar
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To calculate the components of a stress–strain state, an additional local rectangular
coordinate system [16] is introduced on a median surface of the rod cross section in the
pointsM(ym, zm). The system axesMyt ,Mzt are directed tangentially and flatwise to the
rod section profile, and the axis Mxt is perpendicular to the section (Fig. 1).

The strains of some point M in a local coordinate systemMytzt are calculated by the
formula

ε = [L]u∗, (2)

where the displacement vector for thin-walled rod is written in the following form
u∗(x, y, z) = {u1(x), u2(x), u3(x), ϕ1(x), ϕ2(x), ϕ3(x), uk(x)}T .

The theory of thin-walled rods includes the hypotheses on the torque-free and no-
pressure nature of longitudinal fibers. In compliance with these hypotheses, it is assumed
γxzt = 0, τxzt = 0, as well as stresses σyt , σzt in the direction of axes M yt , M zt are
equal to zero.

Therefore, in the cross sections of a thin-walled rod only, the stresses σx and τxyt
occur that is why a differential operator [L] is made in the form

[L] =
[ d

dx 0 0 0 z d
dx −y d

dx −ω d
dx

0 ty
d
dx tz

d
dx (ρ(y, z) + 2zt) d

dx tz −ty −ρ(y, z)

]
(3)

here ρ(yM , zM ) = yM tz − zM ty—length of a perpendicular line from the coordinate
origin Oxyz to the tangential line O1M ;ω(y, z) = ω(s) = ∫ s

o ρ ds;ω(y, z)—sectorial
profile area; ty = dy/ds, tz = dz/ds—directional cosines of the axes Myt, Mzt; y = ym
+ ytty + zt tz, z = zm + yttz- zt ty.

In case the strains occurring in the material are elastic, the stresses σ(x, y, z) ={
σx(x, y, z), τxyt (x, y, z)

}
T and strains ε(x, y, z) = {

εx(x, y, z), γxyt (x, y, z)
}
T are

interconnected by linear ratios:

σ(x, y, z) = [D] ε(x, y, z), (4)

where

D =
⎡
⎣E 0 0
0 G 0
0 0 G

⎤
⎦, ε = [L]u∗. (5)

In case of occurring elastic–plastic strains, it is assumed that the structure material
complies with the Prandtl diagram (Fig. 2). The authors apply the Huber-Mises-Hencky
plasticity condition: σi = Eεi at εi ≤ εy and σi = σy at εi ≥ εy, where

σi =
√

σ 2
x + 3

(
τ 2xy + τ 2xz

)
, εi = 1

3

√
4ε2x + 3

(
γ 2
xy + γ 2

xz

)
. (6)

The displacement of components of the reinforced rod structure consisting of the N
rod components (Fig. 3) is defined from the solution of the Lagrange variation equation
in the form

N∑
i=1

(
δUel

i + δUpl
i − δW

)
= 0, (7)
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Fig. 2 Prandtl’s diagram

Fig. 3 Computational model of a bar system

where δUel—variation of the potential energy of the rod system strain in the area of
elastic strains; δUpl—variation of the potential energy of the rod system strain in the area
of plastic strains; δW—variation of the work of external forces.

To define the unknown components of the displacement vector u1(x), u2(x), u3(x),
rotation angles’ vector ϕ1(x), ϕ2(x), ϕ3(x) and warping measure β(x) of rod cross-
sections, the authors introduce a local xyz and a global orthogonal coordinate system
x̃ ỹ z̃. The axis x of a local coordinate system is directed tangentially to the rod axis. The
components of rod points’ displacement in a global coordinate system are expressed in
the form u = {ũ1(x), ũ2(x), ũ3(x)}T ; ϕ = {ϕ̃1(x), ϕ̃2(x), ϕ̃3(x)}T ; β = β̃(x), defined in
the system of coordinates 0x̃ ỹ z̃.

At the definition of the stress–strain state, the rod structure is divided into N sections
in such a way that the rod longitudinal axis is not bifurcated at each section [17, 18].
At each of these displacement sections ũ1, ũ2, ũ3, both rotation angles φ̃1, φ̃2, φ̃3
and the warping measure β are represented in the form of rows in a global coordinate
system:

ũk(x) = ũik(t) =
M∑

m=1

Ci
kmfm(t),ϕ̃k(x) = ϕ̃i

k(t)
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=
M∑

m=1

Di
kmfm(t),β i(x) = β i(t) =

M∑
m=1

Bi
mfm(t) (8)

where t = x/li (0 ≤ t ≤ 1); x—coordinates of the rod longitudinal axis measured from
the section beginning; li—length of the section longitudinal axis with the namber i;Ci

km,
Di
km, B

i
m—unknown constants, fm(t)—approximating functions; k = 1, 2, 3; i = 1,N ,

N—number of the specified sections of the rod system,M—number of the rowmembers.
To obtain the solution, the authors use the approximating function systems.

f1(t) = 1 − t, f2(t) = t, fm(t) = (1 − t) t(m−2),m = 3,M . (9)

The representation of vector components ũ, ˜ϕ and ˜β in the form of the ratios (4)
allows easily conducting geometrical interface conditions and the joining conditions of
the required displacements, rotation angles and the twist measure of rods at the interfaces
of rod system sections. To obtain a high-precision solution, one does not require to divide
the rod structure into a large number of sections; instead, one should include a necessary
number of the members of the rowM members into (8).

The calculation for the structure strengthened under load consists of two stages.
At the first stage using the method [19, 20], the author defines the displacements and

stresses occurring during the strengthening because of the action of initial loads.
Further, at the second stage, the author defines the stress–strain state of a thin-walled

structure after strengthening. To do this, the variations from (7) δUel
i and δUpl

i are
written with the account of repair (initial) stresses σ r = {σ r

x, τ
r
xyt }T in effect during

strengthening

δUel =
∫
lel

⎡
⎢⎣
¨

As

(
u∗T [L]T [D][L]δu∗)dA +

¨

Ad

(
σ T

r [L]δu∗)dA
⎤
⎥⎦dx, (10)

δUpl =
∫
lpl

⎛
⎜⎝
¨

Asel

(
u∗T [L]T [D][L]δu∗)dA+

¨

Asel

(
σ T

p [L]δu∗)dA

+
¨

Aspl

(
σ T

ππ [L]δu∗)dA
⎞
⎟⎟⎠dl, (11)

where lel, lpl—lengths of the rod system sections where only elastic and elastic–plastic
strains occur, correspondingly; As

el, As
pl—correspondingly, the areas of the sections of

elastic and plastic strains of the strengthened rod section; Ad
el—areas of the sections of

the damaged structure components; σ T
pl = {σ pl

x , τ plxyt}-vector of the stresses occurring in

the area of plastic strains, where σ
pl
x = σx/K, τ

pl
xyt = τxyt/K,K = σi/σy; σy—material

yield strength.
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Variation of the work of external forces

δW =
∫
lq

qT δu∗dl +
J∑

j=1

F
T
ij δu

∗(x∗
ij), (12)

where qT = {q1(x), q2(x), q3(x),m1(x),m2(x),m3(x),}—external load distributed

over the section lq; F
T
ij = {

F1j,F2j, F3j, M1k , M2k , M3k
}
—concentrated forces and

moments acting in the points with the coordinates xj* and xk*.
Substituting the expressions (10)-(12) into a variation condition (7) with the account

of the ratios (8 and 9) and the satisfaction of the joining conditions u(x), ϕ(x), β(x) on
the interfaces of the rod system sections, obtain the system of algebraic equations

[K]C = F, (13)

where [K]—matrix of the rod structure stiffness; C—vector of unknown coefficients
Ci
km, D

i
km, B

i
m; F—vector depending on external loads.

Using the solution of the system of Eq. (13), the author defines unknown displace-
ments of the strengthened structure components. Further, applying the ratios (4 and 5),
the author calculates the strains εx, γxyt and stresses σx, τxyt . After that, the author
defines the internal forces and moments occurring in the cross sections of a thin-walled
rod after strengthening.

To calculate the integrals in (10 and 12), the author conducts numerical integration
along the length and the area of sections of the rod systemcomponents. The cross sections
of the structure components can be complex and consisting of various forms in the form
of a circumference, rectangle and rolled sections. That is why, to define the integrals
included in (10 and 12), the author applies special methods [18, 20].

The application of the numerical integration algorithm allows numerically defining
the areas of plastic and elastic strains in a strengthened rod system. As the position of
the plastic strain regions in the rods is unknown in advance, to obtain the regions, one
should use the iteration method. At the first iteration, the strains are considered elastic.
During the further iterations, each integration point (yj, zj) is checked for the fulfillment
of the plasticity condition σ x < σ y. The iteration process is finished at the fulfillment of
the condition (|ε(n)max − ε(n − 1)max|/ ε(n)max)100% ≤ , where –given error.

3 Results of Calculations

Provide the results of the calculation of strengthening for the cantilever rod under the
bending strain with torsion (Fig. 4). The section of a strengthened rod is provided in
Fig. 5.

The material of the main and strengthening elements—St. 3 (σy = 240m�a,E =
2 · 105m�a,G = 8 · 104m�a). Before strengthening, a torque moment Mr = 4 kNm
and concentrated force F r = 100 kN were affecting the rod. After the strengthening, the
additional moment M = 6 kNm and additional load F = 50 kN are applied to the
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Fig. 4 Computational model of a rod

Fig. 5 Normal stress diagram σx

specified rod. Total loads on the rod after strengthening will correspondingly be equal
to N s = 10 kNm and Fs = 150 kN.

The results of the calculations conducted bothwith/without the account of rod section
twist are provided in Table 1 as well as in the form of the diagram of normal stresses in
the most loaded rod section (Fig. 5).

4 Conclusions

The data presented show that, when calculating without taking into account the warping
of the cross sections of the bar, the resulting deformations and stresses are only elastic
(Apl = 0). In case the calculation was conducted with taking into account the warping
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Table 1 Results of calculations

The results of calculations for the rod at the action of repair loadsM r = 4 kN m, Fr = 100 kN

Calculated
parameters

Rotation angle Measure of the
warping

Bimoment Area of the plastic
strain region

ϕ1, radian β, 1/m B, kN · m2 Apl , m
2

Without taking into
account the warping
of the section

0.0781 – – 0

Taking into account
the warping of the
section

0.0495 0.0169 5.85 0

The results of calculations after rod strengthening at load actionM s = 10 kN · m, Fs = 150 kN

Calculated
parameters

ϕ1, radian β, 1/m B, kN · m2 Apl , m
2

Without taking into
account the warping
of the section

0.102 – – 0

Taking into account
the warping of the
section

0.0703 0.0232 11.6 0.00,137

of the section, as it is seen from the stress diagram (Fig. 5), a significant region of plastic
strains occurs in the lower side flange of the rod I-section (Apl = 0, 00137 m2).

Therefore, the account of the rod section warping has a significant impact on the
characteristics of the stress–strain state of thin-walled rods. It appears that in the cases,
similar to the one considered in the example, without taking into account the warping,
it is even impossible to forecast plastic strains in a strengthened rod.
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Abstract. The article uses an approach to assessing quality using complex quality
indicators. The calculation of complex indicators of the quality of hot-rolled sleeve
billet for tubing is considered. Comparison of weighted average arithmetic and
geometric complex indicators is carried out. In the modern world, an integrated
approach to assessing the quality of metal products, based on the principles of
a relatively new science—qualimetry, has been significantly developed. For a
comprehensive assessment of quality, two approaches are most often used: the
first provides for the standardization of quality indicators in the interval (0 … 1),
corresponding to the spread of permissible values of properties. This approach
was implemented by us earlier to analyze the quality of some types of metal
products. The second approach estimates the probability of properties falling into
the required range and is not considered in this article yet, since the analysis of
significant arrays of production data is required. This article implements the first
approach and is devoted to identifying the reserves for improving the quality of
the coupling billet for tubing.

Keywords: Tubing · Pipe rolling unit · Sleeve billet · Comprehensive quality
assessment · Quality indicators

1 Introduction

On the pipe rolling unit of JSC Sinarsky Pipe Plant with a tandem automatic mill, pipes
made of carbon and alloy steel grades of critical use are rolled: pumping, compressor,
drilling, casing, for power engineering with a diameter of 73–168 mm with a wall
thickness of 5–20 mm. The pipe rolling mill-140 (PRM-140) includes an automatic
tandem mill, which consists of two successive longitudinal rolling stands (SPP-1 and
SPP-2).

The technological process for the production of seamless hot-deformed pipes at
PRM-140is a series of sequential operations. The main ones are: preparation of metal for
rolling; heating the metal before rolling; stitching the workpiece into the sleeve; rolling
pipes on an automatic tandemmill; rolling in rollingmachines;metal heating; calibration
or reduction of pipes, their cooling; finishing; acceptance and delivery of suitable pipes
in finished goods warehouses [1]. Further, to obtain the required properties, the pipes
are heat-treated. After heat treatment, the pipes are straightened on a straightening mill.
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Then, the pipes go for ultrasonic testing. Pipes that comply with the normative and
technical documentation are delivered to the T-4 workshop for cutting couplings. A
distinctive feature ofmodern tube-rolling plants andmills is their increasing productivity
and high level of automation. The desire to increase productivity is combined with the
demand for high-quality products.

In the modern world, an integrated approach to assessing the quality of metal prod-
ucts, based on the principles of a relatively new science—qualimetry, has been signif-
icantly developed [2]. For a comprehensive assessment of quality, two approaches are
most often used: the first provides for the standardization of quality indicators in the
interval (0 … 1), corresponding to the spread of permissible values of properties [2,
3]. This approach was implemented by us earlier to analyze the quality of some types
of metal products [4–6]. The second approach estimates the probability of properties
falling into the required range [7] and is not considered in this article yet, since the
analysis of significant arrays of production data is required. This article implements the
first approach and is devoted to identifying the reserves for improving the quality of the
coupling billet for tubing.

2 Subject to Research

As an object of research, we chose a sleeve blank for tubing with an outer diameter of
108 mm and a wall thickness of 19.5 mm; steel grade—32Cr3; strength group L80, type
1, acceptance level PSL-1.Normative documentation:API Spec 5CT (Casing and tubing.
Technical conditions), which contains requirements for mechanical properties, surface
quality, chemical composition; technological regulations (features of the production of
casing and tubing pipes with new types of threaded connections) TR 161-0-1486-2019,
which sets out the requirements for the accuracy of pipes [8].

To select the nomenclature of quality indicators in accordance with GOST 22851-77,
we select the type of industrial products:materials and products and theAll-Russian clas-
sifier of industrial products OKPD-2: base metals 24.20.11.000: seamless steel pipes for
oil and gas pipelines. For these products, according to API 5CT, we select the nomencla-
ture of quality indicators: indicators of purpose, manufacturability, and transportability.
Transportability indicators are not considered in this article, since they do not have a
significant effect on product quality [9].

3 Indexes of Quality

According to methodology of complex evaluation test [1, 2], hierarchical structure of
indexes of quality (“a tree of properties”) was constructed and 17 simple indexes of
quality located at the last level was defined (refer with Fig. 1).

For the selected single quality indicators, the reference xreference and rejection xreject
values of properties in natural terms were determined according to the recommendations
[2]. The reference values of the properties correspond to a higher quality category, or
are taken 20–30% better than the limit values allowed by the regulatory documentation.
The rejection values were chosen slightly worse than the permissible values according
to the regulatory documentation.
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Fig. 1 “Wood” quality indicators of pipe billet for couplings

Normalization of quality indicators is carried out according to the following formu-
las: if an increase in the value of a property leads to an increase in quality (for example,
mechanical properties), xreference > xreject:

k = x − xreject
xreference − xreject

(1)

When calculating by formula (1), the following limiting conditions are met:

At x = xreject k = 0(reject);At x = xreference k = 1(great quality)

When calculating accuracy indicators, you can take xreference = 0 and use formula
(1) in the form:

k = 1− x

xreject
(2)

If an increase in the property value leads to a decrease in quality (for example, the
content of harmful impurities in the alloy), xreference < xreject

k = xreject − x

xreject − xreference
(3)

Formula (3) gives the same limiting conditions as formula (1).
Let us consider examples of using formulas (1)–(3) for standardizing quality

indicators.
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For example, the ultimate tensile strength of pipe billets for couplings of strength
group L80, type 1 in accordance with API 5 CT must be at least 655.0 MPa. We select
the rejection value of 650 MPa, and the reference value is taken as 800 MPa, given that
the fur. properties are determined with an accuracy of 5 units. For normalization, we use
formula (1).

The accuracy of the outer diameter according to TR 161-0-1486-2019 is estimated
by the maximum deviations, which for the outer diameter of 108 mm should be +
1.0/−0.0%. For accuracy indicators, the reference value in the formula (1) is chosen
xreference = 0. The rejection values are chosen a little worse than the allowable ones, the
normalized value is calculated by the formula (2), and the results are entered in Table 1.

Table 1 List of individual properties for assessing the quality of round steel

No. Property xreference xreject Formula for
calculating ki

1 Accuracy diameter Tolerance “ + “ 0 1.2% 1− x
1.2

Tolerance “−” 0 0.1% 1− x
0.1

2 Accuracy walls Tolerance “ + “ 0 13% 1− x
13

Tolerance “−” 0 11% 1− x
11

3 Ovality 0 1.5 mm 1− x
1.5

4 Accuracy of measured length 9.6 m 0 100 mm 1− x
100

5 Curvature 0 20 1− x
20

6 Temporary resistance 800 MPa 650 MPa x−650
800−650

7 Yield point 655 MPa 545 MPa x−545
655−545

8 Relative extension 30% 10% x−10
30−10

9 Hardenability 55% 40% x−40
55−40

10 Hardness value 18 25 25−x
25−18

11 Sulfur content 0.0% 0.02% 0.02−x
0.02−0.0

12 Phosphorus content 0.0% 0.02% 0.02−x
0.02−0.0

13 Silicon content 0.17% 0.50% 0.50−x
0.50−0.17

14 Oxide content 2 4 4−x
4−2

15 Sulfide content 1.5 2.5 2.5−x
2.5−15

16 Depth of surface defects 0 2.2% 1− x
2.2

17 Metal utilization rate 0.9 0.5 x−0.5
0.9−0.5
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We perform the normalization of the content of harmful impurities according to the
formula (3). For example, the sulfur content in accordance with API 5 CT should be no
more than 0.015%. The rejection value is taken as 0.02%, the reference value—0.0%.

The content of the main elements in steel of strength group L80, type 1: carbon C
no more than 0.43%; chromium Cr not more than 1.5% manganese Mn not more than
1.90%, nickel Ni notmore than 0.25%, copper Cu notmore than 0.35%. If real chem., the
composition goes beyond these ranges, the rental is rejected, and the complex indicator
is reset to zero k0 = 0.

The quality of the outer surface of rolled products is assessed as follows: certain
types of defects are allowed without stripping that do not bring the profile dimensions
beyond the minus deviation, i.e., 2% of the diameter (see property 1) [10]. The reference
value in this case is 0 (no defects), the rejection value is 2.2%. For normalization, the
formula (1) was used.

The expense ratio was estimated by the formula:

изд
им

исх

GK
G

(4)

as the ratio of the mass of the product to the mass of the original metal (workpiece). In
this case, we will accept the rejection value of 0.5, the reference value—0.9, and formula
(1) was used for normalization.

Allowable intervals for changing the selected properties, their reference, and
rejection values, as well as formulas for their normalization are given in Table 1.

Further, to calculate a complex quality indicator, the coefficients of significance
(importance) of single propertieswere determined by an expertmethod based on a survey
of 10 experts—specialists in this field on a 10-point assessment of the importance of the
selected properties. The coefficient of significance of the i-th property was determined
by the formula

ai = Bi
∑

Bi
(5)

where Bi the average score for the significance of the i-th property;
∑

Bi—the sum of
the average scores of all experts [2].

4 Complex Indexes

The complex indicator of product qualityK0 was calculated according to the formulas of
the weighted average arithmetic and theweighted average geometric for the intermediate
values of the unit properties given in Table 2.
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Table 2 Values of single properties for calculating a complex quality index of a sleeve blank for
tubing

No. Property X ki ai

1 Outside diameter, mm 108.5 0.616 0.052

2 Wall, mm 20 0.79 0.052

3 Ovality, mm 0.3 0.8 0.048

4 Accuracy of measured length 9.6 m, Mm 0 1.0 0.048

5 Curvature, mm 10 0.5 0.048

6 Ultimate resistance, MPa 769 0.304 0.072

7 Yield strength, MPa 619 0.672 0.067

8 Relative extension, % 26 0.8 0.067

9 Material hardenability, mm 50.4 0.69 0.072

10 Hardness value, HRC 21.3 0.53 0.061

11 Sulfur content, % 0.0029 0.855 0.065

12 Phosphorus content, % 0.010 0.5 0.066

13 Silicon content, % 0.28 0.66 0.051

14 Content of oxides, % 2.5 0.75 0.063

15 Sulfide content, % 1.78 0.72 0.068

16 Depth of surface defects, % of diameter 1 0.545 0.046

17 Metal utilization rate 0.75 0.625 0.049

The weighted average arithmetic complex quality indicator is calculated by the
formula:

k0 =
17∑

i=1

ki · ai = 0.616 · 0.052+ 0.79 · 0.052+ 0.8 · 0.048
+ 1 · 0.048+ 0.5 · 0.048+ 0.304 · 0.072+ 0.672 · 0.067
+ 0.8 · 0.067+ 0.69 · 0.072+ 0.53 · 0.061+ 0.855 · 0.065
+ 0.5 · 0.066+ 0.66 · 0.051+ 0.75 · 0.063+ 0.72 · 0.068
+ 0.0545 · 0.046+ 0.625 · 0.049 = 0.66

(6)

The weighted average geometric complex quality indicator is calculated by the
formula:

k0 =
17∏

i=1

= kaii = 0.06160.052 · 0.790.052 · 0.80.048 · 10.048 · 0.50.048

· 0.3040.072 · 0.6720.067 · 0.80.067 · 0.690.072 · 0.530.061
· 0.8550.065 · 0.50.066 · 0.660.051 · 0.750.063 · 0.720.068
· 0.5450.046 · 0.6250.049 = 0.64 (7)
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5 Conclusions

Thus, the indicators differ insignificantly, and bothmethods of calculation are legitimate.
The values obtained were assessed using the Harrington scale: the range of values

0.64 … 0.8 corresponds to good quality [11].
Thus, on the basis of the qualimetric assessment, it was possible to identify reserves

for improving the quality of the coupling billet for tubing, such as: accuracy of the outer
diameter of pipes, curvature of pipes, and depth of surface defects on the outer surface of
pipes. Further work will be aimed at improving the quality indicators described above.
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Abstract. This article is presented in the way to determine the stress distribu-
tion in the connection of the beam and column. That structure was previous
researched experimentally under cyclic loads, and now, based on experimental
data, the numerical model was made for the evaluation of the influence of the geo-
metric parameters of the assembly parts on the bearing capacity of the assembly
and on the stress concentration factor. The way of the calculation is finite element
analysis using CAE package. This method helps to more accurately determine
the bearing capacity of the connection and identify weakened zones of increased
stress. In order to increase the bearing capacity of the connection, reduce the
stress concentration factors, it is necessary to make changes in the design of the
connection by installing additional stiffening diaphragms. The development of
options for the structural solution of the connection is the goal of further research.
This work shows the way for future researches for improvement of steel structure
connections and its successful using in the civil engineering industry.

Keywords: Numerical modeling · Steel structures · Connections ·
Concentration factors · Equivalent stresses

1 Introduction

In the steel frames of multi-storey civil and industrial buildings, one of the most crit-
ical and important places is the connections of columns with beams [1], which are
carried out mainly during assembly. Improvement of the frame connections aimed at
reducing the steel consumption is achieved, as a rule, through the use of materials of
increased strength, the development of new effective types of structural connections, and
the introduction of optimal design methods [2].

Designing connections of steel structures need a large amount of information for an
objective assessment of the influence of the connection parameters on the force resistance
of the frame elements [3]. Adopting a goal of reducing the consumption of materials
and the cost of construction, it cannot be discount the requirements for improving the
reliability and durability of structures, improving the design technology and manufac-
turing structures, which is directly related to the refinement of design schemes and the
creation of sufficient design models [4]. Accuracy of the design model is based on the
results of physical studies of the actual operation of structures and numerical studies
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of design models, the study of real acting loads, especially seismic ones. The research
results make it possible to reveal the real operating conditions, to study the processes
of deformation and destruction of the structure and to set the permissible limits for the
idealization of design models [5].

The introduction of numerical modeling of the nodes of the steel frames of structures
makes it possible to refine the design schemes, take into account the spatial work of
structures, the real properties of materials, including the behavior of the material beyond
the elastic limit, and nonhomogeneities that cause stress concentration (stresses increase
in small areas adjacent to the places of nonhomogeneity) [6].

2 Numerical Model

2.1 Description of the Work

In this article, the objective is to determine the stress distribution in the node of the rigid
connection of the I-beam with the square column, made of four corners (Fig. 1). This
constructure was researched and analyzed in thework [7]. All elements of the connection
are made of steel C235. Mechanical properties of steel are taken in accordance with the
standard [8]: σ t = 235 MPa; σw = 360 MPa.

Fig. 1 Rigid connecting of the beam and column

2.2 Model Characteristic

The design model is presented in the form of a three-dimensional thin-walled body.
The model is made in a CAE package compatible with the Nastran solver. The model
uses two-dimensional four-node plate-elements of appropriate thickness for beam and
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column parts and one-dimensional rigid elements (RBE-2 in terms of the Nastran solver)
to simulate welded connections. The use of two-dimensional elements formodeling steel
parts in this work seems to be rational, since the ratio of the thicknesses of the parts to
the overall dimensions of the sections is more than ten, which makes it possible to accept
these parts as thin-walled. The use of plate-elements in this task is possible, since the
thicknesses of all used parts is not variable (as, for example, in I-beams with varying
thickness flanges). The use of RBE-2 elements for modeling welded joints introduces
errors into the weld-affected zones of the design model. To assess the strength of welded
structures modeled using rigid elements, the hot-spot stresses technique is used, since
incredible stress spikes appear in the finite stiffeners adjacent to RBE-2 elements under
load.

According to the stresses acting at the distance of such an offset in the finite element
model, it is possible to correctly estimate the strength of the weld-affected zone. The
strength of the weld body can be assessed by classical analytical calculations using
well-known standard methods [9]. Despite the significant disadvantages of using rigid
elements in modeling welds, this modeling method seems to be reasonable for several
reasons:

• modeling of welded joints with elements of finite stiffness is a much more time-
consuming process;

• a design model of welded structures, in which welds are modeled by similar elements
of final stiffness, is more resource-intensive (this is especially noticeable for models
made with volumetric elements);

• there is no universal method for modeling welded joints that would reliably show the
stressed state of parts, taking into account the inhomogeneity of the shape and elastic
properties of the weld and residual welding stresses, using only the design shape of
the weld.

2.3 Model Connections

At the base of the column for the assembly in the center of the base plate, translational
degrees of freedom are limited, which makes it a spherical hinge. This node does not
belong to the elements of the base plate, and the boundary conditions from the node to
the plate are transmitted by the interpolating element RBE-3. Two diametrically opposite
nodes of the base plate are limited in translational movement along the X-axis, which
limits rotation for the entire structure around its vertical axis (Z-axis in the model).

In the upper support, one of the nodes is constrained by displacements in the hori-
zontal XY-plane. These displacement constraints ultimately provide sufficient restraints
for the model to compute.

2.4 Loading Conditions

The loads on the transom and column are modeled similarly to the spherical hinge of
this model—using an interpolation element.

Determination of stresses in elements of sections of structures by known methods of
resistance of materials for various types of stress state is valid only if the section under



Numerical Modeling of Steel Structures Connections 351

consideration is at a sufficiently large distance from the places of abrupt changes in the
shape of the section, internal corners, holes, cracks, mechanical damage, welds, etc.
[10]. Practically in all the elements of operated structures, there are zones of structural
or technological stress concentrators (Fig. 2), in which local stress concentrations are
manifested; it is in them that fracture is initiated [11]. The appearance of stress concen-
tration in some cases (at variable loads, when using high-strength steels) can lead to a
decrease in the strength of the element and an increase in the probability of its brittle
fracture [12].

Fig. 2 Local surge of tension in the beam at the edge of the column

In places of stress concentration, the hypothesis of flat sections is false, and the
formulas for the resistance of materials are not applied [13]. Stresses near stress con-
centrators must be determined by methods of elasticity theory, computer modeling or
experimentally.

3 Experiment

For the numerical experiment as the primary methodology was selected full factorial
experiment type 2k , allowing for known among the factors to find the number of exper-
iments required to implement all possible levels of the factors of N = 2k , where N—is
the number of experiments, k—the number of factors, and 2—the number of levels. The
factors that determine the process are: the thickness of the lining t, the length of the lining
b, the force on the column P, and the force on the beam S (Fig. 3). When considering a
problem in which the number of factors under study is 4, it is necessary to perform 24

= 16 different combinations of experiments.
For the research, the levels and intervals of variation are presented in Table 1.
The conditions for conducting experiments in the natural values of the factors are

presented in Table 2.
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Fig. 3 Parameters of the numerical model

Table 1 Variation levels and intervals

Level t (mm) b (mm) P (kN) S (kN)

Main 8.0 40 700 40

Upper 10.0 50 800 50

Lower 6.0 30 600 30

Range of variation 2.0 10 100 20

As a result of the calculation, the distributions of equivalent stresses in the elements
of the node were obtained. The general nature of the distributions is similar for all
variants of the experiment and varies only in the values of the stresses (Fig. 4).

The numerical values of stresses in the cross section of the beam (σmax
b) and in the

column cross section (σmax
c), vertical displacement of the end of the console (z) are

presented in Table 3. Bold text in selected options satisfies the condition of strength.
Analysis of the destruction of elements of steel structures shows that the overwhelm-

ing majority of them, the formation of brittle or fatigue cracks, and other reasons for the
loss of bearing capacity occur, as a rule, near stress concentrators. The phenomenon of
stress concentration is explained by the fact that in a solid body, the forces are transmitted
along the shortest possible path, which ensures a minimum of the body’s internal energy
under a given loading. As a result, the material adjacent to the weakened area perceives
additional forces transmitted from the material surrounding the hole or cut [14].

The maximum stress in the weakened section in the classical setting will be written
as in [15]:

σmax = ασ · σn (1)

here σmax is the maximum elastic stress in the weakened section; σn—is the nominal
voltage determined in the most weakened section located at a sufficiently large distance
from the weakening without taking into account the effect of stress concentration, and
ασ—is the theoretical stress concentration coefficient, which depends on the shape and
size of the holes, on the ratio of the size of the damage that weaken the section and the
transverse dimensions of the body.
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Table 2 Natural values of factors

Experiment number t (mm) b (mm) P (kN) S (kN)

1 10 50 600 20

2 10 50 600 30

3 10 50 800 20

4 10 50 800 30

5 10 30 600 20

6 10 30 600 30

7 10 30 800 20

8 10 30 800 30

9 6 50 600 20

10 6 50 600 30

11 6 50 800 20

12 6 50 800 30

13 6 30 600 20

14 6 30 600 30

15 6 30 800 20

16 6 30 800 30

As a result of a numerical experiment, the stress distribution near the point of
weakening was obtained (Fig. 5).

The numerical values of the calculated theoretical stress concentration factors in the
node for the factors considered are given in Table 4.

4 Results

The stresses obtained in the first, second, and fifth of sixteen numerical experiments
satisfy the condition of strength in terms of the yield point of the material; in all variants,
the stiffness condition ismet (Table 3), and the values of the stress concentration factors in
the near-weld zone of the beam exceed 2.7. In order to increase the bearing capacity of the
connection, reduce the stress concentration factors, it is necessary tomake changes in the
design of the connection by installing additional stiffening diaphragms. The development
of options for the structural solution of the connection is the goal of further research.
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Fig. 4 Distribution of equivalent stresses (Pa) in the connection. 1—the compressed zone of the
column; 2—the zone of influence of the bending moment in the beam on the stress state of the
column at the place of the connection
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Table 3 Numerical values of the calculated parameters

Experiment
number

σmax
b (MPa) σmax

c (MPa) z (mm)

1 153.6 206.6 3.4

2 148.5 231.1 3.6

3 238.4 276.2 4.7

4 233.1 298.2 5.0

5 189.6 230.0 3.5

6 187.6 253.1 3.8

7 294.8 313.4 4.9

8 287.8 334.0 5.2

9 255.1 235.6 4.1

10 249.8 258.2 4.3

11 390.6 322.7 5.7

12 187.6 253.1 3.8

13 294.8 313.4 4.9

14 287.8 334.0 5.2

15 255.1 235.6 4.1

16 249.8 258.2 4.3

Fig. 5 Distribution of equivalent stresses (Pa) in the node and location of measurement points to
determine ασ
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Table 4 Values of theoretical stress concentration factors

Experiment number ασ σmax (MPa) σ n (MPa)

1 2.96 153.6 51.9

2 2.778 148.5 53.5

3 3.128 238.4 76.2

4 3.014 233.1 77.3

5 3.777 189.6 50.2

6 3.684 187.6 50.9

7 3.943 294.8 74.8

8 3.817 287.8 75.4

9 2.971 255.1 85.9

10 2.874 249.8 86.9

11 3.062 390.6 127.6

12 2.999 385.3 128.5

13 4.012 319.4 79.6

14 3.959 313.2 79.1

15 4.037 488.5 121

16 4.017 482.2 120
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Abstract. In recent years, modern electrometallurgy has shown a trend towards
the integrated use of various methods of intensifying the thermal performance of
up-to-date arc steel furnaces. Thus, wall gas-oxygen burners and refining tuyers
have become increasingly common to reduce electric power consumption. They
are used to burn natural gas with process oxygen. The paper outlines the design
of the burners of operating furnaces (VAI FUCHS, SMS DEMAG, and Research
Production Company Etalon) and describes the design options for mixing natural
gas with oxygen in the burner space, as well as in the divergent nozzle. ANSYS
CFX software has been applied to study temperature fields and possible flashback,
which resulted in the development of a burner design precluding flashback during
kinetic combustion of natural gas in oxygen. The study revealed that the gas-
oxygen burners used at the state-of-the-art operating arc steel furnaces are not
designed for combustion of the initial premixed blend, as gaseous combustion
is accompanied by the flare being drawn into the space inside the burner with a
subsequent failure of the burner.

Keywords: Burner · Flare · Design · Kinetic · Diffusion ·Mixture

1 Introduction

In recent years,modern electrometallurgy has shown a trend towards the integrated use of
variousmethods of intensifying the thermal performance of up-to-date arc steel furnaces.
Wall gas-oxygen burners and refining tuyers have become increasingly common [1].

A gas burner is designed to form a flare under preset conditions for combustion of gas
with an oxidizer. Its geometry (lf—full length, lrb—rapid burning length, aperture angle,
etc.), as well as temperature and chemical composition of the combustion products at a
minimum rate of incomplete combustion are predetermined [2–7].

Simulation of fuel burning processes demonstrated a good possibility to determine
optimal parameters of a burner. Bobrov and Loshkarev [8] applied the ANSYS CFX
software to generate the temperature field, as well as CO, CO2, and H2 distribution in
the operating space. Druzhinin carried out the burner mathematical simulation for the
Borovichi Refractory Plant to evaluate the optimal design solutions [9]. Mathematical
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simulation allowed Vereshchetin to determine the impact of the furnace design on the
natural gas burning behaviour and NOx formation [10, 11]. The obtained results enabled
the researchers to determine an optimal design for a burner.

Gas-oxygen burners in an arc steel furnace are primarily designed to expedite the
heating of the charge contained in the first basket. It facilitates the feeding of the final
charge amount into the operating space. Preheating of the complete charge amount to
the melting temperature should be uniform throughout the total space without any local
overheated or fluxed zones. The formation of the liquid phase on the surface results in
reduced porosity and gas permeability when filling the voids in the bottom layers of the
charge.

Maximum level of the heat transfer created in the charge layers leads to positive
fusion. Gas is burnt with oxygen in the diffusion mode, which means that it is mixed
with an oxidizer after their outflow from the burner. It can also be carried out in the
kinetic mode provided that the premixed gas and oxidizer blend are of high quality.
Thus, we need to define the most efficient mode for an arc steel furnace.

During the turbulent diffusion combustion, the flare is characterized by the individual
extensional areas with increased oxygen content. This reduces the temperature and heat
exchange. It also increases the charge componentwaste, thus influencingmass exchange.

The turbulent flare during the kinetic combustion is characterized by homogeneity of
the chemical composition, temperature homogeneity in the adjacent spaces, and uniform
dispersion of heat andmass transfer processes. The elimination of the mixing of gas with
oxygen from the burning process changes the flare geometry.

Such burning conditions make it essential to determine which part of the burner
should be used to prepare the mixture, and how this mixture should be fed to the flare;
as at certain conditions of the mixture outflow from the burner, its burning spreads into
the burner, i.e. backflash occurs [12–14].

2 Design of Gas-Oxygen Burners Used in Arc Steel Furnaces

The VAI FUCHS 6.5/120t burner is shown in Fig. 1. Its specifications are given in Table
1.

Fig. 1 Design of VAI FUCHS 3.5 MW heat power gas-oxygen burner for arc steel furnaces
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Table 1 Wall gas-oxygen burner specifications

Parameter Value

Number of furnace wall burners, pcs 4

Heat power per 1 burner, MW 3.5

Natural gas flow per 1 burner (at a constant pressure of 6 bar), m3/h
(m3/s)

100–350 (0.028–0.097)

Oxygen flow per 1 burner (at a constant pressure of 7–14 bar), m3/h
(m3/s)

200–800 (0.056–0.222)

Compressed air flow per 1 tuyere (at a constant pressure of 7–14 bar),
m3/h (m3/s)

80–150 (0.022–0.042)

Range of adjustment of the burner tilt in the vertical and horizontal
planes, (°)

±10

Figure 2 shows a burner designed by Research Production Company Etalon [15].
The burner consists of a central duct (1) for oxygen supply, a peripheral duct (5) for
natural gas supply, and an external duct (3) for cooling water supply. The burner head
has six angular holes (6) and one central hole for oxygen outflow, as well as six flat
peripheral ducts for natural gas outflow [15].

Fig. 2 Design of the Etalon gas-oxygen burner for arc steel furnaces: 1—oxygen supply duct,
2—natural gas supply duct, 3—water jacket, 4—head, 5—holes for natural gas outflow, 6—holes
for oxygen outflow, 7—central duct

Figure 3 shows the burner designed by SMS DEMAG [16, 17].
In this case, natural gas is mixed with oxygen in the unconfined space at the burner

outlet. The burner creates the diffusion combustion that oxidizes natural gas combustible
components outside the burner. The burning spreads in the charge layer or above the
melt surface.

Kinetic combustion of natural gas with oxygen is preferable. The premixed blend
burns in a flare of a smaller length as compared to diffusion combustion under equal
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Fig. 3 Design of the SMS DEMAG gas-oxygen burner for arc steel furnaces

initial conditions. There is no burning of the initial fuel components in the charge layer.
The temperature of the combustion products reaches its maximum at the entry of the
charge layer.

This paper covers various options for combustion of natural gas with oxygen in the
kinetic mode (Figs. 4 and 5).

Fig. 4 Options for gas-oxygen burner designs under study (options with mixing in the divergent
nozzle)
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Fig. 5 Options of gas-oxygen burner designs under study (options with mixing in the burner)

3 Computer Simulation of Burner Designs

Experimental research requires high costs for the development of the guidelines and tools
for sample testing. Computer simulation applied for the development of themost efficient
burner design allows us to avoid intermediate designs and to evaluate the influence of
any design changes on the flare characteristics [18, 19].

We used ANSYS CFX software to evaluate combustion of natural gas with various
oxygen concentrations in an oxidizer.

At the first stage, a 3D burner model was created in KOMPAS-3D software on the
basis of the results of the de Laval nozzle analysis.

At the second stage, the geometry model was imported into Ansys Design Modeller.
ANSYSMeshing generated a mesh with a pitch of 2 mm for the burner space and 5 mm
for the flare burning space. This created 1,423,425 nodes and 7,607,414 elements at the
maximum length of the hexagonal mesh rib of 3.16 mm.

At the third stage, a design model and boundary parameter conditions were specified
in setup. We used the Extended Coherent Flamelet Model (ECFM) to calculate com-
bustion, the Total Energy model to calculate heat transfer, and the k–Epsilon model to
calculate turbulence.

The ECFMmodel is the most precise model to calculate combustion of the premixed
fuel and oxidizer blend, as it provides calculations for two separate patterns, namely
the premixed or partially premixed combustion model and the burning velocity model
(BVM) [20].

To generate the combustion reaction, a flammable mixture and an oxidizer were
specified in the CFX-RIF tool. Initial conditions for oxidizer and fuel were as follows:
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temperature of 288 K and pressure of the arc steel furnace operating space equal to
atmospheric.

The boundaries for the burner housing were specified as No Slip Wall. Inlet was
chosen for the oxidizer and natural gas inlet areas andOutlet for the combustion product
outlet area. The natural gas and oxidizer flow rate was specified at the inlet.

4 Evaluation of the Burner Temperature Field to Avoid Flashback

We failed to avoid flashback (flame spreading into the burner) in the burner designs
which imply that the internal mixing of natural gas with oxygen begins in the convergent
nozzle (Fig. 6a) or in front of the cylindrical mixer (Fig. 6b). The combustion started in
the burner internal space.

Fig. 6 a Temperature distribution in v1.0 burner with mixing of natural gas and oxygen starting
in the convergent nozzle; b Temperature distribution in v1.1 burner with mixing of natural gas
and oxygen starting in front of the cylindrical mixer

The combustion of natural gas with compressed air showed similar results (see
Fig. 7).

In the burners with the option of mixing inside the burner, flame flashback also
occurred, therefore the burning spread into the burner space.

During simulation, the v.3.3 burner design (VG) proved to be the most efficient for
kinetic combustion of natural gas with oxygen. Figure 8 shows the burner design where
natural gas is mixed with oxygen in the divergent nozzle with an external supply of
natural gas. The supply of natural gas to the oxidizer flow occurs through the holes in
the divergent nozzle without creating any hydraulic resistance to the oxidizer flow, which
is a distinctive feature of this design.

5 Conclusions

The study of the kinetic combustion of natural gas with oxygen revealed that flame
backflash is possible at any concentration of oxygen in the oxidizer in the existing
burner designs. No flare backflash is observed during kinetic combustion when natural
gas is mixed with oxygen in the divergent nozzle.
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Fig. 7 Temperature distribution in v1.1 burner mixing of natural gas and air in the cylindrical
mixer

Fig. 8 Burner design under study
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Abstract. Various types of gearboxes are used in most of the drilling and oilfield
equipment. Gearboxes make it possible to obtain the torques and rotation speeds
necessary for the implementation of the technological drilling processes or oil
production. In addition to the traditional requirements for load capacity and dura-
bility, the gear mechanisms should have a high overload capacity and small radial
dimensions that ensure placement in the drill string of pipes (submersible gear-
boxes for screw pumps and gearboxes for downhole drilling motors) and allow
high reduction at high efficiency in harsh climatic conditions (valves actuators).
These requirements aremet by gearboxes that use straight precessional bevel gears
with a small shaft angle and a small difference in the gear and pinion teeth quan-
tity, making a precessing motion. The article provides formulas for determining
the minimum clearances in the gearing required to determine the contact strength
of straight precessional bevel gears with a small shaft angle. The resulting for-
mulas and methods will allow develop and manufacture gearboxes with adjusted
performance characteristics necessary for harsh conditions.

Keywords: Precessional gearbox · Straight precessional bevel gears with a
small shaft angle · Gears minimum clearances

1 Introduction

Mechanical drives, created on known modifications of spur and bevel gears, worm [1–4]
and spiroid [5–15] gears, do not correspond to oil and gas industry needs in some cases.
The oil and gas industry makes high demands on the gearboxes such as high efficiency,
low weight and dimensions, low torque, due to the operating conditions of gearboxes
drives in the Far North. An effective way to solve the problem is to develop a new
generation of drives [16–22] based on a straight precessional bevel gears (SBPG). Due
to the small difference in the numbers of pinion and gear teeth, drives based on SBPG
[16–22] can be manufactured with a gear ratio from 10 to 65. Their radial dimensions in
comparison with traditional drives are much less at high efficiency (η ≈ 0.9). Multiple-
teeth contact is implemented in straight bevel precessional gears, as a result drives load
capacity with straight bevel precessional gears significantly exceed other types of drives.
Figure 1a, b shows ball valve drive DN-300 and the screw pump gearboxes for the heavy
oils production based on a straight bevel precessional gear with a small shaft angle.
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Fig. 1 a, b Ball valve DN 300 and screw pump gearboxes based on a bevel precessional gear with
a small shaft angle

Works [16, 17, 19, 20] describe straight precessional bevel gears geometry and
mathematical models of the gear’s teeth forming processes. Also, problems of gearing
teeth optimal geometric characteristics determination are solved based on varying tools
parameters and gear cutting machine settings.

Straight precessional bevel gears distinctive feature is that teeth pairs surfaces of the
pairs adjacent to the contacting pair are located close enough in any gearing phase and
multi-pair engagement is realized with the external torque application to the external
torque transmission.

2 Determination of Minimum Clearances in a Muli-Pair Gear
Meshing of Straight Bevel Precessional Gears

Distinctive feature of straight precessional bevel gears is that the teeth pairs adjacent to
the one pair there is a geometric contact in an engagement certain phase (ψ1 = const)
are located rather close. In this regard, when torque is applied to the transmission, chosen
clearance will be “selected”, and several gear teeth pairs will be in contact. This fact
allows us to assume that straight precessional bevel gears will be, in terms of the load
capacity, due to the multi-pair engagement, higher than the usual bevel gear with an axle
angle � = 90◦.

Let us consider the procedure for determining the minimum clearances function in
multiple-teeth contact of straight bevel precessional gears. To solve this problem, let
us turn to Fig. 2, which shows gears scheme and coordinate system S1 = (x1, y1, z1),
S2 = (x2, y2, z2), which describe gear and pinion teeth surfaces.

We define the elements of the transition matrix ˜A12(ψ1, ψ2) from the coordinate
system S2 = (x2, y2, z2) to the coordinate system S1 = (x1, y1, z1)

b11 = cosψ1 · cos� · cosψ2 + sinψ1 · sinψ2;
b12 = − cosψ1 · cos� · sinψ2 + sinψ1 · cosψ2;
b13 = cosψ1 · sin�; b14 = d · cosψ1 · sin�;
b21 = − sinψ1 · cos� · cosψ2 + cosψ1 · sinψ2;
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Fig. 2 Designed scheme of bevel gears with a small shaft angle with a non-generated gear and a
generated pinion and used coordinate systems

b22 = sinψ1 · cos� · sinψ2 + cosψ1 · cosψ2;
b23 = − sinψ1 · sin�; b24 = −d · sinψ1 · sin�;
b31 = − sin� · cosψ2; b32 = sin� · sinψ2;
b33 = cos�; b34 = d · cos� − c;
b41 = b42 = b43 = 0; b44 = 1. (1)

where the anglesψ1 andψ2 determine the rotation, respectively, of the gears and wheels
around their axes of rotation in the gears.

Following the gears theory [23, 24], the condition of the gear and pinion teeth
surfaces, considering the matrix˜A12(ψ1, ψ2), has the form

⎧

⎨

⎩

r̃1(u1, h1, φ1,V1) = ˜A12(ψ1, ψ2) · r̃2(u2, h2,V2);
m̃1(u1, h1, φ1,V1) = ˜A12(ψ1, ψ2) · m̃2(u2, h2,V2);
f1(u1, h1, φ1,V1) = 0,

(2)

where r̃1, m̃1—column matrices composed of the vector radius projections r1 and the
normal of the gear tooth surface m1; r̃2, m̃2—column matrices composed of the vector
radius projections r2 and the normal of the pinion tooth surfacem2; f1—gearing equation.

In expanded form, Eq. (2) is called the inverse problem of gear theory [23, 24] and
is a system of six transcendental equations (the coincidence of the normal unit vectors
projections is determined not by three, but by two independent equations) with seven
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unknowns: u1, h1, φ1, u2, h2, ψ1 and ψ2. System (24) is solved by numerical methods
for a fixed phase of the engagement (ψ1 = const).

As shown in the works [17, 18, 21], to solve load distribution problem between
teeth pairs, it is necessary to know the function of the minimum clearances changing in
adjacent (geometrically) contacting teeth pairs at an angle ψ1 = const. This problem,
based on dependencies obtained in article [20] and developed program for studying
geometric characteristics of the straight precessional bevel gears with a localize contact,
is solved as follows.

Let us set the gear engagement phase ψ1 = const. By solving the engagement
inverse task [23–30] (system transcendental Eq. (2)), we define the pinion rotation angle
ψ2 operatively engaged.

Let us designate found angles with a superscript 0 (ψ0
1 , ψ

0
2 ) indicating that a teeth

pair with No. 0 is contacting.
Consider the next teeth pair numbered N = 1. In the same engagement phase, angle

φ1, corresponding to a teeth pair with No. 1, is

ψ1
1 = ψ0

1 + 2π · N
z∗1

, (3)

where z∗1—pinion teeth quantity, and N—teeth pair number (0, ±1, ±2, ±3, etc.).
From expression (3), it follows that the gear teeth angular pitch is added to the angle

ψ0
1 .
With a help ofψ1 = ψ1

1 , we will solve equations system (2) and set the gear rotation
angle in the working gears ψ1

2 = ψ2, at which geometric contact will be provided in a
teeth pair with No. 1.

If studied gears were conjugate, then angle ψ1
2 would be equal to the expression

ψ1
2 = ψ0

2 + 2π · N
z∗2

, (4)

where z∗2—gear teeth quantity.
At the same time, taking into account modification of the gear tooth surface, for-

mula (4) will be not applicable, because studied gears are approximate. Using obtained
angleψ1

2 , we can determine angle δψ1
2 (gear compensating angle). Using this angle, teeth

pair N = 1 will start gear meshing:

δψ1
2 = ψ1

2 − ψ0
2 − 2 · π · N/z∗2 . (5)

Solving the system of Eq. (2), the parameters h1, h2, u1, u2, φ1, ψ2 and coordinates
projections x2, y2, z2 of the vector radius r̃2 of the gear and pinion teeth surfaces contact
point are determined, and also using δψ1

2 , it is possible to calculate the value of the
minimum clearance in a teeth pair N = 1:

�1
r = δψ1

2 · r2 = δψ1
2 ·

√

x22 + y22 + z22 (6)
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Proceeding in the same way for the pairs with N = ±1; ±2, …, a set of turns δψN
2

and minimum clearances values �N
r are established:

�N
r ,N = 0;±1 ± 2, . . .

As an example of the considered algorithm implementation, in Fig. 3, for the engage-
ment phase ψ1 = 0, minimum clearances in five teeth pairs (N = 0; ±1; ±2, paired
with N = 0 and clearance equal to zero) of straight precessional bevel gears with a
localized contact are presented with the following parameters: z∗1 = 64, z∗2 = 65, � =
2°, mn = 5.0 mm; bw = 25 mm. The parameters defining the law of gear tooth surface
longitudinal modification are taken as follows: au = 10 mm, bu = 80 mm and ϑup =
0.0.

Fig. 3 Values of the minimum clearances in the gear pairs adjacent to the contacting

3 Main Results

The advantages of using straight precessional bevel gears with a small shaft angle in
various designs of oil and gas equipment are described. The new scientific results of the
article are methods and formulas for determining the minimum clearances—one of the
most important geometric characteristics for solving the problems of load capacity and
calculating contact strength.
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Abstract. This paper presents the development of a 6-DOF spatial robot using
3D printed parts and low-cost electronic components to be used as a research and
teaching tool in robotics. The main purpose of this work is to give students a gen-
eral platform formaking it possible to emphasize some disadvantages and improve
mechanical and electrical parts. The secondary purpose is the development of a
research platform that could be used as a basis for the development of industrial
robots using the latest additive technologies and other economically efficientmeth-
ods of manufacturing mechanical components for robots. The requirements for
the new design were formulated after analysis of existing solutions. The general
concept of the spatial robot with integrated electronic components was developed
as the result. The control system was developed in addition. The prototype of the
developed spatial robot was produced and tested to verify the correspondence of
achieved results to the requirements.

Keywords: Manipulator · Robot for higher education · Robot for teaching ·
3D-printed spatial robot · Low-cost robotics platform

1 Introduction

The modern education process in robotics at the university makes demands from the
hardware and software. The use of tools like LegoMINDSTORMS [1] became common
only for primary school. As one of the most widespread robots for teaching, consider
KUKA YouBot [2]. This solution was developed for high education in robotics, but the
mechanical parts could not be modified. The price of this robot is very high at the same
time. In this work, authors look for cheaper and still industrial-like solutions. Based on
the mentioned reason, next research was continued in the direction of using 3D printed
parts and other manufacturing methods to provide more efficient education during the
study of robotics at the university.

The students at the university need the tools which are more flexible systems to
be improved during education not only for the purpose of control algorithms design
but in terms of mechanical (physical) components. Such requirements come from the
limitations of the hardware that impose restrictions on the software, which today is
practically unlimited, since new algorithms and control methods are implemented as
software.
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Hardware limitations are reduced since the use of 3D printers has become
widespread. Many parts today can be printed at home or in a university laboratory
as 3D printers and filament have become cheap. Analysis of requirements for robotic
manipulators to be used as educational tools is an important stage to make the education
more effective.

There are many useful projects that used 3D printed parts in various robotics appli-
cations. Today, only a few of them could be related to scientific or industrial solutions in
some approximation level. The most important difference between an industrial solution
and DIY projects is reliability and durability. Solutions available in the market are not
intended for long-term work, and they are suitable only for short-time working on for
demonstration purposes. Their functional parts wear out, and the driven parts must be
replaced in several hours of intensive work.

The original open-source project named “Thor” [3] made a huge contribution to the
evolution of robotics solutions with the 3D printed parts. Since 2016, manymanipulators
have been developed inspired by the Thor project. The open-source project MOVEO [4]
is one of the best versions of Thor project which is a simplified version of the original
project but without a few lacks. This solution could be adapted for educational purposes,
but still, it requires a lot of efforts from teachers.

The solution presented in the paper [5] is the most affordable robot for teaching
purposes, but some limitations on the kinematics do not allow work with full-rank
kinematics because it has the kinematics like SCARA robots. Such type of robot has
important feature—kinematic redundancy—but the kinematics is still simple because
the mechanics is planar. Other big problem is pointing on the side of control. Most
solutions have no control systems, and development of a general control system takes
too much time for users in the education process. The use of simulations is widely used
in education, but the simulation does not provide equivalent skills because it has only
scripting and skipping huge skills on the control of real motors.

The next requirements have been formulated based on the analysis of available
solutions:

• Spatial six degrees of freedom kinematics
• Dimensions 0.5 m in each direction
• Low-cost stepper motors
• Low-cost and reliable gear reduction
• Low-cost links
• Repeatability ±2 mm
• Radius of the workspace 0.3 m
• General control system that provides low-level control of joints
• Driven components must provide accuracy and reliability during a long time.

The structure of the paper is arranged as follows. In the introduction, we analytically
derived the general requirements for the new concept of the robotic manipulator to
make it more suitable for teaching robotics. The second section delivers the design of
mechanical parts that provides all the requested abilities for control functionality. The
features of control implementation on high and low levels are presented in the third
section, including software architecture. Authors in this section also explained how
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physically implemented the control system, which provides the required functions. The
fourth section concludes the achieved results with the key points.

2 Design of the Robotic Arm

The kinematics structure of the robot is important since this feature determines most
abilities of the robot to manipulate the objects in space. The kinematic structure is
shown in Fig. 1. The kinematics was selected according to requirements formulated in
the previous section.

Fig. 1 Kinematics scheme of the robotic arm

The proposed kinematics provides high accessibility for object manipulation. Also,
the location of the joints allows reducing the inertial effects on the robot. This kinematics
provides a lot of singularitieswhich is a commonproblem in robotics, and students should
face such problems and get skills in solving them.

The workspace was checked using Jacobian analysis for different configurations to
verify the manipulability of the robot.

2.1 Choice of Materials

The design of the robotic arm was supposed to be lightweight and affordable to man-
ufacture in university laboratories. Thus, key materials for the design were chosen as
follows.
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Load-bearing elements of the robotic armwere decided to bemade from polymethyl-
methacrylate or PMMA, as this material has a lot of advantages. Available processing of
PMMA implies cutting with saws, water or laser, drilling, milling, turning and sanding
[6].

PMMA has the following mechanical properties:

• Compressive (crushing) strength is 120 MPa
• Elastic (Young’s, tensile) modulus is 3.2 GPa
• Flexural strength is 110 MPa
• Tensile strength: ultimate (UTS) is 71 MPa [7].

Properties listed make this material applicable for constructional elements. PMMA
plates can be made using laser cutting and serve as stiffeners.

Parts that are not as loaded as PMMAplateswere designed to housemotors, encoders,
rolling bearings and to be 3D printed. Parts were decided to be made of polylactic acid
(PLA). This material was chosen over other popular printing material due to several
reasons. It is widely spread, has relatively low cost [8], has low requirements for printing
conditions and is biodegradable. PLA shows better operational characteristics compared
to its closest competitor—acrylonitrile butadiene styrene (ABS) [9].

PLA has the following mechanical properties:

• Elastic (Young’s, tensile) modulus is 3.5 GPa
• Flexural strength is 80 MPa
• Tensile strength: ultimate (UTS) is 50 MPa [10].

ABS has the following mechanical properties:

• Elastic (Young’s, tensile) modulus is 2.0–2.6 GPa
• Flexural strength is 72–97 MPa
• Tensile strength: ultimate (UTS) is 37–110 MPa [11].

PLA is rather resistant to deformations and has high tensile strength.

2.2 Hardware

Any robotic system requires actuating hardware, and themost suitable one for the robotic
arm is stepper motors. These allow control motion via pulses and change their position
by steps, instead of rotating them for a given time at a given speed. Stepper motors’
main advantages are ruggedness, high reliability and ability to maintain a given shaft
position while keeping full torque. On the other hand, there are several disadvantages.
Stepper motors have low efficiency, rapidly decreasing torque with increasing speed,
the difficulty of control on high speeds, but listed disadvantages are insufficient, as no
batteries are used, and the arm operates at relatively low speed.

There are plenty of stepper motors manufactured according to standards of the
US National Electrical Manufacturers Association (NEMA). Thus, these can be easily
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obtained and replaced. NEMA 17 motors are very popular among prototyping commu-
nity, as it show the best quality to price ratio. This makes them an optimal choice for the
described project’s purposes.

2.3 Motion Transmission

There are several principles of actuation to choose from. The first and the most obvious
way of connecting motors to joints is direct but comes with several downsides. Motors’
speed is too high to operate joints accurately; at the same time,motors’ torque is relatively
low, thus leading to the necessity of using reducers to optimize actuators characteristics.
Chosen NEMA drivers have a step resolution of 1.8 degrees which is rather low and can
benefit from a reducer. Not to mention that a reducer can serve as a safety measure and
prevent bending of a driver’s shaft.

The other option to transmit motion from motors to arm’s joints is to use gears.
Unfortunately, plastic-printed gears are difficult to manufacture; they have high toler-
ances and wear out quickly. It is virtually impossible to overcome a backlash without
using specific spring-loaded gears; thus, pulleys and timing belt were considered as a
suitable choice.

In this scenario, the backlash can be compensated by tensioning elements. Pulleys can
be both bought ormanufactured via laser cutting or 3Dprinting as tolerance requirements
are lower. Furthermore, interaxial pulley distance can be varied without reduction ration
modifications, which provides more constructional freedom.

HTD 3 M standard profile was chosen because of its high operating torques [13].
HTD belts are highly resistant to stretching and are suitable for high-load scenarios.

2.4 Feedback Hardware

To control the robotic arm with high accuracy, feedback utilities must be taken into
consideration. Positioning inaccuracies are caused by mechanical imperfections, which
come from motors’ ability to miss steps and belts’ stretching under load. To get infor-
mation about the real position of arm’s joints, sensors are used. The choice was made
between several types of ones, but two were tested.

Firstly, optical incremental encoders were tried out. Incremental encoders turned out
to have a lot of disadvantages as faced given purposes. The necessity to home the robotic
arm before every use and after any step misses decreases the robot’s robustness, impos-
sibility to easily register the direction of rotation and incompatibility with used materials
make such optical encoders inapplicable. Infrared light used by optical encoders passes
through PMMA and PLA encoding perforated disks and makes registering its values
impossible.

Then, on-axis magnetic encoders turned out to be the best choice. Those are easily
used for absolute joint position tracking, do not require bulky encoding disks, occupying
little space and make homing unnecessary.

2.5 Design Synthesis

The main guidelines for design synthesis were established as follows. The robotic arm
must be easy to assemble and follow similar design principles within joints.
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Each joint must contain a stepper motor, a metallic axis, a pair of rolling bearings,
an on-axis magnetic encoder, a load-bearing PMMA plate and a PLA housing, a bigger
pulley to receive motion from a previous joint and a smaller one to transmit it to the
next joint through a timing belt. Stepper motors must have access to environmental air
to prevent overheating and, more importantly, avoid deformation of parts made of PLA
and PMMA, as these are thermoplastics.

Load-bearing PMMAparts hold steppermotors and let the construction of the robotic
arm be stiff. PLA parts are meant to be connected to the plates and house bearing and
encoders. Magnetic encoders are held in place with printed caps (Fig. 2) on each joint
axle.

Fig. 2 3D-printed cap to be used as encoder holder

The first joint of the robotic arm is intended to have the highest lifting capacity as it
moves all the following joints and a cargo. Furthermore, this joint has the most impact on
end-effector’s positioning accuracy as is the furthest from one andmultiplies positioning
errors due to longer lever.

The multi-stage gearbox was designed. It has four synchronous pulley stages with
a transmitting ratio of 40/12 each and a total ratio of 123.5. The positioning of pulleys
can be seen in Fig. 3. Each belt is tensioned with eccentric nuts with rollers.

Fig. 3 Pulleys’ positions
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There are two different types of joints possible ones that have parallel in-and-out
axles and those, which have axles perpendicular. The second joint of the arm had to be
the parallel type and is shown in Fig. 4a.

Fig. 4 a Joint with parallel axles; b joint with perpendicular axles

Belt tensioning is achieved by configurablemotormountingwhich represents a group
of slots for a motor and screws. The same applies to the rest of the joints.

Joints from third to fifthwere designedwith perpendicular in-and-out axles. The third
and the fifth joints have the exact same design, the fourth is their opposite-hand version.
Unlike parallel axles joint, these ones are L-shaped as shown in Fig. 4b.

The robotic arm’s grip was designed to be able to hold objects or their elements
which are up to 100 mm wide. The grip uses a single servomotor as an actuator and a
geared two-fingered mechanism (Fig. 5). The maximum holding force of the grip can
be tuned by the amount of current dedicated to the motor.

Fig. 5 Grip of the robotic arm

The general view of the robotic arm assembled is shown in Fig. 6. The construction
remains in established dimensions and corresponds to the requirements of the project.
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Fig. 6 All joints put together

3 Design of the Software

The main goal of the manipulator is proper following of the end-effector to desired
trajectory. In addition to the mechanical system, the control system is required. The
architecture of the software is proposed to be separated into two parts: low level and
high level. The low-level control subsystem receives the desired velocity and error. It was
implemented to minimize the error with the desired velocity. Such a control subsystem
works if the motor can provide enough torque value for maximum velocity, which is
restricted by hardware.

The high control level must provide the formulation of the task for the manipulator
and transform it into an appropriate form to be implemented by low-level control. The
graphical user interface is a common solution for high-level part of robot software, but
the authors decided to use some initial scripts [14] to be useful for students. In case of
using those scripts, the graphical interface could be prepared by students in a simple and
quick way. The authors actively used in the scripting part the Python library presented
by Kevin Lynch in the [15], so it is strongly recommended literature for teachers, who
are going to use described tools in the education process as described in this paper.

The architecture of the software presented is shown in Fig. 7. The main part of
the control system was implemented on the microcomputer Raspberry Pi; the low-level
control was implemented using microcontroller ATmega on Arduino mega 2560 board
with the extension board ramps 1.6 to make easier connection of the drivers for stepper
motors. Since the ramps 1.6 has only 4 sockets for drivers, the other two drivers could
be connected using one additional board ramps 1.6, or the scheme of the PCB could
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be downloaded from the project repository and produced be any available methods
on the market or by students in the electronics course. The last one is cheaper and
more recommended by authors. The encoders are connected to the Arduino through the
extension board. The local controller on the Arduino is processing the digital signal from
magnetic encoders updating the data used by local controller. At the same time, the local
controller communicates with the high-level control system to send new values from
encoder and get new data about the next part of instruction to be implemented on the
electromechanical side of the system.

Fig. 7 Illustration of the software architecture

4 Conclusion

In this paper, the authors formulated the main requirements for the robot to be used as
a teaching tool in robotics courses at the university. The new mechanical design was
developed based on the requirements. The control system with the electronic compo-
nents was implemented to provide the control algorithms for the mechanical parts. The
main feature of the developed robot is financial affordability, keeping it like industrial
robots. The results were published on GitHub repository and could be used in education
purposes.
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Abstract. Diesel engines are used in all branches of engineering and technol-
ogy. The modern market of the diesel locomotive, automobile and power plants
based on diesel engines imposes strict requirements on the values of specific fuel
consumption and the amount of harmful emissions. Therefore, improving the tech-
nical and environmental performances of diesel engines remains the primary task
in the development of piston engine building. A brief overview of modern trends
in the improvement of diesel engines is presented in the article. The description of
the investigated diesel engine and the conditions of the experiments is given in the
article. The authors studied the influence of the fuel injection advance angle on
the technical and environmental performances of an engine with a turbocharger
for a diesel locomotive through experimental studies. The studies were carried out
at the stands of the LLC “Ural Diesel Motor Plant” in accordance with the regula-
tory documents. It is shown that the fuel injection advance angle has a significant
effect on the performance of a diesel engine. It was found that the specific fuel
consumption is reduced to 10%, the amount of NOx emissions is reduced to 50%
and the maximum cycle pressure is reduced to 25% by selecting the optimal fuel
injection advance angle at low crankshaft speeds.

Keywords: Diesel engine · Fuel injection advance angle · Bench tests ·
Technical and economic indicators · Environmental friendliness of engines

1 Introduction

Internal combustion engines are common energy converters. The important advantages
of engines are that they can be used in various climatic conditions, engines are mobile
power plants and engines are sufficiently reliable and maintainable [1, 2]. The modern
market of diesel locomotive, automobile and power plants based on internal combustion
engines puts forward stringent requirements for the values of specific fuel consumption
and the amount of harmful emissions of diesel engines in all operating modes [3, 4].

Today, there aremanyways to improve the technical and environmental performances
of diesel engines. Some of these methods are discussed below. One of the most common

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
Lecture Notes in Mechanical Engineering, https://doi.org/10.1007/978-3-030-85233-7_46

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85233-7_46&domain=pdf
https://doi.org/10.1007/978-3-030-85233-7_46


384 D. S. Shestakov and L. V. Plotnikov

methods is to set the optimum values for fuel injection pressure, injection time and
the amount of fuel supplied [5–8]. Optimal setting of the considered parameters for a
gasoline or diesel engine can significantly improve fuel efficiency and environmental
friendliness. Also, positive effects can be achieved by adjusting the composition of the
fuel–air mixture [9]. The design of the piston (combustion chamber) and materials for
their manufacture have a noticeable effect on the technical performance of the engine
[10, 11]. The modern way to improve the performance of engines is to use multiple
and stratified fuel injection [12, 13]. This method affects both the efficiency and the
environmental friendliness of engines. Moreover, it has been established that the type of
fuel used (biofuel, hydrogen, etc.) and the thermal state of the engine significantly affect
the performance of engines [14–17]. A separate direction for improving the performance
of engines is to improve the processes of gas exchange [18–20]. Scientists and engineers
have also investigated the effect of boost and variable compression ratio on engine
efficiency and environmental friendliness [21, 22]. Another effective way to improve
the efficiency of diesel engines is the introduction of regulation of the fuel injection
advance angle depending on the power and crankshaft speed [23, 24]. According to the
authors, this direction of improving diesel engines has not exhausted its potential and
should be studied in more detail.

In this article, the influence of the fuel injection advance angle on the technical
and environmental performances of an engine with a turbocharger (cylinder diame-
ter—210 mm and piston stroke—210 mm) for a diesel locomotive was experimentally
investigated using bench tests.

2 Research Object and Problem Statement

The research engine has the factory designation 8DM-21. It is an eight-cylinderV-shaped
turbocharged diesel engine (Fig. 1). The 8DM-21 diesel can be used in all types of power
plants with minor design changes. In this study, a modification of the 8DM-21 engine
was selected for use on diesel locomotives.

The high-pressure fuel pump has a mechanical drive in the form of a spring with
double-sided splines (Fig. 2). The pump is driven via a bevel gear transmission from
the engine crankshaft. The number of splines at the ends of the spring is made unequal
(external—31, and internal—26) to ensure the setting of the fuel injection advance angle
ϕinj with an accuracy of±1°. This design has high reliability and the ability to set the fuel
injection advance angle during the assembly of the diesel engine without the possibility
of changing it during operation. The design and manufacturability of this drive have
proven themselves over several decades of operation.

The fuel injection advance angle ϕinj was 34° (degrees of crankshaft rotation) to top
dead center (TDC) for the base 8DM-21 diesel engine. The value of the ϕinj remained
constant for the base diesel engine at all operating modes. In the course of the study, the
value of the fuel injection advance angle varied from 12° to TDC to 40° to TDC for the
modernized engine. The step of changing the ϕinj was 2°.

The diesel engine was tested at the test benches of LLC “Ural Diesel Motor Plant” in
accordance with the regulations of the Russian Federation. The studies were carried out
at a crankshaft speed from 520 to 1500 rpm and at an engine load from 0 to 100%. The
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Fig. 1 Layout of the 8DM-21 diesel engine: 1— temperature regulator; 2—water pump; 3—
water–oil cooler; 4—executive device of the speed regulator; 5—water collector; 6—high-pressure
fuel pump; 7—compensator; 8—turbocharger; 9—charge air cooler; 10—intake manifold; 11—
cylinder head; 12—shock absorber; 13—pallet; 14—crankcase; 15—oil filter

Fig. 2 High-pressure fuel pump drive: 1—drive housing; 2—spring of the fuel pump drive; 3—
bolt for limiting the movement of the spring; 4—splined bushing; 5—high-pressure fuel pump;
6—high-pressure fuel pump drive shaft; 7—spring

main efficiency criteria of the modernized diesel engine was specific fuel consumption,
NOx emissions andmaximum cycle pressure. Additional condition: The values of power
and torque of a diesel engine with new values of the fuel injection advance angle must
correspond to the values of the base engine (8DM-21) with deviations of no more than
±5%.

3 The Results of Bench Tests of a Diesel Engine

The influence of the fuel injection advance angle ϕinj on the economic performance of
a diesel engine is shown in Fig. 3.

It was revealed that the specific fuel consumption ge significantly decreased at the
fuel injection advance angles ϕinj from 40 to 24° at a load of up to 25%of the rated power.
At the same time, ge had almost the same values at ϕinj from 24 to 12°. This is due to the
fact that the autoignition delay period increased with an increase in the crankshaft speed,
and this led to a delay in the start of fuel ignition. Accordingly, the heat release from
fuel combustion occurred during the expansion process, so the efficiency became worse
at high ϕinj and at a low crankshaft speed with a small load on the diesel engine. The
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Fig. 3 Dependence of specific fuel consumption ge on the crankshaft speed n at a load of up to
50% of the rated power a and up to 100% b for different ϕinj: 1—12°; 2—20°; 3—30°; 4—40o

duration of fuel injection and heat release decreased with a drop in load. This led to an
increase in the cycle fuel supply and, as a consequence, to an increase in the specific fuel
consumption. For the same reason, a significant difference was observed in the values
of ge at angles ϕinj equal to 40 and 34°. It should be noted that the nature of the change
in the specific fuel consumption from the crankshaft rotation speed was identical for all
values of the fuel injection advance angle.

The efficiency of the 8DM-21 diesel engine significantly improved at high values
of ϕinj (40–36°) with an increase in the crankshaft speed from 660 to 940 rpm and
an increase in the engine load up to 50% of the rated power (Fig. 3). Also, efficiency
continued to improve slightly at low values of ϕinj (34–12°). This can be explained by
the fact that there is an optimal fuel injection advance angle for each combination of
crankshaft speed and cyclic fuel supply, at which the highest values of efficiency and
average pressure of the engine cycle are achieved. The specific fuel consumption ge of
the 8DM-21 diesel reached its minimum value at ϕinj = 12–22° at a crankshaft rotation
speed of 1080 rpm and a load of 50 to 75% of the rated power (Fig. 3). This can be
explained by the fact that there is an increase in the filling ratio and the excess air ratio,
and as a result, a more complete combustion of the fuel takes place. It should be noted
that there was a deterioration in efficiency at all ϕinj values at n > 1250 rpm (i.e., at
a load from 75 to 100% of rated power). This is due to the fact that the filling of the
cylinder with the working fluid deteriorated with increasing fuel supply. This was also
accompanied by a proportional decrease in the excess air ratio, which led to a decrease
in efficiency and average cycle pressure.

The influence of the fuel injection advance angle ϕinj on the amount of NOx emis-
sions in the exhaust gases can be traced in Fig. 4. Figure 4 shows that the amount of
NOx emissions increased proportionally with increasing values of ϕinj. NOx production
slowed down significantly with decreasing ϕinj due to the lower combustion tempera-
ture. However, it should be noted that the smoke of the exhaust gases increased with
decreasing ϕinj. The maximum amount of NOx emissions occurred at low rotational
speeds n and low diesel power (Fig. 4). This is due to the low fuel injection pressure,
which leads to deterioration of atomization and mixing of fuel with air, an increase in
the temperature in the cylinder due to the formation of separate zones in the combustion
chamber with a lack of oxygen. A noticeable decrease in the amount of NOx emissions
took place with an increase in the crankshaft speed n, which was typical for all fuel
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injection advance angles ϕinj. This can be explained by the improvement in the mixture
formation and combustion conditions due to the increase in fuel injection pressure.

Fig. 4 Dependence of the amount of NOx emissions on the crankshaft speed n at a load of up to
50% of the rated power a and up to 100%, b for different ϕinj: 1—12°; 2—20°; 3—30°; 4—40°

The influence of the fuel injection advance angle ϕinj on themaximum cycle pressure
pz of the 8DM-21 diesel is shown in Fig. 5. Figure 5 shows that there is an increase in
the maximum cycle pressure of the diesel engine with increasing ϕinj. This indicates
the increasing mechanical stress on the main engine parts. It has been experimentally
established that the maximum possible values of pz are 15MPa for a given diesel engine.
The conditions of strength and reliability are met with these parameters.

Fig. 5 Dependence of the maximum cycle pressure pz on the crankshaft speed n at a load of up to
50% of the rated power a and up to 100%, b for different ϕinj: 1—12°; 2—20°; 3—30°; 4—40°

The dependences of the specific fuel consumption, the amount of NOx emissions
and the maximum cycle pressure for the base diesel engine (ϕinj = 34°) and for the
modernized engine with new values of the fuel injection advance angle are shown in
Fig. 6. On the basis of bench tests, it was found that the fuel injection advance angle
had an optimal value of 24° at n = 520 rpm, and the other optimum was ϕinj = 26° at
n = 660 rpm. In other modes of engine operation, the fuel injection advance angle was
equal to the base one, i.e., 34°.

Specific fuel consumption of the modernized engine was decreased by 7–10% com-
pared to the base diesel engine at low crankshaft speeds (Fig. 6a). The amount of NOx
emissions from themodernized enginewas decreased by up to 50% compared to the base
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Fig. 6 Dependences of the specific fuel consumption ge a amount of NOx emissions, b and the
maximum cycle pressure pz, c on the crankshaft speed n for the base diesel engine (1) And the
modernized engine (2)

diesel (Fig. 6b). Moreover, the maximum values of the cycle pressure of the modernized
engine were decreased by 17–24% than that of the base diesel engine (Fig. 6c). Consid-
ering that the 8DM-21 diesel engine mainly operates at low crankshaft speeds, this will
have a positive impact on the technical, economic and environmental performances of
the locomotive.

4 Conclusion

The following conclusions can be drawn from the experiments carried out:

1. It is shown that the fuel injection advance angle has a significant effect on the
technical, economic and environmental performances of a turbocharged diesel
engine.

2. It was found that the specific fuel consumption is reduced to 10%, the amount of
NOx emissions is reduced to 50% and the mechanical loads are reduced to 25% by
choosing the optimal fuel injection advance angle at low crankshaft speeds of the
8DM-21 diesel engine.

3. It is necessary to continuously adjust the fuel injection advance angle, taking into
account the load and the crankshaft speed, in order to ensure the optimal performance
of the diesel engine.

4. For the 8DM-21 diesel engine, the fuel injection advance angle should be controlled
in the range from 24 to 34° at a crankshaft rotation speed from 520 to 1500 rpm by
using a fuel injection advance clutch or by introducing a fuel pump with solenoid
valves.
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Abstract. The article presents a mathematical model that allows us to evaluate
the effect of longitudinal forces on the stability of straight line movement of a
all-wheel drive machine-tractor unit. The use of all-wheel drive machine-tractor
units that have a free hinge between the tractor and trailer allows you to change the
longitudinal force of interaction between these kinematic links. It is obvious that
the magnitude and direction of this interaction force can affect the stability of the
rectilinear motion of such machines. However, this factor has not been sufficiently
studied and requires the creation of new theoretical approaches. The proposed
theoretical approach is based on Lagrange equations of the second kind with
indefinite multipliers. The application of this theoretical approach was dictated
by the presence of nonholonomic constraints in the system. As a result of the
research, it was found that the deviation of a single-axle tractor trailer from the
line of movement of a all-wheel drive machine-tractor unit, which determines its
stability, depends on the size and direction of the longitudinal component of the
traction force on the tractor hook and the construction parameters of the trailer,
the properties of wheel tires and the support surface. The results of experimental
studies confirmed the possibility of using the proposed mathematical model for
practical calculations.

Keywords: Machine-tractor unit · Mathematical model · Stability of straight
line movement

1 Introduction

Increasing the productivity of tractor units in the production of transport works can be
achieved by using trailers with driving axles [1–5]. However, the use of drive axles on
the trailer leads to a decrease in the longitudinal component of the traction force on the
tractor hook, which negatively affects the stability of the straight line movement of the
trailer. Nevertheless, the influence of the longitudinal component of the traction force
on the tractor hook on the stability of the straight line movement of the trailer has not
been sufficiently studied and requires further theoretical and experimental studies.
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2 Theoretical Studies

In order to study the stability of the rectilinear movement of a single-axle trailer with
driving wheels, calculation schemes were compiled (Fig. 1). When drawing up the
calculation schemes, the recommendations were taken into account [6–15].

Fig. 1 a Actual calculation scheme; b equivalent calculation scheme

When developing the mathematical model, only small angles of deviation of the
trailer from the line ofmovement of the tractor were considered. In the process, the actual
calculation scheme was replaced with an equivalent one. The equivalent calculation
scheme was a system of two bodies with masses m1 and m2, connected by a rigid
connection having a hinge with one degree of freedom. The movement of the machine-
tractor unit was considered on a flat horizontal surface. The movement of the tractor is
straight and uniform with a speed of V1.

To create equations of motion for a machine-tractor unit with nonholonomic con-
straints, we used Lagrange equations of the second kind with indeterminate multipliers
[11–20]:

d

dt

(
∂T

∂ q̇i

)
− ∂T

∂qi
= Qi + λ1A1i + · · · + λmAmi,

i = 1 . . . s i ∈ {1, s} (1)

s—number of generalized coordinates; m—number of nonholonomic constraints; λi

… λm—indeterminate multipliers; A1i … Ami—coefficients of the nonholonomic
constraints; T—kinetic energy of the system.

The formula for the kinetic energy of a machine-tractor unit, taking into account the
accepted assumptions, has the form

T = (m1 + m2)

2
ẏ2 + m2

2
l2γ̇ 2 + m2lẏγ̇ sin γ + J2γ̇ 2

2
, (2)

J2—moment of inertia of the trailer relative to its center of mass.
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The work of external forces on elementary movements

dA = (
P1 + Pt2 − Pf 2

)
dy + [((

Pt2 − Pf 2
) · (l + b)

) · sin γ

+Px(l + b) · cos γ − Mc
] · dγ, (3)

Pt2—total tangential traction force of the driving wheels of the trailer; Pf 2—total resis-
tance force to rolling of wheels of the trailer; P1—traction force on the tractor hook;
Px—lateral force; Mc—moment of resistance to turning the trailer.

A wheel loaded with lateral force performs a complex movement. The movement of
the wheel relative to the plane of motion can be described by the dependency

tg δ = Ẋ

Ẏ
, or, taking tg δ ≈ δ, δ = Ẋ

Ẏ
. (4)

Then, the constraint equation has the form

ẏδ − γ̇ (l + b) = 0. (5)

Based on the above, we will make up the equations of motion of the all-wheel drive
machine-tractor unit⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(m1 + m2)ÿ + m2l
(
γ̈ sin γ + γ̇ 2 cos γ

)
= P1 + Pt2 − Pf 2 + δλ1(

m2l
2 + J2

)
γ̈ + ÿ m2l sin γ = Px(l + b) cos γ

+ (
Pt2 − Pf 2

)
(l + b) sin γ − Mc − (l + b)λ2

ẏδ − γ̇ (l + b) = 0 .

(6)

Analysis of the resulting system of Eq. (6) shows that the first equation describes the
traction dynamics of a machine-tractor unit and does not affect the stability of straight
line movement. To study the stability of straight line motion, the last two equations
that describe the movement of a all-wheel drive tractor unit in a transverse plane are
of interest. Taking into account the accepted assumptions about the smallness of the
deviation angles, these equations can be written as
⎧⎨
⎩

(
m2l

2 + J2
)
γ̈ + ÿ m2lγ + ((

Pt2 − Pf 2
)
(l + b) + Cφn

)
γ = Px(l + b) − (l + b)λ2

ẏδ − γ̇ (l + b) = 0.

(7)

Cϕ—angular stiffness of the pneumatic tire of the trailer wheel; n—number of trailer
wheels.

In the system of Eq. (7), the indeterminate multiplier λ2 is the resultant of the lateral
forces that leads to tire slip of the trailer wheels. Thus, there is a mathematical expression

δ = λ2

ktsn
, (8)
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kts—coefficient of resistance to lateral tire slip of trailer wheels.
Taking into account (8), we get

⎧⎪⎨
⎪⎩

(
m2l

2 + J2
)
γ̈ + ÿ m2lγ + ((

Pt2 − Pf 2
)
(l + b) + Cφn

)
γ = Px(l + b) − (l + b)λ2

ẏ
λ2

ktsn
− γ̇ (l + b) = 0.

(9)

Solving the system of Eq. (9), we obtain the equation of motion of a all-wheel drive
machine-tractor unit with a single-axle trailer for uniform movement (V = const)

(
m2l

2 + J2
)
γ̈ + ktsn(l + b)2

V1
γ̇ + ((

Pt2 − Pf 2
)
(l + b) + Cφn

)
γ = Px(l + b) (10)

or

γ̈ + ktsn(l + b)2

V1
(
m2l2 + J2

) γ̇ +
(
Pt2 − Pf 2

)
(l + b) + Cφn(

m2l2 + J2
) γ = Px(l + b)(

m2l2 + J2
) . (11)

Thus, the motion of a single-axle trailer with driving wheels can be described by a
linear non-uniform second-order differential equation with constant coefficients of the
form

γ̈ + 2nγ̈ + ω2γ = M , (12)

2n—dissipative coefficient; ω2—quasi-elastic coefficient.
The stability of the straight line movement of the trailer can be judged by the signs

of the dissipative (2n) and quasi-elastic (ω2) coefficients. In a steady motion, both
coefficients should be positive.

Analysis of Eq. (12) shows that the dissipative coefficient will always be positive.
However, its value is largely determined by the value of the coefficient of resistance to
lateral tire slip of trailor wheels and the speed of movement of the machine-tractor unit.

The quasi-elastic coefficient will be positive only if there is a pulling force on the
tractor hook. According to the accepted assumption (V = const), the magnitude and
direction of the traction force on the tractor hook can be defined as

P1 = Pt2 − Pf 2. (13)

Taking into account (13), the equation of motion (11) takes the form

γ̈ + ktsn(l + b)2

V1
(
m2l2 + J2

) γ̇ + P1(l + b) + Cφn(
m2l2 + J2

) γ = Px(l + b)(
m2l2 + J2

) . (14)

At the same time, the presented analysis ofEq. (12) allowsobtainingonly a qualitative
solution.We can saywhether themovement is stable or not. In order to find a quantitative
solution to the equation of motion (14), it is necessary to carry out experimental studies
aimed at finding the parameters of the rigidity of pneumatic tires of trailer wheels.
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3 Results of Experimental Researches

Experimental studies to determine the elastic characteristics of pneumatic tires of trailer
wheels were carried out at a special stand. Tires 8.25–15 and 9.00–16, which are usu-
ally equipped with model 855 tractor trailers, were used as the object of research.
When carrying out measurements and processing the results of experimental studies,
recommendations were taken into account [21, 22].

Considering the limited scope of the article, as a fragment of experimental studies,
the dependence of the angular stiffness of pneumatic tires 8.25–15 and 9.00–16 on the
radial load on the wheel is presented (Fig. 2).

Fig. 2 Angular stiffness of pneumatic tires 8.25–15 and 9.00–16 on the radial load on the wheel

The analysis of the data presented in Fig. 2 shows that the angular stiffness of
pneumatic tires is highly dependent on the radial load on the wheel. The dependence
is complex and nonlinear. The experimental data obtained with a 95% confidence level
were described by a second-order regression equation.

The data obtained as a result of experimental studies were subsequently used in
carrying out mathematical modeling of the movement process of a single-axle trailer
model 855. The drive axle of the trailer was equipped with wheels with pneumatic
tires 9.00–16. The specific folding angle of the all-wheel drive machine-tractor unit was
used as the output parameter of the mathematical model. The results of mathematical
modeling are presented in Fig. 3.

The analysis of the data presented in Fig. 3 shows that the traction force on the tractor
hook has a significant effect on the stability of the straight line motion of a single-axle
trailer with driving wheels. This effect is especially evident when the trailer is moving
without load.
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Fig. 3 Change in the specific folding angle of themachine-tractor unit depending on themagnitude
of the traction force on the tractor hook

4 Conclusions

The angular stiffness of pneumatic tires is highly dependent on the radial load on the
wheel. The dependence is complex and nonlinear. The proposed mathematical model
statistically significantly describes the results of experimental studies.

When designing and using trailers with driving wheels, it is necessary to remember
about the stabilizing effect of the longitudinal component of the traction force on the
tractor hook on the stability of the straight line motion of the all-wheel drive machine-
tractor unit.
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Fluctuations of a Simplified Railway Vehicle
Model as a System with One Degree of Freedom

with a Nonlinear Restoring Force
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Abstract. The power characteristics of the various spring suspension elements
of the rolling stock have nonlinear dependencies on deformation and the rate of
its change. Air springs, rubber parts, and vibration dampers have such character-
istics. The nonlinear dependencies also appear due to the suspension gaps and
tightness. All these effects must be taken into account when creating a mechano-
mathematical model of the rolling stock—railway track system. There are no
general methods of analytical solution and research for such complex systems. In
this case, the analysis of the properties of the system is performed by numerical
methods. This article deals with a study of the dynamic properties of a simplified
vehicle model as a system with one degree of freedom with a nonlinear restor-
ing force. It is shown that the fluctuations of a system with a nonlinear restoring
force will be nonharmonic–periodic even with a harmonic disturbance force. The
frequencies and amplitudes of the ultraharmonic components that make up the
solution of such a system have been determined. The considered approach can be
used to solve the problems of random fluctuations of a railway rolling stock with
nonlinear characteristics of a spring suspension.

Keywords: Vehicle model · Nonlinear restoring force · Rolling stock
fluctuations · Spring suspension

1 Introduction

A nonlinear dynamical system includes the nonlinear restoring (positional) and (or)
dissipative forces of any of its elements. These forces are nonlinear and depend on
deformation � and/or the rate of deformation. Another sign of nonlinearity is nonlinear
relationships between generalized coordinates and/or velocities, such as trigonometric,
logarithmic, and exponential functions, as well as operations of division, multiplication,
etc. There is a significant difference betweennonlinear systemsfluctuations and the linear
ones. In this case, the first approach is to study the dynamic properties of nonlinear
systems with one degree of freedom. The results obtained by numerical integration
for systems with one degree of freedom must be compared with the known analytical
solutions. The satisfactory convergence of calculation results allows to proceed to the
study of systems with a finite number of degrees of freedom.
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2 The Numerical Solution of the Vertical Fluctuations Under
the Force Disturbance

The analytical solutions for a conservative system with one degree of freedom can be
obtained on the basis of an approximate harmonic balance method [1]. These approxi-
mate solutions make it possible to establish the three types of such system fluctuations:
fundamental, ultraharmonic, and subharmonic. If the main fluctuations occur with the
disturbance frequency ω, the ultraharmonic oscillations occur with frequencies 2ω, 3ω,
etc., and with lower amplitudes than the amplitudes of the main fluctuations. At the same
time, subharmonic fluctuations occur with frequencies ω/2, ω/3, etc., and with larger
amplitudes than the amplitudes of the main fluctuations [2–10].

Let us perform the numerical solution of the vertical fluctuations equation of a system
with one degree of freedom [11–17] under force disturbance (Fig. 1):

mz̈ + β ż + Fel = Q(t), (1)

Fig. 1 Kinematic diagram of vertical fluctuations of a rail vehicle model as a system with one
degree of freedom under force disturbance

In this equation, m—railway vehicle weight; β—damping coefficient; Q(t)—force
disturbance:

Q(t) = Qmsin2π ft, (2)

In this equation, f—frequency of disturbance.
The system also has a linear dissipation β ż and a nonlinear restoring elastic force

Fel (Fig. 2), determined by the equation:

Fel = kz + kz3, (3)
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Fig. 2 Dependence of the nonlinear restoring elastic force on the coordinate

In this equation, k—spring stiffness.
The disturbance frequency is changed in the process of calculations. For each given

value of the frequency, for example, f1, the amplitude was increased from 1 kN. The
increase of the amplitude was continued until the ultra or subharmonic vibrations were
appeared in the z(t) system’s fluctuations in addition to the fundamental frequency. Then,
the procedure was repeated for a new frequency value f2, etc.

The result of such calculations has the form

z(t) =
∑

i

z(n)mi−jsin
(
2π f (n)

i−j t + ϕ
(n)
i−j

)
, (4)

In this equation, f (n)
i−j , z

(n)
mi−j i ϕ

(n)
i−j—frequencies, amplitudes, and phases of har-

monics, the first subscript in the denominator corresponds to the ordinal number of the
disturbance frequency i = 1, 2, . . . , the subscript j—the frequency axis number f1 or f2,
the subscript n—the harmonic number.

3 The Results of Numerical Solution of the Vertical Fluctuations
Equation

The graphs of the numerical solution results of Eq. (1) with the disturbance frequency
f1 = 1 Hz and f2 = 4 Hz are shown in Fig. 3. The amplitude on the graphs is the
normalized value:

A(n)
i−j = z(n)mi−j/Qm, mm/kN, (5)

The harmonic disturbance action (Fig. 3a, c) initiated the fluctuations of a nonlinear
system (Fig. 3b, d) which, as expected, become periodic and significantly differing
from harmonic ones. This difference can arise only due to the appearance of harmonic
components in the fluctuations. The fluctuations processes were expanded in a Fourier
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Fig. 3 Disturbance graphs a, c and the results of numerical solutions b, d of the fluctuation
equation for a nonlinear system with one degree of freedom at disturbance frequencies of 1 Hz
a and b and 4 Hz c and d

series to isolate these harmonics, and the amplitude spectrum of fluctuations was plotted.
The results of the solution depend on the disturbance frequency (fundamental frequency
of fluctuations), and therefore, the results of the spectral analysis were represented in
3D space. In this space, the results, plotted in the diagonal plane

[
f = f1 = f2, A

]
,

correspond to the fundamental fluctuations occurring with the disturbance frequency,
for example, f1 and the relative amplitude A1 (Fig. 4). The frequency values of the
arising ultra and (or) subharmonic fluctuations were plotted on the axes f1 and f2.

The values of fi and Ai are given in Table 1. The ultraharmonic components were
obtained in the processes of fluctuations. In addition, Table 1 contains the values of
the frequencies and relative amplitudes of all harmonics f (n)

i−j and A(n)
i−j included in the

solution (4).
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Fig. 4 Frequencies and relative fluctuation amplitudes

Table 1 shows that thefirst value of the fundamental frequency f1 = 1 Hz corresponds
to the fundamental harmonic with an fluctuation amplitude A1 = 9.58× 10−3 mm/kN,
as well as two ultraharmonics with frequencies: f (1)

1−1 = f (1)
1−2 = 3f1 = 3 Hz and

f (2)
1−1 = f (2)

1−2 = 5f1 = 5 Hz and amplitudes A(1)
1−1 = A(1)

1−2 = 1, 41 · 10−3 mm/kN and

A(2)
1−1 = A(2)

1−2 = 0, 46 · 10−3 mm/kN.
The next value of the fundamental frequency f2 = 4 Hz corresponds to the funda-

mental harmonic with amplitude A2 = 8, 9 · 10−3 mm/kN, as well as four ultrahar-
monics with frequencies: f (1)

2−1 = f (1)
2−2 = 2f2 = 8Hz, f (2)

2−1 = f (2)
2−2 = 3f2 = 12 Hz,

f (3)
2−1 = f (3)

2−2 = 4f2 = 16 Hz, and f (4)
2−1 = f (4)

2−2 = 5f2 = 20 Hz and amplitudes:

A(1)
2−1 = A(1)

2−2 = 3, 73 · 10−3 mm/kN, A(2)
2−1 = A(2)

2−2 = 0, 62 · 10−3 mm/kN,

A(3)
2−1 = A(3)

2−2 = 0, 82 · 10−3 mm/kN, and A(4)
2−1 = A(4)

2−2 = 0, 29 · 10−3 mm/kN.

4 Results

The performed numerical solutions of the vertical fluctuations equation of a system
with one degree of freedom with nonlinear stiffness and linear dissipation confirmed
the correctness of the known approximate analytical solutions and made it possible to
establish the frequencies and amplitudes of the ultraharmonic components included in
the solution of such system. The considered approach and, in particular, the method
of graphical representation of the obtained solutions can be used to solve problems of
random fluctuations of railway rolling stock with nonlinear characteristics of spring
suspension.
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Table 1 Frequencies and amplitudes of ultraharmonic fluctuations

No. Types of harmonics Frequencies and amplitudes Values

1 First fundamental harmonic f1, Hz 1

A1, mm/kN 9, 58 · 10−3

2 The first ultraharmonic f (1)
1−1 = f (1)

1−2, Hz 3

A(1)
1−1 = A(1)

1−2, mm/kN 1, 41 · 10−3

3 The second ultraharmonic f (2)
1−1 = f (2)

1−2, Hz 5

A(2)
1−1 = A(2)

1−2, mm/kN 0, 46 · 10−3

4 Second fundamental harmonic f2, Hz 4

A2, mm/kN 8, 9 · 10−3

5 The first ultraharmonic f (1)
2−1 = f (1)

2−2, Hz 8

A(1)
2−1 = A(1)

2−2, mm/kN 3, 73 · 10−3

6 The second ultraharmonic f (2)
2−1 = f (2)

2−2, Hz 12

A(2)
2−1 = A(2)

2−2, mm/kN 0, 62 · 10−3

7 The third ultraharmonic f (3)
2−1 = f (3)

2−2, Hz 16

A(3)
2−1 = A(3)

2−2, mm/kN 0, 82 · 10−3

8 The fourth ultraharmonic f (4)
2−1 = f (4)

2−2, Hz 20

A(4)
2−1 = A(4)

2−2, mm/kN 0, 29 · 10−3
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Abstract. Reciprocating engines are actively used in small-scale power engi-
neering for heat and power supply to various consumers. Reciprocating engines
are also used as emergency energy sources in critical facilities and organizations.
Therefore, improving the working process and design of the engine gas exchange
system is an urgent task in the development of power engineering. The article is
based on mathematical modeling of the working process of a reciprocating engine
with a piston diameter of 82 mm and a stroke of 71 mm. The main idea of the arti-
cle was to modernize (by changing the design) the gas exchange system (intake
and exhaust systems) of the engine in order to improve the technical and eco-
nomic indicators. A brief overview of modern scientific and technical results on
this topic is presented. A description of the technical characteristics of the engine
under study is given. Mathematical modeling was carried out in the Diesel-RK
software (Moscow State Technical University). The main methods (algorithms) of
modeling are discussed in the article. The influence of the geometric configuration
of the intake and exhaust systems on the quality indicators of gas exchange and
engine performance is shown. For example, it is possible to increase power up to
11% with an increase in specific fuel consumption by only 0.5–1.5% by changing
the configuration of the engine gas exchange system.

Keywords: Reciprocating engine · Cycle modeling · Gas exchange system ·
Filling coefficient · Residual gas coefficient · Technical and economic indicators

1 Introduction

It is known that the technical and economic indicators of reciprocating internal com-
bustion engines (ICE) significantly depend on the geometric dimensions of the main
elements of gas exchange systems [1, 2]. The development of optimal configurations
of the intake and exhaust systems of the engine predetermines obtaining high output
indicators of the ICE. At the same time, it is known that fine-tuning the gas exchange
systems of engines is a rather complicated and laborious process [3–5]. There is a large
number of scientific and technical works to improve the processes in gas exchange sys-
tems, as well as to fine-tune the design of these systems in order to improve the technical
and economic indicators of engines. Let us take a quick look at some of the current
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publications on this topic. Attention is drawn to the articles in which, on the basis of
mathematical modeling of processes, the modernization of intake or exhaust systems is
carried out in order to improve fuel efficiency [6, 7], environmental friendliness [8, 9],
noise [10, 11] and reliability [12]. The intensive development of computer technology
and calculation programs greatly simplifies the task of modernizing engines at the stage
of preliminary design. Both ready-made (standard) software and the author’s mathemat-
ical models are used for modeling. Mathematical modeling makes it possible to predict
the main parameters of the engine before manufacturing a prototype. At the same time,
there are articles in which the authors seek to improve the main indicators of the engine
on the basis of experimental studies of the processes in the gas exchange system and the
engine cylinder [13–16]. Research is of the greatest interest when the simulation results
are confirmed by experimental research data [17, 18].

This article presents some results of mathematical modeling of the working cycle of
a piston engine with a cylinder diameter of 82 mm and a piston stroke of 71 mm. The
simulation was carried out in the Diesel-RK program (the developer was the Moscow
State Technical University). The purpose of the study was to increase the power of the
ICE by fine-tuning the design of the intake and exhaust systems.

2 Description of the Mathematical Model and Object of Research

Mathematical modeling was carried out using the Diesel-RK program (Russia). The
features of amathematicalmodel formodeling processes in engine gas exchange systems
are considered. The calculation of gas parameters in Diesel-RK is carried out with the
assumption that all cylinders work identically. Therefore, only one cylinder is calculated,
and the work of the rest is taken into account by the phase shift of the mass and energy
flows in accordance with the engine operation order. In this case, the order of work is
assumed to be uniform. The real interaction of impulses has a positive effect on some
cylinders and negatively on others. The gas flow in the channels of the blockhead and
in the valve channels is considered unsteady and one-dimensional. It is calculated by
the method of A.S. Orlin, based on the integration of the equation of impulses over the
channel length and time.

The Diesel-RK mathematical model contains the equation of motion for a one-
dimensional, unsteady flow, the law of conservation of mass and energy of the flow,
the first law of thermodynamics and the Boyle–Mariotte law. The solution of systems
of equations based on these physical and mathematical approaches makes it possible
to calculate the processes in the systems of gas exchange of engines with sufficient
accuracy. Based on these data, it is possible to predict the values of the main indicators
of engines, namely power and specific fuel consumption.

The engine from the Russian VAZ-OKA car was chosen as the base engine. In the
calculations, the following basic design parameters were set: a four-stroke engine, two
cylinders and an in-line arrangement, a blockhead with two valves per cylinder, a liquid
cooling system, fuel–gasoline, a cylinder diameter of 82 mm, a piston stroke of 71 mm
and a compression ratio of 9.9. Environmental parameters are barometric pressure po =
0.1 MPa and temperature to = 20 °C. The valve timing was set in accordance with the
standard engine parameters of the VAZ-OKA car. The geometric characteristics (length
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and inner diameter) of the intake (IS) and exhaust (ES) systems were also set according
to these indicators for the base engine (VAZ-OKA). Thus, the inner diameter of the base
intake pipe was 32 mm, and the inner diameter of the exhaust pipe was 30 mm. The
length of the intake pipe for the basic ICE was set equal to 350 mm, and the length of
the exhaust pipe—600 mm. The intake channel in the blockhead for the base engine had
the following dimensions: inner diameter—31 mm and length—150 mm; the exhaust
channel in the blockhead had the following dimensions: inner diameter—29 mm and
length—130 mm.

In the course of numerical modeling, the geometric dimensions of the IS and ESwere
varied in order to improve the gas exchange indicators and the main indicators of the
engine. Themain hypothesis (idea) of the scientific researchwas to select such geometric
dimensions of channels to improve the gas-dynamic perfection of gas exchange systems
(reduce aerodynamic drag, level out reverse waves and vortex flows, and optimize heat
exchange).

Two parameters were chosen as criteria for the perfection of the gas exchange system
design: the filling coefficient ην and the residual gas coefficient γ . The filling coefficient
was defined as the ratio of the actual amount of air entering the cylinder to the theoretical
amount of air that could enter the cylinder. The residual gas coefficient was defined as
the ratio of the amount of residual gases in the cylinder to the actual amount of air
entering the cylinder. The Diesel-RK program calculates these indicators for a single
engine cycle.

3 Analysis and Discussion of Engine Operating Cycle Simulation
Results

First, the results of fine-tuning the intake system and the effect of the design on the
technical and economic indicators of the engine are considered. It was found that changes
in the geometric dimensions (diameter and length) of the intakemanifold and the channel
in the cylinder head lead to an increase in the filling factor ην in the range from 2.5 to
10.5% in comparison with the base engine (Fig. 1).

Fig. 1 Dependence of the filling ratio ην on the crankshaft speed n for an engine with a basic (1)
and modernized (2) IS
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This indicates that the filling of the cylinder with the working fluid increases and
favorable conditions for mixture formation and fuel combustion are created. As a result,
such an increase in the coefficient ην led to an increase in the power of the piston internal
combustion engine by 2.5–11.0%, depending on the mode of its operation (Fig. 2). The
maximum increase in power occurs at a crankshaft speed of more than 2500 rpm.

Fig. 2 Dependence of power Ne on the crankshaft speed n for an engine with a basic (1) and
modernized (2) IS

It should be noted that the specific effective fuel consumption does not actually
change in this case (Fig. 3). This indicates that the efficiency of the engine remains
practically unchanged.

Fig. 3 Dependence of specific fuel consumption ge on the crankshaft speed n for an engine with
a basic (1) and modernized (2) IS

Further, the geometric dimensions of the exhaust system were upgraded in order to
reduce the coefficient of residual gases γ . As a result, the optimal diameters and lengths
of the main elements of the exhaust system were determined, at which the coefficient γ
decreased in the range from 0.5 to 11.0% (Fig. 4).

However, it should be emphasized that this did not have a significant effect on the
engine power. It can be seen that the increase in engine power is no more than 5.5%
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Fig. 4 Dependence of the coefficient of residual gases γ on the crankshaft speed n for an engine
with a basic (1) and modernized (2) ES

when the design of the exhaust system is fine-tuned, and in most modes, the increase in
power does not exceed 2%.

At the same time, the specific effective fuel consumption increases by an average of
0.5% (Fig. 5). In other words, the efficiency of the engine decreases slightly.

Fig. 5 Dependence of specific fuel consumption ge on the crankshaft speed n for an engine with
a basic (1) and modernized (2) ES

Thus, we can conclude that improving the design of the intake system (IS) is a
more effective way to improve the technical and economic performance of engines in
comparison with the exhaust system (ES).

At the final stage of the research, the impact of the simultaneous refinement of the
intake and exhaust systems on the main engine parameters was evaluated. As expected,
the joint design of the intake and exhaust systems provides a synergistic effect in terms of
improving the quality of gas exchange. It is found that in this case, the filling coefficient
increases to 25% compared to the base engine. In turn, the coefficient of residual gases in
an engine with an upgraded gas exchange system has decreased by up to 25% compared
to the basic ICE.

Figure 6 shows the dependence of power on the crankshaft speed after fine-tuning
the engine gas exchange system. It can be seen that in this case the increase in power
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is from 3.0 to 12.0%, depending on the operating mode of the engine (Fig. 6). It was
revealed that the most sensitive gain is observed at high values of the crankshaft rotation
frequency.

Fig. 6 Dependence of power Ne on the crankshaft speed n for an engine with a basic (1) and
modernized (2) gas exchange system

It is possible to trace the change in specific fuel consumption in an engine with an
upgraded gas exchange system according to the dependencies in Fig. 7. Figure 7 shows
that fuel consumption increases by 0.55% on average.

Fig. 7 Dependence of specific fuel consumption ge on the crankshaft speed n for an engine with
a basic (1) and modernized (2) gas exchange system

Thus, it can be noted that the joint fine-tuning of the intake and exhaust systems
leads to the most noticeable increase in the main indicators of the engine.

4 Conclusion

The following main conclusions can be drawn from the research:

1. Optimization of the design of intake and exhaust systems of engines is an effective
way to improve the technical and economic indicators of piston ICEs.
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2. It is possible to achieve an increase in engine power up to 11% with a change in
specific fuel consumption by ±1.0% by fine-tuning the gas exchange system.

3. Basic knowledge in the field of the theory of operating cycles and the design of
engines is required for the practical use of the results of numerical modeling of gas
exchange processes in ICEs.

4. The results of mathematical modeling must be confirmed by experimental research
before their implementation in practice. It is also important to take into account the
gas-dynamic non-stationarity in modeling and experimental research of processes
in the systems of gas exchange of piston engines [19].
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Abstract. The article proposes the design of a vertical kiln for firing ceramic
products with microflame combustion of gas fuel and quasi-continuous processes
of moving products. It is shown that the reduction in specific fuel costs is achieved
by utilizing the heat of heated air in the elements of the loading mechanism and
reducing heat losses in the air ducts. The increase in the energy efficiency of the
kiln is provided by constructive solutions for the thermal insulation of the loading
mechanism and the combination of the dryer with the kiln. The description of the
operating modes of the kiln from the stage of loading to the stage of the finished
product is given. The results of a comparative analysis of the current and proposed
energy-efficient kiln for firing 24million bricks per year are presented. Shown that
by reducing the operating costs for fuel gas, the cost of brick production during
the introduction of the kiln reduced by 23–25%.

Keywords: Kiln · Ceramic products · Combination of processes · Energy
efficiency · Economic indicators

1 Introduction

Rationalization of the use of fuel, in particular, natural gas, at energy-intensive enter-
prises of the industrial sector gives the greatest energy–ecological–economic effect in
the technological chain, including facilities for gas production, its preparation, process-
ing, and transportation to consumers [1, 2]. At enterprises producing ceramic bricks and
other building ceramics, the most energy-intensive processes are the heat treatment of
rawmaterials and the processes of firing products, which consumemore than 80% of the
consumed fuel gas. In the works on energy saving in kilns for firing ceramic products,
the main technically feasible areas are noted, which make it possible to optimize the fuel
balance of the enterprise as a whole at various stages of the kiln’s life cycle. The main
technical solutions include modernization of the refractory layer and thermal insulation;
solutions for energy recovery both in the kiln itself and for the utilization of waste gas
heat for the needs of the enterprise; new burners and types of fuels, including the use of
renewable energy sources; monitoring and control systems [3–7]. At the same time, it is
noted that there is a high degree of uncertainty about the possible consequences of inte-
grating new solutions not only in kilns, but also in the previous processes of preparing
raw materials and subsequent conditioning processes for finished products [6]. In this
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regard, an integrated approach to the design of the structural and parametric character-
istics of the system is required, taking into account the prospects for the development of
the enterprise and multi-criteria assessments of efficiency [7–9].

In the context of solving the important issue of the rational combination of the
processes of firing and drying ceramic products with the effective use of the potential of
secondary resources, the relevance and prospects of the vertical kiln design are developed
by the authors obvious [10].

2 Scheme and Design Features of the Kiln

The concept of the developed design of a vertical kiln for firing bricks and other ceramic
products [10] is based on the technological combination of drying and firing processes,
which ensures a decrease in heat losses of equipment and fuel gas consumption. Figure 1
shows a diagram of the furnace (view from the side of the loading mechanism and view
one of its sections). It should be noted that the kiln can be operated in thermal waste
disposal systems, which are supplied to the kiln in special standards containers.

The kiln operates as follows. First, in the vertical firing channels one by one, using
a special loading device (not shown in Fig. 1), the pre-prepared (remaining from the
previous launch) commercial (fired) ceramic products (or empty special standards con-
tainers) are loaded. It is possible to load raw bricks after a semi-dry pressing press. In
the following, all raw materials are supplied to the furnace and the resulting product is
called “products."

Then, the air supply fan 26 is turned on, and the air ducts 5 and 7, the heat-insulated
bodies 12 and 13, and the flue gas channels 6 are purged.

The required airflow rate and pressure in the firing channels are set. After filling the
fuel supply lines in front of the furnace, one by one (from bottom to top), the burners 3
is put into operation.

After reaching the operating temperature, products 29 is fed from the preparatory
compartment to the 15 transporter of the loadingmechanism. Each product is transported
along the transporter to the firing channel, which is included in the operation, and the
transfer 16 moves to the ascending branch of the escalator 17.

During the operation of escalators, the productsmove to the upper, horizontal section,
from which the end-shifter 18 moves to the upper swivel frames 21 located above the
entrance to the vertical firing channel 4, which is in operation.

When moving products inside the heat-insulated bodies 13 and 12 of the transporter
15 and each of the escalators 17 of the loading mechanism, the raw product is dried. The
drying process takes place with countercurrent contact of the raw product with heated
air that comes out of the channels 11 for removing heated air from the kiln.

Moving raw materials and, at the same time, unloading the bottom row of finished
products are performed as follows. The support plates of the retainers 27 move and take
the load of the products located above. The lower swivel frames 21 smoothly rotate to
the lower vertical position and are loaded onto the unloading transporter 24 for the lower
row of finished products. The transporter 24 moves the finished products out of the oven
onto the marketable transporter 25. Then, the lower swivel frames 21 return to their
original horizontal position, the support plates of the retainer 27 move apart, and the
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products move smoothly (under their own weight) down to a height equal to the height
of one product.

With further movement from top to bottom in the firing channels, the products enter
the firing zone located at the level of the burner tunnels 9.

Firing of products occurs under the influence of thermal radiation of the following
elements of the kiln:
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�Fig. 1 Scheme of vertical kiln: a view from the side of the loading mechanism and b view A. 1,
2—loading and unloading mechanisms; 3—burners; 4—vertical firing channels; 5—channels for
supplying combustion air and for cooling products; 6—channels for ducts flue gas; 7—channels
for the removal of heated air; 8—walls of firing channel; 9—burner tunnels; 10—gaps between
the walls of the firing channels; 11—channels for removing heated air from the kiln; 12—heat-
insulated housing of loading mechanism escalator; 13—heat-insulated housing of loading mecha-
nism transporter; 14—branch pipe for exhaust heated air; 15—transporter for loading mechanism;
16—transfer; 17—escalator; 18—end-shifter; 19—escalator drive; 20—reinforcement block of
burners; 21—swivel frame; 22—swivel frame drive; 23—end-shifter drive; 24—transporter for
unloading; 25—transporter for commercial products; 26—air supply fan; 27—retainer (clamp-
ing) of loading products; 28—rotary self-adjusting flaps; 29—products (bricks or heat-resistant
containers)

• burner tunnels;
• sections of walls of eight burning channels adjacent to the burner tunnels.

and also due to convective heat exchange with flue gases coming out of the tunnels 9.
Due to the micro-flare radiation convective mode of heat transfer, the firing of prod-

ucts carried out is not only uniformly, but also with a higher thermal efficiency, since
less heat is lost through the kiln fences.

The zone of end-temperature holding of products is located below the firing zone
(from the lower row of burner tunnels to channels 7 for the removal of heated air). In
this zone, the temperature field is leveled in the products that have passed the firing.

The cooling zone is located along the height of the firing channel 4: from the outlet
channels 7 to the air distributors of the channels 5 for supplying cooling air. In this zone,
there is a counter-current movement of products and air flow. The supply of a part of the
airflow for cooling was also provided through the holes at the bottom of the channels 5
and through the perforations in the base plates of the retainers 27. Thus, three zones of
optimal cooling intensity were formed along the height. This provides a soft, defect-free
mode of cooling products and a deeper recuperation of their heat.

During operation of a vertical furnace for firing products, the fuel coming out of the
nozzles of the burners 3 was mixed with heated air and burned in the burner tunnels
9, which are coaxial with the nozzles. The kiln provides an energy efficient (without
heat loss) micro-flame firing mode with the ability to regulate the heat supply. An opti-
mum temperature profile in height is also ensured in the firing zone. Flue gases from
the preheating zone were fed into series-connected channels 6. The upper rotary self-
aligning dampers 28 carry out reducing air leaks from the heat-insulated housing 12 of
the escalator 17 into the channels 6.

Channels 6 can be connected outside the kiln to one or more heat-insulated gas ducts
connecting the kiln to the flue gas heat recovery system.

The proposed design solutions for all of the listed elements of the roasting kiln made
it possible to solve two main tasks of increasing the efficiency of the furnace: to create a
quasi-continuity mode for the combined processes of drying and roasting and to reduce
losses due to the utilization of heat from technological streams.
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3 Energy and Technical and Economic Efficiency of the Kiln

The energy efficiency of the proposed vertical kiln for firing ceramic products increased
due to the following components:

• heat recovery of the cooled brick;
• elimination of fuel costs for drying raw brick;
• reduction of heat losses to the environment.

The economic effect of the introduction of a vertical kiln for firing ceramic products is
to reduce the cost of production by reducing themain component of operating costs—the
cost of fuel gas.

The values of the unit costs (per unit of production) Ci of two variants of the ceramic
brick kiln with a capacity of 24 million pieces/year are shown in Fig. 2.

Fig. 2 Unit operating costs for two types of ceramic brick kiln (I—basic and II—effective)

To solve the problem of comparative energy–ecological–economic analysis, the soft-
ware of the information-analytical system for the regulation and optimization of the
production and consumption of fuel and energy carriers at the enterprise was used [9].

Furnace versions (I—basic version, tunnel kiln and II—efficient version and new
vertical kiln) compared according to the following components:

• C1—fuel costs;
• C2—electricity costs;
• C3—maintenance, repair, and amortization costs of equipment (capital cost function).

It should be noted that fuel costs are 88.7 and 74.7% of the total operating costs for
options I and II, respectively.

Figure 3 shows the change in themain three components of the annual costs for firing
ceramic bricks and their sums (�C� = ∑3

1 Ci) when introducing an efficient vertical
kiln with a combination of processes in one unit.
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Fig. 3 Difference in annual operating costs in the compared variants of the ceramic brick-firing
kiln

Analysis of the data shown in Fig. 3 shows that in the new vertical kiln with a
combination of drying and firing processes, fuel costs have decreased by about 32%. At
the same time, electricity costs increased (by about 5.6%) due to the use of additional
movement mechanisms. The costs of maintenance, repair, and amortization of the kiln
also increased (by 2.7% in total).

The overall efficiency of the introduction of a vertical kiln for firing ceramic products
with a combination of processes and utilization of heat resources is determined by the
cost of production, which will decrease by about 23–25% compared to the version of
the existing kiln.

With the current ratio of prices for equipment and tariffs for energy carriers in the
Russian Federation, the approximate payback period of the kiln, taking into account the
time of construction and commissioning, will not exceed three years. This period is quite
acceptable for new equipment projects.

4 Conclusion

In an efficient vertical kiln for firing ceramic products, constructive solutions have been
proposed for the execution of heat-insulated bodies of escalators and a conveyor of the
loading mechanism, in which the heat of the heated air removed from the kiln is utilized.
The kilnwas used not only for firing ceramic products, but also in other industries for heat
treatment of products and materials in standards containers. By combining processes,
reducing heat losses, and utilizing the heat of technological streams, operating costs for
fuel gas reduced and the cost of heat treatment of products with the introduction of a
vertical kiln reduced by about 23%.
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Identification of Parameters of a Sub-Rail Base
in the Computer System “Wheel-Railway

Track”
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Abstract. The article describes a developed laboratory setup for studying vibra-
tions in the “wheel-railway track” system. With its use, the rigidity of the ballast
layer and the vibration damping coefficient is determined. A dry friction model
can be applied in the experiment, where railway ballast is a free-flowing medium.
In the calculations, it is replaced by a model of a viscous friction medium, so this
model provides equivalent energy dissipation in the ballast layer. Identification
of the vibration damping coefficient was carried out by comparing the oscillation
waveforms obtained experimentally and using a computer model of the setup. The
suggested scheme of a laboratory setup for determining the elastic and dissipa-
tive characteristics of the ballast layer provides conditions for applying a load to
the ballast layer close to real (full-scale) conditions. The obtained values of the
vibration damping coefficient and the stiffness of the ballast layer fall into the
corresponding ranges given in the literature for various states of the ballast layer.

Keywords: Ballast layer · Elastic characteristics · Dissipative characteristics ·
Rigidity · Damping coefficient · Laboratory setup · Computer model · Parameter
identification

1 Introduction

In the modern world, most processes and phenomena are usually investigated using
computer simulation. However, important parameters of computer models can often
be determined only experimentally. This article is devoted to finding the parameters of
damping vibrations of a sub-rail base in computer simulation of the passage of a carwheel
on a railway rail. In the computer model, the car is represented by masses, moments of
inertia of the masses of wheel pairs, bogie frames, a body and the characteristics of the
connections between them. A number of these values are quantified, and identifying
the values of the rest is not as difficult as identifying the path parameters. There are
significant difficulties with simulation of a sub-rail base. One of the most difficult tasks
is to determine the elastic-dissipative properties of the ballast layer. This complexity is
due to the fact that it is a bulk medium for which a dry friction model can be applied.
However, the use of such a model in calculations is inconvenient, so it is replaced by
a model of a medium with viscous friction, and then there is a need to determine the
coefficient of viscous friction for this model to provide equivalent energy dissipation in
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the ballast layer. The article presents the results of identification of the characteristics
of rigidity and the coefficient of viscous friction of the ballast layer obtained using the
developed laboratory setup.

1.1 Data Provided in Literature

One of the difficulties of accounting for the ballast layer in simulation is that its elastic-
dissipative properties strongly depend on the time of year, weather conditions and the
degree of contamination of the ballast. This explains quite a large variation in the quan-
titative assessment obtained by various authors. So, in the works of Kogan [1, 2], the
coefficient of viscous friction has the value of 60 kN s/m, and in the works of Vino-
gradov V. A., Gasanov A. I., Burchak G. P., its value is set in a wide range from 200 to
800 kN s/m.

In the works of foreign scientists [3, 4], you can find the frequency dependence of the
ratio of the rail deflection w to the amplitude of the periodic disturbing force P applied
to the rail at a point located above the sleeper and in the middle between the sleepers.
In the frequency range from 0 to 100 Hz, it varies little and is 1.52 × 10–8 m/N.

1.2 Problem Statement

In this study, the problem of determining the elastic-dissipative properties of the ballast
layer is set and solved. In addition to taking into account the influence of weather
conditions on the characteristics of a sub-rail base, it is necessary to take into account
that railway ballast is a bulk medium for which a dry friction model can be applied.
However, the use of such a model in calculations is inconvenient, so it is replaced by
a model of a medium with viscous friction, and then there is a need to determine the
coefficient of viscous friction for this model to provide equivalent energy dissipation in
the ballast layer.

In this article, to identify the characteristics of a sub-rail base, a laboratory setup
was developed and used, which allows conducting experimental studies of oscillation
processes at operating frequencies of the order of 15 Hz.

2 Experimental Studies of the Characteristics of a Sub-Rail Base

To identify the characteristics of a sub-rail base, a laboratory setup was developed and
used. This setup allows you to conduct experimental studies of oscillation processes at
frequencies of the order of 15 Hz. The analysis of scientific research suggests that the
results obtained with its use will be valid in the range up to 100 Hz. The diagram of the
setup is shown in Fig. 1.

For simulation of a sub-rail base, cylindrical shell 1 was used. It is installed on
chipboard 2, located on metal plate 3 with T-shaped grooves. Layer of sand 4 and
crushed stone 5 is filled inside the shell. The load on the ballast layer is transmitted
through package of steel and rubber gaskets 6, punch 7 and roller 8. The force on the
roller is applied using lever 9. The lever is pivotally attached to rod 10. The rod at one
end has eye 11, by means of which it is attached to the lever, and at the other end it has
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Fig. 1 Scheme of the experimental setup

plate 12, which enters the T-shaped groove of plate 3. The arms of the lever are selected
in such a way that the force transmitted to the set of gaskets is 10 times the weight of
the loads suspended from the other end of the lever. Frame 13 is attached to this end of
the lever, on the lower plate of which spring 14 is installed. The load on the spring is
created by the weight of loads 15, which are placed on upper suspension 16. The spring
has a rigidity of Cp = 2.5 × 104 N/m, so that its draught under the weight of 500 N
loads is 20 mm. The rod of the lower suspension with an annular recess goes into the
hole of the lower cylindrical part of the upper suspension, which is locked with a bolt.
Loads 17 with a total weight of 250 N are placed on the lower suspension.

When developing the setup scheme, the goal was to determine the rigidity of the
ballast layer, and the ballast layer together with a set of gaskets, as well as the damping
coefficient of the ballast layer. The latter goal is achieved by recording the free vibrations
of the mass of loads 15 on spring 14. The force equal to 5 kN is created due to the use
of the lever. The force acts directly on the ballast layer or through a set of gaskets. To
determine the elastic and dissipative properties of a single ballast layer, tests are carried
out without a set of gaskets. In this case, punch 7 rests directly on the ballast layer. The
area of the support surface of the punch is selected so that the specific pressure is the
same as from the sleeper to the ballast layer.

The setup allows you to get the mass vibrations of loads 15 on the spring with a
sufficiently large amplitude, which facilitates the recording of the oscillogram using the
simplest equipment. Free vibrations are initiated in the system as follows. Loads 15 and
17 are placed on the suspensions, whilst the lower suspension is fixed from falling out
with a bolt. The spring deflection is 30 mm. Then, the bolt turns away, loads 17 with
the lower suspension fall down, and loads 15 make free damped vibrations relative to
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the equilibrium position corresponding to the static deflection of the spring under their
weight.

To record the vibrations, the authors used a device consisting of gear motor 18, drum
19 mounted on stand 20 and pen 21. The drum is mounted on the shaft of the gearbox
with a hub. A paper tape is attached to the drum. The pen attached to the lower cup of
suspension 16 is pressed against the paper tape by a spring. During the tests, electric
motor 18 is turned on, which rotates the drum at a speed of 8.76 rpm.

3 Computer Model of the Experimental Setup

The dynamic model of the laboratory setup is shown in Fig. 2. The ballast layer is
represented by an elastic bond with the rigidity Cb and a viscous friction damper with
the damping coefficient β. Loads 15 are represented by themassm, suspended from lever
9 on an elastic bond with the rigidity Cp. The lever is considered as an elastic element
(elastic beam) with the rigidity EJ1 on the section of the length d and the rigidity EJ2 on
the sections of the lengths a and b. Rod 10 is also considered as an elastic element. The
displacements y1 of the mass m and y2 of the point B in the support of the punch on the
ballast layer are taken as generalized coordinates. In this scheme, a set of gaskets was
not considered. The position of the lever when hanging loads 15 with the mass m to it is
shown in figure of the curve A1B1D1. The points B and D in this case receive the static
displacements y1ct and y2ct. The line A2B2D2 shows the position of the lever for the
moment when the system is in a state of free vibrations.

Fig. 2 Dynamic model of the experimental setup
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The force occurring in the elastic bond Cpp(y1 − ky2) acts on the mass m, where k
is the gear ratio of the lever; Cpp is the reduced rigidity, taking into account the rigidity
of the spring Cp, the lever arm and the rod Cp, and the force of inertia mÿ1.

The response of the ballast layer which is equal to the sum of the forcesCby2, arising
in the elastic connection and β ẏ2, arising in the damper is applied at point B.

Free vibrations of the mass m are represented by differential equations:

(1)

The second equation expresses the condition when the reaction of the ballast layer
is equal to the force transmitted to it from the lever.

The values included in differential Eq. (1) have the following values: the gear ratio
of the lever k = 10; the spring rigidityCp = 2.5× 104 N/m; the rigidity due to the elastic
properties of lever 9 and rod 10, Cp = 4.68× 104 N/m; the reduced rigidity of the lever

and the spring is Cnp = CnCp
Cn+Cp

, Cnp = 1.63× 104 N/m. Solving Eq. (1) with respect to
y1, we obtain

(2)

The characteristic equation for Eq. (2) has the form:

λ3 + Aλ2 + Bλ + D = 0, (3)

where

To determine the rigidity of the ballast, the movements of the suspension point D
are measured depending on the weight of the loads. Their values are shown in Table 1.

Table 1 The movements of the suspension point D are measured depending on the weight of the
loads

Load on crushed stone, kN 1 2 3 4 5 6 7 7.5

Movements of the suspension point, mm 8 16 24 32 40.2 47.8 57.2 61.5

Crushed stone draught, mm 0.118 0.373 0.56 0.75 0.952 1.1 1.42 1.55

A linear dependence of the ballast draught on the applied force is practically obtained.
The static movement of the suspension point is

Substituting the values of mg = 500 N and �ct = 40.2 mm in this dependence, we
obtain the rigidity of the ballast layer Cb = 5.25 × 106 N/m.
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4 Identification of Vibration Damping Parameters
in the “wheel-Railway Track” System

With the help of the developed laboratory setup, free vibrations of themassm, suspended
from lever 9 through spring 14 were studied (Fig. 1). The tests were carried out without
the use of rubber and metal gaskets. Loads 15 were used as the vibrating mass. The
initial conditions were created by deviating them from the equilibrium position. The
lower suspension with weights 17 was attached to them from below. The deviation from
the equilibrium position y01 = 18 mm was obtained.

Suspension 16 was released from loads 17, and loads 15 made free damping vibra-
tions. The oscillation waveform was recorded on a paper tape attached to drum 19. It is
shown in Fig. 3a. This figure shows vividly expressed damping vibrations. Before the
system came to a state of rest, it made 14 vibrations.

Fig. 3 Oscillograms of cargo vibrations: a in the experiment; b theoretical solution

10 total vibrations are taken as the calculated ones. The time of ten vibrations on the
oscillogram corresponds to the segment of the length L = 192 mm along the abscissa
axis. The time of ten vibrations is

t = L

ωR
= 3.96 s,

where ω = πn
30 = 0.917 rad/s; n = 8.76 rpm is the rotation speed of the drum; R =

50 mm is the radius of the drum.
Then, the vibration frequency is

f = 10

t
= 2.525Hz,

and the circular frequency is

k = 2π f = 15.87 rad/s.

The parameter of vibration damping in the ballast layer is determined by selection.
Equation (2)was solvedby theRunge-Kuttmethodusing standardMathcadprogrammes.
The initial conditions were: y10 = 0.018 m; ẏ10 = 0; ÿ10 = 0.

The parameter β varied in such a way as to obtain a vibration oscillogram close to
the experimental one. The best approximation is achieved at β = 14 × 104 N s/m. The
oscillogram is shown in Fig. 3b.

The frequency of free vibrations k = 15.99 rad/s was obtained from the solution
of characteristic Eq. (3). As in the experiment, before the transition to the equilibrium
position, the system made 14 complete vibrations.
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5 Conclusion

The experimental studies made it possible to draw the following conclusions:

• Using the developed setup, the value of the rigidity coefficient of the ballast layer of
5.25 × 106 N/m was obtained. The pressure on the ballast was transmitted through
a rectangular plate with an effective area of 0.024 M2. Since here, we considered the
vertical rigidity that connects the force applied to the half of the sleeper and the ballast
draught, and it must be proportional to the area of support on the ballast layer. The
effective area of support of the sleeper is 0.3 m2. Then, the rigidity of the ballast layer,
due to the support of half of the sleeper on it, is 65.6 × 106 N/m. In [5], this value is
50 × 106 N/m.

• The value of the vibration damping coefficient of 14 × 104 N s/m was obtained. In
[6], the value of the attenuation coefficient of 6 × 104 N s/m is given. The value
of the vibration damping coefficient obtained using the laboratory setup exceeds the
value given in Kogan’s work [6–16], but does not contradict the results given in [5].
The overestimated rigidity values of the ballast layer and vibration damping obtained
during the experimental research using the laboratory setup can be related to the fact
that the ballast was located in a closed volume in a rigid cylindrical shell.
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Abstract. In turbomachines, a significant influence on efficiency is represented
by the leaks in the labyrinth seals (end diaphragm, peripheral ones above the
rotor blades). Losses from internal leaks are very significant in the percentage.
The number of sealing sectors sometimes (in steam turbines) takes up to 40% of
the shaft length. A greater reserve for increasing the turbomachine efficiency is
improving the seal flow path to reduce the leaks or their localization in the case
of using aggressive harmful media. Intensifying vortex flows on relief surfaces,
affecting the main leakage flow in slot seals, was studied in a number of exper-
imental works. The results of physical and numerical modeling of relief surface
seals are presented. The physical study of the flow was carried out on an exper-
imental stand, and the numerical study was fulfilled using the ANSYS CFXv.19
software package. The studies of honeycomb-hole seal were implemented at vari-
ous operating parameters (pressure drops) and gap sizes with determining the flow
rate characteristics.

Keywords: Turbomachines · Labyrinth seal · Honeycomb surfaces · Hole
surfaces · Flow rate · Working fluid

1 Introduction

The analysis of the practical improvement of the profile surfaces of the seals is carried
out, both from the point of view of the highest aerodynamic efficiency and the formation
of stable vortex structures, and the possible effects of flow pulsation in the seal, which
not only intensify the sealing effect, but can also be a source of aerodynamic excitation
of oscillations of turbomachine rotors. The use of honeycomb-hole compaction is aimed
at increasing the sealing effect using the mutual influence of vortex structures in the
space of honeycomb cells and holes, revealing the main design parameters of profile
surfaces that affect the effectiveness of combined seals.

1.1 Literature Review

In [1, 2], numerous studies of effecting vortex flow in honeycomb seal cells on the flow
in the flat slot space are presented. It is noted, in particular, the vortices interaction
intensification in “shallow” honeycomb cells (hc/dc ≈ 0.3/0.5) with a leakage flow,
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leading to the flow rate decrease by 10–15% in comparisonwith a smooth slot, depending
on the gap size and pressure drops.

Tornado-like or whirlwind vortex jet structures are known [3]. They are formed by
flowing around “shallow” holes (hh/dh ≈ 0.06/0.1) on the plane, and they reduce the
flow rate in a flat slot by about 5% [2, 3].

A characteristic feature of influencing “shallow” holes on the flow is a moderate
increase in hydraulic resistance compared to a significant increase in the heat transfer.

Using hole assemblies with the appropriate parameters made it possible to signifi-
cantly improve the functional, technical, and economic characteristics of uranium fuel
rods, heat exchange equipment for gas turbine engines, etc. [4].

In [5–7], the substantiation of the physical essence of the effectiveness of the sealing
effect is given using the spatial structure of the flow in the cells of the seals and their
influence on the leakage flow.

The literature [8–10] presents the results of experimental studies of turbine stages
with honeycomb seals in a wide range of design and operating parameters.

On the other hand, there is a sufficient number of literary sources that note the
resonant disturbance of the flow in channels with profiled surfaces, which affect both
the flow characteristics of the seals, heat exchange [11–14], and the vibration activity of
the shafts of turbomachines [15–17].

1.2 Problem Statement

Creating vortex generators, which would have minimum hydrodynamic resistance
and would generate artificial vortex systems with the given kinematic and dynamic
parameters, is of great practical importance.

Seal channels of complex shape are proposed; methods of sealing leaks, optimizing
the design and operating parameters, taking into account reliability factors, are improved.

This paper presents one of such devices, namely a combined honeycomb-hole seal
[2, 18], which implies the mutual influence of vortex structures in honeycomb cells on
one of the flat slot walls and a two-cell vortex structure in holes on the opposite surface.

2 Test Procedure and Models

For comparison, a slotted seal with straight smooth walls was taken as the initial test
option. The flow path is made in the form of a slot with a width of b = 58 mm and
a length of l = 175 mm. The height was determined by the size of the gap δ = 1, 2,
3 mm. The layout of the experimental stand is shown in Fig.1. Variants of plates with
different reliefs are shown in Fig. 2. The studies were carried out in air at pressure drops
P∗
in/Pout = 1.14/1.38.
The method of the flow numerical investigation takes into account the design and

operating parameters of the flow in the seals.
The element of the flow path is considered (flat slot is 58 mm wide, 175 mm long,

clearance δ = 1 mm, pressure drop is P∗
in/Pout = 1.2).

The computational grid was made in such a way that about 10 cells could fit in the
gap δ = 1mm. The final computational grid consisted of 3.5 million computational cells.
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Fig. 1 Experimental stand

Fig. 2 Variants of plates with different reliefs: a hole surface; b cell surface; c cell + hole seal

The standard k − ε turbulence model was chosen, which is typical for such problems.
The working medium (air-perfect gas) was completely compressible; the time step was
initially set equal to 0, 1 of the flight time. The static pressure and temperature were
taken as input boundary conditions. The absence of large oscillations in the values of
the input and output parameters was taken as a criterion for convergence.
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2.1 Experimental Results

The results of studying the seal characteristics are shown in Fig. 3 in the form of depen-
dences of the flow rate ratio in a channel with relief surfaces G and a smooth slot Gsm,
depending on the gap size and the pressure drop in the seal. Note that the greatest
influence of the surface relief is noticeable at the increased pressure drops P∗

in/Pout.

Fig. 3 Comparison of seal performance at different clearances and pressure drops

With a gap of δ = 1 mm, the influence of individual honeycomb and hole surfaces
is insignificant (approximately 2% at P∗

in/Pout = 1.38). Honeycomb-hole seal shows a
6% effect.

A honeycomb seal on one of the walls (the opposite wall is smooth) reduces the
leakage rate (at δ = 2/3 mm) by 16% at P∗

in/Pout = 1.38 and 7% at P∗
in/Pout = 1.14.

Accordingly, the hole seal reduces G/Gsm by 7 and 4%.
The advantage of honeycomb-hole seal (hc + h) over honeycomb (hc) is noticeable

at low pressure drops (P∗
in/Pout = 1.2) and amounts of about 1%, and over a hole (h), it

amounts of about 6%.
The total effect of honeycomb-hole seal against a smooth gap in the investigated

pressure drop at gaps of 2–3 mm is 9–16%.
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The honeycomb surface makes the greatest contribution to the sealing effect. How-
ever, the influence of the hole surface is noticeable at small pressure drops (P∗

in/Pout ≈
1.14).

It should be noted that the experimental data are given only for one standard size of
the relief surfaces (honeycomb and hole).

2.2 Numerical Results

The results of studying the seal flow structure are shown in Figs. 4 and 5. The flow
structure in conjunction with the operating and geometric parameters provides a basis
for understanding the features of the working process in the labyrinth seal and its
consumption characteristics and creates the prerequisites for their improvement.

Fig. 4 Detail view of streamlines in a a cell and b a hole

Fig. 5 The interaction of cells and holes

The research results are presented by visualizations in the form of vector fields and
velocity isolines.

The logic of the research was lined up from studying the flow of individual hon-
eycomb cells and holes to a honeycomb seal, consisting of an ensemble of relief
surfaces.

Figure 4 shows the flow visualization in the individual honeycomb cells (a) and holes
(b).
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Apeculiarity of the considered vortex flows in the holes is the ejection of vortices into
the main leakage flow, interaction with it, and the boundary layer on the relief surfaces.

Visualizing the flow in a smooth slot revealed an insignificant effect of the boundary
layers at the walls.

Figure 5 shows the flow visualization in a honeycomb-hole seal with a distinct
influence of the vortex structures on the honeycomb surface and the vortex bifurcation
in the holes and their mutual influence.

3 Conclusion

The analysis of the flow structure made it possible to explain the significant decrease
in the leakage rate in the honeycomb-hole seal not only in comparison with a smooth
slot, but also in the individual honeycomb and hole surfaces, which is confirmed by the
experimental studies.

Experimental studies of the vortex flow in the space of hexagonal or diamond-shaped
honeycomb cells indicate the formation of flows reflected from the side faces, which is
not only circulate in the space of the cells, but also capable of affecting the main leakage
flow in the seal gap. The discovered effect [1] of interaction of flows is especially
manifested in shallow cells (hc/dc = 0.3/0.5).

The visualization of the flow in seals with holes also provides grounds for practical
optimization of the design parameters of the hole surface in order to localize the leakage
rate in the seals of turbomachines [19–21].
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Abstract. This article aims to research the generation of a vibration field and
noise by the reduction gear to find opportunities to reduce vibration, calculate
noise levels, and develop engineering practices for the calculation of noise levels.
The dynamic systems of machinery power trains usually have low dissipation,
and their links are elastic or, in some cases, quasi-elastic. This means that the
model must be based on an elastic-inertia core system of differential equations.
Dissipation factors, in this case, are seen as additional parameters of the core.
Asynchronous electric motors of varying output and rotor speeds act as the source
of energy for hoisting and movement mechanisms of overhead traveling cranes.
They are also the first components of the respective crane drives.

Keywords: Drive · Reduction gear · Asynchronous electric motor · Overhead
traveling crane · Vibration · Noise · Gearset force

1 Introduction

This article deals with mathematical modeling of such drives as a system of quintic
differential equations [1–19]:

d�1x

dt
= U1x − r1 · L′

2 · �1x

�
+ r1 · L0 · �2x

�
+ �0 · �1y;

d�1y

dt
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2 · �1y

�
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�
− �0 · �1x;

d�2x

dt
= − r′2 · L1 · �2x

�
+ r′2 · L0 · �1x
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+ (�0 − �) · �2y;

d�2y

dt
= − r′2 · L1 · �2y
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− (�0 − �) · �2x. (1)

dω

dt
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) − 1

J
· MC , (2)

where U1x = √
2 · Um · cosωp · t; U1y = √

2 · Um · sinωp · t;Mdv = L0
�

·
(
�2x · �1y − �2y · �1x

)
;� = N 2

ZM
·i = L·i are the armature flux linkage;� = L1·L′

2−L20
is the coefficient; r1 is the active resistance of the stator; r

′
2 is the active resistance of the

rotor; L1 is the self-inductance of the stator; L
′
2 is the self-inductance of the rotor; L0 is

the mutual inductance of the stator, and the rotor; ωp is the mains frequency (50 Hz).
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2 A Model of the Joint Box Located Between the Electric Motor
and the Input Shaft of the Reduction Gear

According to multiple research works on machine dynamics [3], flexible joints can be
seen as piecewise-linear components. Let us assume that the joints used in the drive have
no hard deformation limiters. This is typical of joints featuring elastic elements, i.e., pin
bush and coil ones [3].

If we take γk = ϕk − ϕk+1 and U (γ ) is the elastic response of the joint, the typical
characteristic of this component can be expressed as a piecewise-linear function in Fig. 1:

Fig. 1 Typical elastic characteristic of the joint

Let us assume that this characteristic can be expressed as a sumof two characteristics:

• a straight line crossing the zero, whose slope ratio is equal to rigidity C1;
• the second characteristic has a slope ratio equal to rigidity C2 − C1 and it looks like
in Fig. 2:

Fig. 2 Nonlinear component of the elastic joint characteristic
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Let us assume the following: the section of the shaft between the electric motor and
the first half-joint, as well as the section of the reduction gear input shaft between the
second half-joint and the cogwheel, do not allow us to ignore their torsional rigidity as
compared to the joint rigidity.

According to literature, joints with metal elastic components, as well as those with
rubber blocks and balls can be classified as low-friction joints [1, 2]. It must be noted
that strictly speaking, all elastic joints are nonlinear due to their nonlinear elastic and
dissipation properties. Normally, joints are seen as “built into the body.” In this case,
the piecewise-constant rigidity values for the characteristic shown in Fig. 1 represent an
angular function relative to the half-joint shift.

We can try to express this characteristic as a sum of two: the linear and the nonlinear
one with a dead zone as in Fig. 2.

The nonlinear behaviors of the elastic characteristic of the joint can be accounted
for through the introduction of additional components into the vector of the right-hand
members of the matric equation of the system in question.

In this case, we get the following system of equations for the joint:

Jdv
d�dv

dt
+ βdv�dv = Mdv − M1M ;

J1M
d�1M

dt
+ β1M�1M = M1M − MM ;

J2M
d�2M

dt
+ β2M�2M = MM − MV ;

dM1M

dt
= C1M (�dv − �1M ) + β1M

(
d�dv

dt
− d�1M

dt

)
;

dMM

dt
= CM (�1M − �2M ) + βM

(
d�1M

dt
− d�2M

dt

)
, (3)

where �M 1 is the angular speed of the first half-joint; �M 2 is the angular speed of the
second half-joint; CM is the joint rigidity; βM is the joint damping factor; MM is the
torque transferred by the joint.

To account for the nonlinear dependence between the joint rigidity and the difference
of the turning angles of the first and the second half-joints, we introduce an additional
coordinate equal to their difference:

γM = ϕ1M − ϕ2M ; dγM
dt

= �1M − �2M , (4)

where γM is the difference of the generalized coordinates from the two half-joints.
The system of equations that describe the changes in torques can be written down

as the following more accessible matrix:
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The equation system obtained has the order of n = 25. Besides, the proper operator
for MATLABmodeling can be expressed as a block matrix. The vector of the right-hand
part of the differential equation system can also be conveniently expressed as a block
vector that we do not include in this article for the sake of brevity.

3 System Component Movement with an Allowance
for the Clearance

In this case, it is necessary to speak about movement with and without the clearance.
If the clearance is “set,” the system dynamics is defined by the values of rigidity and
damping ratios reviewed above.

To construct the vector of the right-hand side of the mechanical component of the
drive when reviewing forced vibration of mechanisms, we need to account for the clear-
ances that inevitably appear in kinematic pairs and rigid connections. For mechanisms
employing gear drives, angular clearance is used [5]:

• cτ is the average tangential clearance value in the gears;
• ετ is the maximum deviation from the average tangential clearance.

These values for gear sets are normally calculated using empirical formulae:

cτ = 0.68(�M h1 + �M h2) + 0.34(δh1 + δh2), (6)

ετ = 0.1(δh1 + δh2) + 0.4 · δA + 0.13(E01 + E02), (7)

where �M h1,�M h2 is the least profile shift; δh1, δh2 is the profile shift tolerance; δA
is the axle base tolerance; E01,E02 is the radial motion variation for the gear rim.

Thus, the clearance in the gear pair can be expressed as follows:

�ϕ = cτ ± ετ . (8)
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All of the values listed are subject to GOST standards for gearwheel production [2–
5]. Clearances impact the collision of mechanism components, which results in dynamic
loads. The appearance of this effect is not subject to any particular behavior. Thus, if the
instantaneous torque is below the average for the specified component, the kinematic
train is not broken [5].

When modeling the reduction gear in question, we shall only focus on the impacts
of clearances in great sets. The dynamic characteristic of the nonlinear component can
be expressed as follows [3]:

ρk · γk,k+1 = ak , (9)

where γk,k+1 = ϕk+1 − ϕk is a generalized coordinate; ak is the piecewise-constant
function; ρk is the ratio.

When the components do not interact, i.e., when moving within the clearance (open-
clearance movement stops when the difference between the turning angles of the first
and the secondmass equals half of the clearance). In this case, ρk = 0, otherwise ρk = 1.
Numerous research works [2–4] confirm that the strikes during the clearance movement
are non-elastic and that elastic forces usually exceed the dissipation ones by large.

If the clearance is open, themovement stopswhen the following condition is satisfied:

ϕk−ϕk+1 = δ

2
= �ϕk,k+1

2
. (10)

In this case, the dependence between the transferred torque and turning angle
differences for two linked inertia mass looks as follows:

{
Mk,k+1 = Ck,k+1 ·

(
ϕk − ϕk+1 ∓ �ϕk,k+1

2

)
, |ϕk − ϕk+1| >

�ϕk,k+1
2

Mk,k+1 = 0, |ϕk − ϕk+1| <
�ϕk,k+1

2 .
(11)

The structure chart for this phenomenon can be expressed as follows (Fig. 3).

Fig. 3 Structure chart for movement model with the clearance

The final right-hand vector of the equation system analyzed can be expressed as a
block one:

P =
⎡

⎣
P1
P2
P3

⎤

⎦. (12)
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4 Conclusions

The obtained mathematical model for the forced movement of the system is required
for the study of the excitable vibration field. To this end, the system of equations was
formed, respectively, to the rotation torques appearing at the startup and during the basic
operation to assess the vibration capacity.

The gear set forces were determined based on the obtained torque expressions while
taking into account the mentioned features of drive kinematics.
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Abstract. During milling asphalt, there are inevitable pulsating loads that impact
the cutting element of theworking unit, the nature andmagnitude ofwhich depends
on a number of factors. This, in turn, causes shock loads on roadmachine drive ele-
ments and premature failure of drive units and welded joints of a drum. The paper
presents the main directions in the research of asphalt concrete milling processes.
In addition, it contains the results of experimental studies of asphalt concrete cut-
ting with a single cutting element. The paper also includes a description of the
experiment. It contains oscillograms of cutting resistance forces obtained while
cutting asphalt concrete of grades SMA-16, SMA-20, A1, B2, B3 andMZP. It also
presents calculations of dynamic coefficients and amplitude-frequency parame-
ters of cutting force impulses. It is noted that the pulsation amplitudes of cutting
resistance forces greatly exceed the averages for cutting resistance forces. Based
on the study results, the paper offers substantial solutions aimed to increase the
reliability of elements of a working unit and a drive of milling machines.

Keywords: Asphalt concrete · Asphalt concrete milling · Cutting resistance
forces · Cutting element · Dynamic factor · Road machine

1 Introduction

Asphalt milling is a highly important and expensive technological operation [1]. As a
dispersion-filled composite [2, 3], asphalt concrete exhibits a set of complex strength
properties both during operation and destruction by road milling machines [4, 5]. This,
among other things, is the reason why milling is so energy-intensive. In order to ensure
the required productivity, it is necessary to usemachines equippedwith powerful internal
combustion engines that consume a sufficiently large amount of fuel. Obviously, these
machines not only require large initial and operating costs, but also cause environmental
pollution.

Solving these problems requires improving the design of the working units installed
on milling machines, but this is impossible without a thorough study of the workflow.

There are several ways to improve the design of milling machines. One of them is
identifying the cutting resistance forces for different cutting element designs, material
types and feed values. In practice, these loads are determined using experimental [6, 7]
and numerical methods [8, 9]. Based on some machine models with a way to determine
the forces of cutting resistance, researchers calculate the parameters of the machine as
a whole [10], as well as provide a rationale for the parameters of the control systems of
these machines [11, 12].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
Lecture Notes in Mechanical Engineering, https://doi.org/10.1007/978-3-030-85233-7_54

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85233-7_54&domain=pdf
https://doi.org/10.1007/978-3-030-85233-7_54


Study of Asphalt Milling Workflow Dynamics 443

A separate group of works ensures the required quality of asphalt concrete surface
after milling [13], as well as assesses the strength of asphalt concrete located below
the milling surface [14]. Since the milled asphalt concrete is frequently reused, certain
researchers study the milling modes aimed at preserving the integral structure of the
filler [15]. Another group of papers is devoted to the study of abrasive wear of cutting
tools by material [16].

Thus, given the continuing interest of researchers, coldmilling is still far from perfect
despite more than half a century of history of asphalt milling machines.

2 Study Problems

Almost all of the problems discussed above cannot be solved without understanding the
contact interaction between the material and the cutting element. To design a full scheme
of asphalt concrete cutting, it is necessary to know derivative laws of cutting resistance
forces, energy costs imposed on the cutting element, as well as average and maximum
forces of cutting resistance, frequency of pulsations of these forces and cutting force
direction.

These questions can be partially researched by using a pendulum stand. Such struc-
tures are successfully used to determine the brittle fracture energy when testing metals
[17] and polymers [18], to determine the energy intensity of the cutting natural mate-
rials—wood waste and peat [19]. These structures have also been successfully used
to determine the energy intensity of cutting with a single cutting element of a milling
machine [20].

This method can be used to determine the energy intensity of cutting and the average
tangential component of the cutting force. Studying the samples on the pendulum stand
makes it possible to determine the energy in the process and, consequently, the required
drive power and the average loads on the elements of the drive and the drum. Another
indisputable advantage of such equipment is that we can simulate the work of the cutting
element on the cutter drum as accurately as possible, achieving the required cutting
speeds using real (not scaled) cutting elements.

However, thismethod does not allow estimating the cutting resistance force impulses,
the maximum cutting resistance forces and the direction of the cutting resistance force
on the cutting element.

Since the vast majority of milling drum designs are welded, determining the pulse
frequency and maximum cutting force during interaction of material with the cutting
element is a particularly important task in order to ensure guaranteed durability. The
main objective of this study is to determine these patterns.

3 Study Methods

Experimental problems of asphalt concrete cutting dynamics cannot be solved without
data obtained with maximum similarity of the experimental conditions to the real object.
To do this, we have developed an experimental bench with a mechanical drive (Fig. 1).
The bench is a table that can bemoved by amotor with a screw gear 1 relative to the base.
Plate 3 is installed on the table. It has a horizontal degree of freedom and a sample 4 of a
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material fixed on it. On the other side, the plate is held by force sensor 8. When moving
the table, a stationary cutter 7 interacts with the material and transmits its reaction to the
force sensor 5 through the parallelogram suspension 6. Thus, the horizontal component
of the cutting resistance force is monitored by sensor 8, and the vertical component
is monitored by sensor 6. These strain gauges are powered from strain gauge recorder
9; the signal from the sensors is also transmitted to it. The processed digital signal is
transmitted in real time to a personal computer and saved on the device.

Fig. 1 Schematics of the bench for determining the forces of resistance to cutting asphalt concrete
with a single cutting element of a road milling machine

A universal vertical milling machine 6R12P is the base of the bench (Fig. 2). Under
this solution, the system is highly rigid, and the feed rate and thickness of the cutting
chips can be adjusted precisely. The specified method makes it possible to determine
the specifics of cutting resistance force pulsations, vertical and horizontal components
of cutting force.

Sensors of vertical and horizontal components of cutting resistance forces were
calibrated directly on the stand with an electronic dynamometer.

As a result of the study, we have obtained the oscillograms of the components of the
cutting resistance forces (Fig. 3) for different grades of asphalt concrete.

The samples selected corresponded to the most commonly used grades of asphalt
concrete in the road construction in the central part of Russia. Grades A1, B2, B3, MZP
[21], SMA-20 [22] and SMA-16 [23] were chosen as samples. The experiment was
conducted at an asphalt concrete temperature of 22 °C.

The obtained oscillograms undergo filtering, and then we select the active areas that
characterize the cutting process of asphalt concrete. The selected areas are then processed
(Fig. 4).

There are several notable areas.Area 1 corresponds to the zero cutting resistance force
component; Area 2 represents the voltage spike in the force sensor circuit resulting from
large starting currents in the table feed motor circuit. Area 3 corresponds to the steady
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Fig. 2 Experimental bench to study asphalt concrete cutting with a single cutting element of a
road milling machine

Fig. 3 Oscillogram of horizontal and vertical components of cutting resistance forces of asphalt
concrete grade B3 [21]

motion of the table during asphalt cutting. There are several maximum components of
cutting resistance that form Peaks 4 considered in this area. Area 5 is caused by themotor
turning off and a voltage spike, which happens similarly to Area 2 of the oscillogram.
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Fig. 4 Notable areas of the oscillogram analysed after the experiment

As a result of data processing, it is necessary to determine the dynamic factor which,
in turn, determines calculated loads on the elements ofmilling drumanddrive for strength
calculation.

To do this, the dynamic factors Kdi are specified for the observed peak load values:

Kdi = Fmax i/F (1)

where Fmaxi—maximum observed cutting resistance force, F—average cutting resis-
tance force within the monitored oscillogram area.

The obtained dynamic factors are used to calculate its average Kd and standard
deviation in a set sample σ (Kd).

The maximum dynamic factor should be considered in the design of new machines.
It is determined by this dependence:

Kd max = Kd + 3s(Kd ). (2)

The calculated dynamic factor relies on the assumption that it is highly improbable
for the dynamic factor to exceed its mean value by more than 300% of the standard
deviation [24].

4 Study Results

The cross-plot of cutting resistance of asphalt concrete and thickness of a cutting chip
presented in Fig. 5 shows an average horizontal component of cutting resistance force,
as well as its maximum and an average of five largest pulses.

At the same time, it was not possible to establish any sufficiently reliable correlation
of the dynamic coefficient to the thickness of the cutting chip (Fig. 6); although it can be
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Fig. 5 Dependences of the total average, maximum and an average over five pulses of the com-
ponents of the cutting resistance force obtained when testing a B3 grade asphalt concrete sample
on the test bench

seen that for granular asphalt concretes with higher stone fraction strength, this value is
higher. Obviously, this figure is a random variable that depends on the structure of the
asphalt concrete.

Fig. 6 Dynamic factors obtained at different cutting depths

In order to use the dynamic factors in the practical calculations of the equipment, they
must be separated into two types. Considering the distribution density of any random
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dynamic factor obtained during the analysis of the experimental results, we can distin-
guish two important values—the first valueKd corresponds to the mean probable excess
of cutting resistance forces. The second value Kdmax corresponds to the maximum value
of cutting resistance forces, which can represent dangerous loads. The calculated values
of Kd and Kdmax are presented in Table 1 for all the asphalt concretes listed above.

Table 1 Results of statistical analysis and calculation of dynamic factors of cutting resistance
forces for asphalt concrete of some grades

Asphalt concrete grade Results of statistical processing

Average dynamic
factor

Standard deviation Maximum dynamic
factor

A1 1.445 0.260 2.228

B2 1.567 0.372 2.674

C3 1.673 0.478 3.106

MZP 1.340 0.505 2.854

SMA-20 1.622 0.655 3.587

SMA-16 1.542 0.572 3.258

The obtained factors may be recommended for strength calculation of milling drum
elements. Since a roadmillingmachine canworkwith various grades of asphalt concrete,
we should assume the largest values of the dynamic factors.

5 Conclusion

Asphalt concrete is a complex composite material, and its disposal is accompanied
by extremely high operating costs. Therefore, even small reduction in milling energy
consumption leads to an increased equipment efficiency.When designing newmachines,
however, it is impossible to avoid the dynamic loads that inevitably occur on the cutting
elements of the milling drum.

It has been experimentally established that to design new equipment, the dynamic
factors should be 2.2–3.6 approximately depending on the type and grade of asphalt
concrete. Despite these recommendations, the choice of safety margins in equipment
design is left to the engineer, keeping inmind possible newmaterials and cutting elements
over the lifetime of the machine.
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Abstract. The relevance of the given study is based upon the need to evaluate the
feasibility of water/fuel mixes (WFM) in electronically controlled spark-ignition
engines. The objective of the study is to evaluate the VAZ-21114 engine’s envi-
ronmental properties when run on marketable gasoline as well as when run on
WFM with 10, 15, and 20% of water content. The study resulted in the evalua-
tion of the environmental properties of the VAZ-21114 electronically controlled
spark-ignition engine when run on marketable gasoline as well as when run on
WFM with 10, 15, and 20% of water content. The analysis demonstrated general
drop in the toxicity of the exhaust gases (EG), once the engine was tested in full-
load mode and two modes under load. The maximum drop in the concentration of
toxic components in the EG was registered for: nitrogen oxide (NOx) from 119
to 38 ppm at 20% water content in the WFM at RPM n = 2000 min−1, and at n
= 4000 min−1—from 142 to 113 ppm, respectively; carbon monoxide (CO) at
10% water content in the WFM at n = 2000 min−1—from 3.6 to 1.7%, at n =
4000min−1—from 8.5 to 6.0%; unburnt hydrocarbons (CH) at 10%water content
in the WFM at n = 2000 min−1—from 221 to 181 ppm, at n = 4000 min−1—
from 214 to 173 ppm. The obtained results proved the feasibility of water/fuel
mixes (WFM) in electronically controlled spark-ignition engines in improving
the aforesaid engines environmental characteristics.

Keywords: Water/fuel mix · Gasoline · Exhaust gases · Engine · Bench test ·
Environmental characteristics

1 Introduction

As of today, there is no universal way to simultaneously improve both the performance
and ecological characteristics of internal combustion engines. It is only logical to solve
the problem of improving the engines’ performance along with the issue of scarcity
and finite nature of conventional fuel sources. The application of pure alternative fuels
poses quite a number of challenges and problems, such as deterioration of engines’
environmental, performance, and efficient properties. Other points to consider are sig-
nificant complication of the engines’ designs and the difference of physical and chemical
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properties of alternative fuels. Besides, the existing fuel-distributingmarket is not infras-
tructurally ready to switch to a new kind of fuel. Thus, the use of fuel mixes containing
not only conventional fuel components but also some additives of not petroleum origin
seems to be feasible.

Such fuel mixes can be used as alternative fuel in both diesel and spark-ignition
internal combustion engines. The research into the use of water/fuel mixes (emulsions)
(WFM) is two-pronged: (1) induction ofwater into the combustion chamber immediately
prior to the fuel combustion; (2) preparation of a ready water/fuel emulsion with an
optimal water-to-fuel ratio [1–26]. Emulsions are kinetically stabilized mixtures of two
or more immiscible liquids. These mixtures are nothing else but thermodynamically
unstable systems possessing increased internal energy [2]. Surfactants or surface-active
agents (SAA) can be effective stabilizers [3]. Mechanical mixing is the most common
way to make emulsions [4].

The use of water/fuel emulsions in internal combustion engines results in the reduc-
tion of nitrogen oxides (NOx) total emission. This phenomenon is easily explained by
the fact that water has higher both the specific heat capacity and the latent heat of
vaporization of 2256 kJ/kg, which approximately six times that of gasoline at regular
air pressure and temperature [5]. The cooling effect caused by the presence of water in
the combustion chamber improves both the fuel’s spraying and combustion, which, in
its turn, reduces the combustion delay and affects soot-generating chemical reactions
[6–10]. Addition of water-to-fuel can reduce the combustion peak temperature, which,
evidently, reduces the amount of heat-generated NOx [5, 11]. The use of emulsions to
reduce the NOx emission has been studied for quite some time. There are three directions
in the research [12, 13] into the reduction of NOx emission: exhaust gases recirculation,
water induction, andWFM use. Multi-zone simulation modeling has resulted in the con-
clusion that the use of emulsions is optimal in order to minimize fuel consumption and
the exhaust gases toxicity.

At present, the use of WFM seems to be the most efficient way to improve envi-
ronmental properties of diesel engines [5, 12, 14–18]. The use of water/fuel emulsion
yields good results with diesel engines, in whose case the issue of good fuel spraying is
of crucial importance [15]. The use of emulsions containing various additives improving
their properties is a simple, cheap, and easily available method. This method makes it
possible to cut diesel fuel consumption without any significant changes in the engine’s
design.

At 18–20%water content in theWFM, the tests [15] demonstrated no loss of pressure
in the diesel engine’s cylinders [19], while the efficiency of combustion grew noticeably.
At the same time, there was recorded a decrease in the carbon depositing rate on the
engine’s parts. The tests also showed a drop in the heat flow, lower temperature, and
heat load on the parts of the combustion chamber [20], as well as less soot and NOx in
the exhaust gases.

Tests run on a single-cylinder diesel engine at RPM n= 1200–3300 min−1 on 5, 10,
15, and 20% water content WFM demonstrated that the higher the WFM water content
was the higher the combustion efficiency, thermal efficiency, torque, and the engine’s
power output were, while the exhaust gas temperature and fuel consumption dropped
[21].
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The use ofWFM in automobile diesel engines without any significant adjustments or
modifications to the engine’s design resulted in the decrease in the exhaust gases toxicity,
averaging 32% [6]: carbon (soot) by 50%, NOx content by 40%, and three times less
solid particles as compared to the combustion of pure diesel fuel [7].

Based on the comparative analysis of the toxicity of exhaust gases in a number of
water induction tests [22], it became possible to conclude that the use of water/fuel
emulsions led to the reduction of NOx and carbon concentration in the EG without any
adverse effects upon the engine’s operation. The lowest concentration of NOx and Cwas
reached at 40% water content in the total volume of diesel fuel [23–25].

Addition of rapeseed-oil methyl ester (20%) and water (up to 2.5%) to diesel fuel
was not reported to worsen the fuel’s physical and chemical properties, while lowering
the toxicity of exhaust gases by up to 60% [14, 26].

The after-test analysis of water/gasoline mix, either as liquid or vapor, induction
proved general lowering of combustion rate, shortening of the ignition delay period and
certain changes to the duration of combustion phases [24–26].

A 125 cc 4-stroke direct-injection electronically controlled spark-ignition engine
running at n= 2000–7000min−1 RPM range (idling to fully open throttle) demonstrated
decrease in carbon monoxide (CO) and total nitrogen oxides (NOx) values, once the
water percentage in the emulsion was raised [13, 26]. The engine was fed 5, 10, and
15% water content WFM. However, the volume of unburnt hydrocarbons (CH) rose
proportionally to the amount of added water. The reason for that phenomenon might
be significant emulsion-induced cooling of the combustion chamber [17, 26]. Certain
increase in torque and decrease in fuel consumption was observed at 5 and 10% water
content in the water/fuel emulsion. However, at 15% water content in the emulsion,
we registered some drop in torque, and increase in both the fuel consumption and the
exhaust temperature due to slower combustion process [5].

Tests of 5, 10, and 15% water content water/gasoline emulsion in a 376 cc single-
cylinder four-stroke spark-ignition engine demonstrated gradual decrease in CO, NOx,

and CH proportionally to the increase in water content in the fuel. When fed 5–15%
water content emulsion, the engine’s power rose by 3.8–14% [25, 26].

Tests have demonstrated that feeding WFM to electronically controlled spark-
ignition engines is currently quite a promising venue.

2 Research Objectives

The objective of the study is quantitative evaluation of the VAZ-21114 engine’s environ-
mental properties when run on gasoline as well as on 10, 15, and 20% of water content
WFM.

3 Materials and Methods

The study’s subject was the VAZ-21114 gasoline four-stroke multi-point fuel injection
spark-ignition engine. The engine was fitted with WFM feed system. The test bench
included theKI-2139 electric-brake test bench, balance-beam pendulum tester, the VAZ-
21114 modernized-fuel-feed spark-ignition engine, and various sensing equipment.
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A closed-circuit forced-circulation cooling system was used to keep the cooling
liquid temperature within the required temperature range (93…95 °C). No changes were
introduced into the engine’s lubricating system.AnMT-typeA-class 1.0MPa-upper limit
pressure gauge was used to monitor the in-system oil pressure.

In Fig. 1, one can see the diagram and the general view of the test bench. The engine
test bench includes: fuel tank 1 (contains regular fuel), water tank 2, fuel pump 3 (feeds
the fuel to the internal combustion engine), graduated tank 4 (measures the amount of
added water), filters 5, 6 (filter solids out of water and fuel), fuel pressure control 7,
mixer 8 (in it water and fuel are mixed), scales 9 (measures fuel consumption), gasoline
tank 10 (flushes and cleans the fuel-feed system), loading brake 11 (brakes the engine),
engine control unit 12, computer 13 (the installedElectronicEngineManagement System
(EEMS) softwaremonitors and controls the tested parameters, AVTOTEST-02.03multi-
component gas analyzer 14, exhaust gas temperature sensor (EGTS) 15, UKT-38SchCh
EGTS gauge 16.

The engine was tested in the full-load mode and two modes under load (at n =
2000 min–1 and n = 3000 min–1). The effect of the WFM composition on the engine’s
environmental characteristics was evaluated in the study.

The following parameters were measured: the RPM, the torque, the brake horse-
power, specific and hourly fuel and water consumption, hourly air consumption. The
EG was tested for carbon monoxide, unburnt hydrocarbons and aggregate amount of
nitrogen oxides.

The J5 On-line Tuner software suite, installed onto the PC connected to the diag-
nostic circuit of the electronic engine management system, monitored the RPMs, mass
air consumption, coolant temperature, and the throttle position. Water consumption was
evaluated through the volumetric technique. The AVTOTEST-02.03 multi-component
gas analyzerwas used tomeasure the concentrations of carbonmonoxide, unburnt hydro-
carbons, and aggregate amount of nitrogen oxides. The 3NF/F nitric oxideCITIcel sensor
was used to quantify aggregate nitric oxides amounts.

During the tests, the exhaust manifold temperature was measured. To do so, the
DTPK 135-0314.250 thermocouple combined with the UKT 38-Sch4-TP sensor was
used. Based on the obtained results, a comparative analysis was run to establish the
correlation between the amounts of carbon monoxide CO (%), unburnt hydrocarbons
CH (ppm), nitric oxidesNOx (ppm) in the exhaust gas, and the temperature of the exhaust
gas itself on theWFMsupply parameters under various loads andRPMoperatingmodes.

During the tests, there was continuous recording of the monitored parameters to
ensure high quality of obtained information. The values of error limit at a single mea-
surement and the greatest possible statistical error of the arithmetic mean deviation at
multiple measurements were calculated based on well-known techniques.

4 Results and Discussion

The study resulted in the authors’ establishing correlation between the concentrations
of various toxic components in the engine’s exhaust and the fuel type: conventional
gasoline of WFM. The tested engine was an electronically controlled spark-ignition one
run in full-load mode or under two different loads at RPM n = 2000 min−1 and n =
3000 min−1.
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Fig. 1 The test bench diagram (a) and general view (b): 1—fuel tank; 2—water tank; 3—pump;
4—graduated tank; 5, 6—filters; 7—pressure control; 8—mixer; 9—scales; 10—cleaning gasoline
tank; 11—loading brake; 12—engine control unit; 13—real-time electronic engine management
system; 14—AVTOTEST-02.03 multi-component gas analyzer; 15—exhaust gas temperature
sensor (EGTS); 16—UKT-38SchCh EGTS gauge

Figure 2 demonstrates the variations in the concentration of toxic EG components,
when the engine is run in full-load mode. Analysis of the obtained correlations demon-
strated a significant drop in the quantities of toxic components in the exhaust gases. The
drop inNOx concentration in the EGwas registered throughout the complete RPM range.
The lowest NOx emission was observed at 20% water content of the total fuel amount at
RPM n = 2000 min−1 (from 119 to 38 ppm). At RPM n = 4000 min−1 and 20% water
content WFM, the drop in the NOx concentration was less pronounced—from 142 to
113 ppm, while for the 15% water content WFM it went down from 142 to 108 ppm.
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With the increase in water content in the WFM, the lessening of NOx concentration in
the EG was registered throughout the entire range. That was due to the decrease in the
work cycle temperature because of the cooling effect produced by the water contained
in the WFM charge [5, 6].

Fig. 2 Variations in the concentration of toxic EG when the engine is fed either conventional fuel
or WFM, while in full-load mode: — conventional fuel; 10% water content WFM; � 15% water
content WFM; x 20% water content WFM

Therewas also registered a sizable drop inCOconcentration inEG.Most pronounced
the effect was for 10%water content WFM at RPM n= 2000 min−1—from 3.6 to 1.7%;
at RPM n = 4000 min−1—from 8.5 to 6.0%. That was explained by more complete
combustion through mix turbulization due to WFM water evaporation and the effect
produced by active H+ and OH− radicals [5–11]. In general, all the tested water/fuel
mixes demonstrated drop in CO concentration in EG; however, in cases when WFM
water content exceeded 10…15%, therewas a rise inCOconcentration due to incomplete
combustion [5].

The effect of WFM on unburnt hydrocarbons (CH) concentration in the engine’s
exhaust gases was somewhat ambiguous. When run on 10% water content WFM the
CH concentration went down practically equally throughout the RPM range: at n =
2000 min−1—from 221 to 181 ppm; at n = 3000 min−1—from 242 to 202 ppm; at n =
4000 min−1—from 214 to 173 ppm.
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When the engine was run on 15% water content WFM, the CH concentration went
down less noticeably, and it made at n= 2000min−1—28 ppm; and at n= 4000min−1—
30 ppm. That can be explained by more complete combustion through better mixture
formation due to water evaporation [17, 25]. However, once the WFM water content
exceeded 20%, the CH content rose above that of the engine run on pure conventional
fuel, through the RPM range. It was explained by the fact water cooled the near-the-wall
layers of the mix inside the cylinder of the internal combustion engine, which hinders
the complete combustion [26].

Figure 3a represents the variations in toxicity of exhaust gases when the engine was
fed pure conventional fuel or WFM and run under load at RPM of n = 2000 min−1. A
significant drop in nitric oxides emission once the engine was WFM fed was noted as
compared to engine’s operation on pure conventional fuel. The lowest NOx emissionwas
observed at 20% water content of the total fuel amount. The recorded emission was: at
engine’s power of Ne = 10 kW—from 473 to 382 ppm; at 15 kW—from 399 to 310 ppm;
and at 20 kW—from 300 to 213 ppm. When used 15% water content WFM, the NOx

concentration went down at power outputs: Ne = 10 kW—to 395 ppm; at 15 kW—to
323 ppm; and at 20 kW—to 225 ppm. Burning 10% water content WFM affected the
NOx concentration somewhat less. Thus, at the power output of Ne = 10 kW, there was
a dip to 414 ppm; at 15 kW—to 342 ppm; and at 20 kW—to 244 ppm.

Fig. 3 Variations in the concentration of toxic EG when the engine is fed either conventional
fuel or WFM, while run under load: a at RPM n = 2000 min−1, b at RPM n = 3000 min−1:
— conventional fuel; 10%water contentWFM;� 15%water contentWFM; x 20%water content
WFM



458 S. Plotnikov et al.

Upon having analyzed the changes in the carbon monoxide (CO) concentration in
the EG, it was noted that lowest values were registered when 10% water content WFM
was used. In that case, the CO concentration went down from 2.44 to 0.65% at the output
power of Ne = 10 kW; from 2.93 to 0.14%—at 15 kW; from 3.46 to 1.65% at 20 kW.
When WFM used had water content of 15%, the decrease was by 1.48; 1.5 and 1.52%,
respectively, at 10; 15 and 20 kW power output. When WFM used had water content
of 20%, the decrease was not so pronounced and made it by 0.36; 0.38 and 0.41%,
respectively, at 10; 15 and 20 kW power output.

Also, as it was demonstrated under full-load, the effect of WFM under partial load
at n = 2000 min−1 upon the CH concentration was controversial. When the engine was
fed 20% water content WFM, the exhaust gases CH concentration exceeded that when
fed pure conventional fuel, by 4.1 ppm at 10 kW power output and by 5 ppm at 15 kW.
However, when 10% water content WFM was used, there was registered a significant
decrease in CH concentration: from 158.9 to 119.2 ppm; from 167.9 to 127.8 ppm; from
186.7 to 142.5 ppm at 10; 15 and 20 kW, respectively.

Figure 3b represents the variations in toxicity of exhaust gases when the engine was
fed pure conventional fuel or WFM and run under load at RPM of n = 3000 min−1. In
general, the correlations’ nature was similar to that obtained when the engine was tested
under load at RPM n = 2000 min−1. With the increase in water content in the WFM,
the NOx concentration went down.

The lowest NOx emission was observed at 20% water content in the WFM: from
637 to 578 ppm at Ne = 20 kW power output. The lowest CO concentration in the EG
was registered at 10% water content in the WFM: from 5.24 to 2.97% (1.76 times less)
at Ne = 30 kW power output. The CH concentration in the EG at 10% water content
WFM of the total fuel amount went down by 42.6 ppm (from 197.5 to 154.9 ppm).

5 Conclusion

1. The study resulted in the evaluation of the environmental properties of the VAZ-
21114 electronically controlled spark-ignition engine when run on marketable
gasoline as well as when run on WFM with 10, 15, and 20% of water content.

2. The greatest drop in the NOx emission was registered, when the engine was fed 20%
water content WFM at RPM n = 2000 min−1 (from 119 to 38 ppm), while at Ne
= 10 kW output power it dropped from 473 to 382 ppm; at 15 kW—from 399 to
310 ppm; and at 20 kW—from 300 to 213 ppm.

3. The lowest CO concentration in the EG was observed at 10% water content of the
total fuel amount at RPM n = 2000 min−1 from 3.6 to 1.7%; at n = 4000 min−1—
from 8.5 to 6.0%; and at Ne = 10 kW power output from 2.93 to 0.14%—at 15 kW;
from 3.46 to 1.65% at 20 kW.

4. When run on 10% water content WFM the CH concentration went down practically
equally throughout the RPM range: at n= 2000 min−1—from 221 to 181 ppm; at n
= 3000 min−1—from 242 to 202 ppm; at n = 4000 min−1—from 214 to 173 ppm;
and at 10; 15 and 20 kW power output from 158.9 to 119.2 ppm; from 167.9 to
127.8 ppm; from 186.7 to 142.5 ppm, respectively.
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5. The obtained results proved the feasibility of water/fuel mixes (WFM) in elec-
tronically controlled spark-ignition engines in improving the aforesaid engines’
environmental characteristics.

Acknowledgements. This article is part of thesis research conducted in the framework of the
project “The use of alternative fuels in power plants”. The authors would like to thank the rector
of the Federal State Budgetary Educational Institution of Higher Education “Vologda State Dairy
Farming Academy by N. V. Vereshchagin” for assistance in conducting experimental research.

References
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Abstract. In the course of the theoretical study, amathematicalmodel for theTrin-
kler (Sabathe) cycle thermodynamic analysis was developed, taking into account
the mutual influence of the parameters included in the thermal efficiency equation
and the need to limit the maximum gas pressure in the cylinder, which includes
new equation for determining the dependence of the Trinkler cycle thermal effi-
ciency on the cylinder and the compressor compression ratios, taking into account
the limitation of the maximum cycle pressure and new equation to determine the
cylinder and the compressor compression ratios at which the maximum thermal
efficiency is achieved for the relative maximum cycle pressure various values.
Using the developed model, combinations of the compression ratio in the com-
bined engine cylinder and compressor that implements the Trinkler cycle have
been identified, which provide the thermal efficiency maximum value under the
given maximum cycle pressure limitations. The range of the preliminary and sub-
sequent expansion ratios limiting values was determined from the condition of
increasing the thermal efficiency maximum possible value with a decrease in the
cylinder compression ratio.

Keywords: Reciprocating engine · Working process · Trinkler cycle ·
Thermodynamic analysis · Compression ratio · Thermal efficiency

1 Introduction

Reciprocating internal combustion engines are still the main source of energy for
mankind. The problems of increasing their efficiency are important for the world econ-
omy. The engine fuel efficiency is determined by the combustion chamber working
processes efficiency and mechanical losses in mechanisms. The thermal and mechanical
loading of the engine parts and its life time depend on the dynamics of changes in the
values of pressures and temperatures in cylinder. One of the effective ways to improve
the engine fuel economy is to increase the air density in cylinder by increasing the
compression ratio and boost pressure. However, in this case, the maximum combustion
pressure values can increase significantly, which will negatively affect the engine reli-
ability. Therefore, at the engine conceptual development stage, it is necessary, among
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other things, to assess the thermodynamic effect of the compression ratio and boost pres-
sure on the working cycle indicators, taking into account the limitations on themaximum
allowable pressure in the cylinder.

2 Problem

The closest to the real supercharged diesel engineworking cycle is the Trinkler (Sabathe)
ideal cycle with a mixed heat supply [1]. The average Trinkler cycle pressure without
cooling the air supplied by the compressor is determined by the known expression:

Pt = Pa · εk0

ε0 − 1
· λ − 1 + k · λ · (ρ − 1)

k − 1
· ηt, (1)

here ε0—total compression ratio in the cylinder and compressor; k—adiabatic index;
λ—pressure increase ratio; ρ—preliminary expansion ratio; Pa—initial cycle pressure.

Pressure increase ratio:

λ = Pz

Pc
, (2)

here Pz—maximum cycle pressure; Pc—compression pressure.
Preliminary expansion ratio:

ρ = Vz

Vc
, (3)

here Vz, Vc—gas volume corresponding to Pz and Pc.
Thermal efficiency of Trinkler cycle:

ηt = 1 − 1

εk−1
0

· ρk · λ − 1

λ − 1 + k · λ · (ρ − 1)
. (4)

The total compression ratio, depended from the cylinder ε and the compressor εc
compression ratio:

ε0 = ε · εc. (5)

According to Eq. 4, an increase in the total compression ratio entails an increase in
the thermal cycle efficiency. However, many experimental data show that the influence
of the compression ratio on the fuel efficiency of an internal combustion engine is not
so unambiguous. For example, in [2] shown that for 1CHN8/12 engine the minimum
specific fuel consumption in the range of compression ratios 15…18 in almost the entire
range of loads is provided at ε = 16…17. Similar data are given in [3, 4] and many other
works, as well as obtained in the course of various types diesel engines experimental
studies at SUSU. Of course, thermal and effective efficiency are not directly propor-
tional values; however, thermodynamic analysis of an ideal operating cycle can reveal
the reasons for the ambiguous influence of the compression ratio on the real internal
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combustion engine fuel consumption. The “classical” Eq. 4 does not take into account
the complex nature of the mutual influence of the geometric compression ratio, boost
pressure, pressure rise ratio, preliminary ratio and initial cycle pressure, that is, all the
parameters included in these equation.

The works of scientists Demidov [5], Khutsiev [6], Zlenko [7], Ter-Mkrtichyan [8],
Yamanin [9], Sharoglazov et al. [10], Tumoney [11], Hariram et al. [12], Balian [13],
Iliev [14], and many others are devoted to the compression ratio and boost pressure
influence on the processes in the diesel engine combustion chamber. The main direction
of researches is the substantiation of the compression ratio optimal value choice accord-
ing to the criterion of minimum fuel consumption. For example, GG Ter-Mkrtichyan
obtained a formula for determining the effective efficiency maximum value:

ηe max = ki ·
(
1 − 2 · n − 1

n

)
· 1(

n−1
n · ki

km

) n−1
2·n−1

, (6)

here n—compression polytropic index; ki—coefficient taking into account the dif-
ference between the real engine cycle and the thermodynamic one; km—coefficient that
takes into account mechanical losses.

Compression ratio for maximum efficiency:

ε =
(
n − 1

n
· ki
km

) 1
2·n−1

. (7)

However, these works do not take into account the need to limit the maximum gas
pressure in the combustion chamber and do not solve the problem of choosing geometric
compression ratio and boost pressure rational combinations from the position of ensuring
the minimum fuel consumption while maintaining the reliability indicators. Most often,
to select the compression ratio optimal value, not analytical dependences (like the Eq. 7)
are used, but universal methods of multicriterial search for the optimum. For example,
in the works [15, 16] the gray relational analysis (GRA) method [17] was used, in
the book [18]—the Broyden–Fletcher–Goldfarb–Shanno (BFGS) methods [19], genetic
algorithms (MOGA—multiobjective genetic algorithm,NSGA—non-dominated sorting
genetic algorithm, ARMOGA—adaptive range multiobjective genetic algorithm, etc.)
[20, 21].

The study purpose, the brief results of which are given in this article, is to develop
a mathematical model for thermodynamic analysis of the Trinkler cycle, taking into
account the mutual influence of the parameters included in the equation of thermal
efficiency (Eq. 4) and the need to limit the maximum gas pressure in the cylinder.

3 Mathematical Model

Let us take the initial compression pressure Pa in Eq. 4 equal to the gas pressure
after the compressor and proportional to the compressor compression ratio εc, then
the compression pressure Pc:

Pc = Pa · εk = P0 · εc · εk , (8)
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here P0—gas pressure before the compressor.
The pressure increase ratio in Eq. 4:

λ = Pz

P0 · εc · εk
= P′

z

εc · εk
, (9)

here P′
z = Pz/P0—relative cycle maximum pressure (relative to the gas pressure

before the compressor).
The preliminary expansion ratio ρ is a value proportional to the compression ratio

in the cylinder:

ρ = Vz

Vc
= ε

δ
, (10)

here δ—subsequent expansion ratio.
Substituting Eq. 9 and Eq. 10 into Eq. 4 and performing transformations, we get:

ηt = 1 −
ε ·

(
ε1−k
c
δk

− ε2−k
c
P′
z

)

k · (
ε
δ

− 1
) − εk ·εc

P′
z

+ 1
. (11)

To determine the cylinder compression ratio, at which the thermal efficiency maxi-
mum value is reached at εc = const, it is necessary to solve the equation ∂ηt/∂ε = 0.
The solution (omitting intermediate calculations) is a system of two equations:

εc = P′
z

δk
. (12)

εc = P′
z

εk
. (13)

Equation 12 does not contain the cylinder compression ratio value.With ε = 11…18,
the value of δk varies in the range 14…44 (here δ = ε/ρ, for diesel enginesρ =1.2…1.7);
therefore, Eq. 12 corresponds to technically unrealizable design and operating parame-
ters of a real low- or medium-powered diesel engines. For example, for a 4CHN15/20.5
engine, the compressor compression ratio, which ensures the maximum thermal effi-
ciency, should be 3.9 units. Therefore, further we will consider only Eq. 13. Substituting
Eq. 13 into Eq. 11, we obtain (omitting intermediate calculations) an expression for
determining the maximum possible Trinkler cycle thermal efficiency:

ηt max = 1 −
(

P′
z

εk−1

)1−k

·
(

ε
δ

)k − 1

k · (
ε
δ

− 1
) . (14)

The growth of the thermal efficiency maximum possible value with a decrease in the
cylinder compression ratio, which is important from the reducing mechanical loads on
engine parts point of view, is achieved when the condition ∂ηt max/∂ε ≤ 0 is met. After
substituting Eq. 14 in this condition:

(
A − B

δ
· εk

)
·
(
k ·

(ε

δ
− 1

))
+ ε ·

(
εk

δ
− 1

)
· k
δ

≤ 0, (15)
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A = 2 · (k + 1) · (k − 1)2 ≈ 0.768, (16)

B =
(
k2 − k + 1

)
· (2 · k − 1) ≈ 2.808. (17)

4 Results and Discussion

For fixed value of P’z (i.e., when the conditions for limiting mechanical loads on the
engine are met) and δ (i.e., for the same law of heat release), the graphs of the thermal
efficiency dependence on the compression ratio in the engine cylinder and compressor
have the form shown in Fig. 1. As can be seen from Fig. 1, at εc low value, an increase
in the cylinder compression ratio leads to an increase in thermal efficiency; however,
when the εc value reaches some values, the thermal efficiency begins to decrease with
increasing εc. And the higher the relative maximum cycle pressure and the lower the
subsequent expansion ratio, the higher the compressor pressure corresponding to the
maximum thermal efficiency.

Fig. 1 Dependence of thermal efficiency on the compression ratio in the engine cylinder and
compressor (δ = 10): a P’z = 70; b P’z = 100 (eff—thermal efficiency)

Based on the results of the calculation using Eq. 11, graphs are created (Fig. 2),
which show the εc and ε combination, at which the thermal efficiency maximum value
is achieved for the relative maximum cycle pressure various values. The higher the com-
pressor compression ratio, the lower the engine cylinder compression ratio is necessary
to ensure the maximum thermal efficiency at a constant value of the relative maxi-
mum cycle pressure. For example, for ε = 14.5 and P’z = 90 (which approximately
corresponds to the 4CHN15/20.5 engine maximum power), the highest thermal cycle
efficiency is achieved at a compressor compression ratio εc = 2.1, which corresponds
to the experimental data. According to Eq. 13, the position of the maximum thermal
efficiency lines does not depend on the magnitude of the subsequent expansion ratio, or
(for the real diesel engine working cycle) on the heat release rate form.
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Fig. 2 Combination of εc and ε, at which the maximum thermal efficiency value is achieved for
various values of the relative maximum cycle pressure

Figure 3 shows the dependence of the maximum possible thermal efficiency on the
cylinder compression ratio and the relative maximum cycle pressure, obtained using
Eq. 14. The nature of the thermal efficiency dependence on ε at εc = const, ρ = const,
λ = const fully corresponds to the theory of internal combustion engines (the greater
the compression ratio, the higher the thermal efficiency). However, in this case, there
is a significant change in the cycle maximum pressure value with an increase in the
compression ratio.

Fig. 3 Maximum possible thermal efficiency (δ = 10) with an εc and ε optimal combination:
1—for εc = const, ρ = var, λ = var; 2—for εc = const, ρ = const, λ = const; 3—limiting
condition ∂ηt max/∂ε ≤ 0

5 Conclusion

Thus, in the course of the performed theoretical study, a mathematical model was devel-
oped for thermodynamic analysis of the Trinkler cycle, taking into account the mutual
influence of the parameters included in the thermal efficiency equation and the need to
limit the maximum gases pressure in the cylinder, which includes new equations for
determining the dependence of the Trinkler cycle thermal efficiency on the cylinder and
compressor compression ratio, taking into account the maximum cycle pressure lim-
itation and to determine the cylinder and the compressor compression ratio, at which
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the thermal efficiency maximum value is achieved for relative maximum cycle pressure
various values.

Using the developed model, combinations of the cylinder and compressor com-
pression ratio of a supercharged engine that implements the Trinkler cycle have been
identified, which provide the thermal efficiency maximum value at the given maximum
cycle pressure limits. The range of the preliminary and subsequent expansion ratios
limiting values is determined from the condition of increasing the thermal efficiency
maximum possible value with a decrease of cylinder compression ratio.

This work results can find application in the thermodynamic optimization of super-
charged diesel engine designs at the stage of their conceptual development, as well as
in theoretical research related to the thermodynamic analysis of the Trinkler (Sabathe)
cycle.
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Abstract. Modern vibratory rollers are equipped with systems of continuous
compaction control to quickly monitor the quality of soil compaction by vibratory
rollers not only at individual points of sampling, but over the whole compaction
area. The operation of the continuous compaction control systems of vibratory
rollers is based on the calculation of CMV, RMV, CCV, and other indicators. The
paper presents the results of a computational experiment on the comparative per-
formance of CMV, RMV, and CCV compared to the newly proposed compaction
value. As a result of computational experiment on the three-mass rheological
model, it was found that this CV, with a reasonable choice of influencing factors,
has a high sensitivity to changing the properties of soil during compaction by
vibratory drum in partial uplift mode and indicates the transition of vibrations in
the undesirable double jumpmode. At the same time, CV is insensitive to changes
in soil properties in constant contact mode, as are CMV, RMV, and CCV. Fur-
ther studies should clarify the values of factors influencing the calculated CV for
various types of soil compacted by different vibratory rollers, conduct field exper-
iments, as well as improve the simulation of interaction between vibratory roller
and the compacted soil.

Keywords: Soil · Compaction · Vibration · Vibratory roller · Compaction
criterion · Continuous compaction control

1 Introduction

Soil compaction is one of themost effective technologies for increasing its durability and
resistance to climatic factors and mechanical loads. The technological process of con-
structing soil structures on compacted soils includes backfillingwith a layer of a specified
thickness, layer compaction by vibrating rollers, and surface profiling by motor graders.
In this case, the vibratory rollers compact soil by driving over its layer, putting their own
weight on it, and generating vibrations. The required number of passes to compact each
layer depends on the type of soil, layer thickness, required density (strength) of soil, and
the roller properties (weight, drum size, frequency, vibration force, and speed). It usually
ranges from 6 to 20 passes. Soil compaction is perfect to automate and robotize due to
its comparative simplicity, repeatability, rather large size of the construction site and
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its isolation. However, ensuring the quality of soil compaction depends on the correct
choice of roller weight, vibration parameters, and speed. The change in soil properties
at each pass causes the vibratory roller to operate in different oscillation modes as the
soil density increases. The oscillation is in constant contact during the first passes (the
roller keeps constant contact with the ground in each oscillation cycle). This mode is
commonly referred to as continuous contact [1–3] (Fig. 1). After several passes, the drum
goes into partial uplift mode, in which the drum lifts off the ground and is put back on
each oscillation cycle. The oscillation amplitude of the drum is the same each oscillation
cycle (Fig. 1). As the soil is being compacted, the oscillation can progress to the unde-
sirable double jump mode. In this mode, the amplitudes of successive drum jumps are
not equal, and the peak loads on the drum elements increase (Fig. 1). Soil properties can
vary randomly along and across the roller’s travel lane within a single pass, as the type
and moisture can vary within a single layer. Under certain soil conditions, due to asym-
metric driving force of the exciter relative to the center of gravity of the drum, as well
as during motion with partial overlapping of the trace from the previous pass, when the
right and left edges of the drum are on the ground with different degrees of compaction,
a rocking motion mode may occur with undesirable transverse oscillation [1–4]. These
features have led to the development of continuous compaction control (CCC) systems
[2, 5, 6], which detect changes in soil properties in real time during compaction and can
also signal when the vibratory roller enters undesirable double jump or rocking motion
oscillation modes.

Fig. 1 Influence of soil properties and roller operation mode on the used vibration modes of the
drum [1]

Continuous control compaction systems (CCC) also document the compaction
results. If a roller is equipped with a high-precision positioning system, overlaying the
current state of the material on the roller path can be used to create a density map of the
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work area to detect undercompacted areas, ensuring 100% control of the entire area and
documenting the result [5–7].

2 Problem Statement

Various manufacturers of vibratory rollers use CCC systems that work differently [2, 3,
5, 6, 8–12].

The most widespread are the systems based on spectral analysis of the vertical
component of the roller acceleration and calculation of some indicators by the amplitudes
of different harmonics of the spectrum that appear by recording vertical accelerations of
the vibratory roller (Fig. 2).

Fig. 2 Change of the vertical acceleration spectrumof the vibratory roller drumduring compaction
[12]

DYNAPAC, VOLVO, and some other companies install CCC systems on their vibra-
tory rollers, which function using CMV and RMV calculation [5–7]. SAKAI uses the
CCV parameter [5, 6]:

CMV = C · A2f

Af
, (1)

RMV = BV = C · A0.5f

Af
, (2)

CCV = A0.5f + A1.5f + A2f + A2.5f + A3f

A0.5f + Af
· 100%, (3)

where A0.5f , Af , A1.5f , A2f , A2.5f , A3f—respectively, the amplitude of the harmonic
spectrum of vertical accelerations of the vibratory roller at frequencies 0.5f , f , 1.5f , 2f ,
2.5f , 3f (Fig. 2); f—vibration frequency of the vibrating roller, Hz.

CCC systems should be as sensitive as possible to changes in soil properties in
partial uplift, which is the main operation mode during compaction, and respond to the
transition of vibrations into undesirable double jump [1–3].
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To improve the existing CCC indicators based on the analysis of the vertical accel-
eration spectrum, we propose the CV indicator, which is a modification of CMV, RMV,
and CCV indicators [13]:

CV = K · (K0.5f · A0.5f + K1.5f · A1.5f + K2f · A2f + K2.5f · A2.5f + K3f · A3f )

(K0.5f · A0.5f + Kf · Af )
, (4)

where K is the total calibration constant; K0.5f , Kf , K1.5f , K2f , K2.5f , K3f are the sig-
nificance ratios of harmonic amplitudes of vertical acceleration spectrum of vibratory
drum at frequencies 0.5f , f , 1.5f , 2f , 2.5f , 3f , respectively.

To preliminary verify the effectiveness of the proposed CV indicator compared to
the existing ones (CMV, RMV, and CCV), it is necessary to simulate the interaction of
a vibratory drum with the soil and to conduct computational and live experiments.

To analyze the comparative effectiveness of the CV indicator, we have developed
a mathematical model of interaction between vibratory roller and compacted soil and
conducted a computational experiment. We used a three-mass rheological model [14]
(Fig. 3) containing a drum frame,weightmf , a vibratory drum,weightmd , a harmonically
varying impact force Psin(ωt) applied to the drum, and an apparent mass ms.

Fig. 3 Three-mass rheological model of interaction between a vibratory roller and soil [14]

Shock absorbers of the drum were modeled with elastic resistance elements (kf
factor) and viscous resistance elements (bf factor). When calculating the resistance of
soil to deformation, we considered the elastic and viscous resistance forces depending
on the elastic ks and viscous bs resistance factors in soil along with the apparent mass.

One specific aspect of this simulation [14] is being able to simulate not only the
continuous contact (Fig. 3a), which is what is usually considered in similar studies (e.g.,
[15–17]), but also the modes of repeated drum uplift off the ground (partial uplift and
double jump) (Fig. 3b). To simulate the motion of each element of the frame-roller-soil
system during continuous contact and uplift modes, we have formulated the differential
equations of motion for all elements of the system for the phase of contact of the drum
with soil anduplift fromsoil, aswell as conditions for the start of uplift and the subsequent
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return to contact [14]. Numerical solution of the differential equations was performed
in MATLAB–Simulink.

3 Results and Discussion

We used a DM-614 roller produced by Road Machinery Factory (Russia) with the fol-
lowing parameters: md = 4000 kg; mf = 4000 kg; P = 215 kN; kf = 7.240 MN/m
(for twenty U150.030 shock absorbers [18]); bf = 6.148 kN s/m [19]; ω = 188.4 rad/s.
The apparent mass of soil was md = 0.2 md [19, 20]. The viscous resistance factor was
assumed constant, bs = 212 kN s/m [19].

We have verified the simulation results of DM-614 vibratory drum movement and
accelerations along with the results of field experimental studies [20]. They showed that
the model properly simulated the oscillations of the drum attached to the roller.

After assessing the correctness of the values of vertical accelerations and spectra of
vertical accelerations simulated by themathematicalmodel and considering the results of
field studies [20], we have conducted a computational experiment—we have calculated
CMV, RMV, CCV, and CV parameters in the simulation model (Fig. 4).

Fig. 4 Calculation results of CV, CMV, RMV, and CCV during vibratory roller operation in
different modes

As a result of the computational experiment, it was found that the CV indicator
proposed for CCC systems has a high sensitivity to changing the properties of soil
during compaction in partial uplift mode, which is the main operation mode of modern
vibratory rollers. At the same time, CV reacts to the transition of the roller oscillation
to the double jump mode (Fig. 4). At the same time, CV is not sensitive to changes in
ground properties as are CMV and CCV in the constant contact mode. This is because
there is only one harmonic in the acceleration spectrum (at a frequency f ) in constant
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contact, and the results of calculations (1)–(4) do not lead to changes in the values of
CV, CMV, RMV, and CCV.

It should be noted that the results of CV calculation essentially depend on the justifi-
cation of numerical values of the factors K, K0.5f , Kf , K1.5f , K2f , K2.5f , K3f included in
formula (4). Justification of values of these factors for different roller models and types
of soil requires further research.

The developed simulation model makes it possible not only to simulate the operation
of the CCC system for vibratory rollers, but also to solve the problems of design and
upgrade of vibratory rollers, for example, to justify the properties and number of shock
absorbers in the mounting of the vibratory drum to the frame [21]. At the same time, the
rheological model used in the study does not consider the accumulation of irreversible
soil deformations and, therefore, can be further improved.

4 Conclusions

To improve soil compactionwith vibrating rollers, it is necessary to improve theCCCsys-
tems, vibratory drum designs, and mode selection algorithms, considering the changing
properties of soil and operating conditions.

The developed CV indicator for CCC systems for vibratory rollers has a high sen-
sitivity to the change of soil properties in the partial uplift mode and lets the operator
detect the change in oscillations into the undesirable double jump mode. However, in
constant contact mode, the CV is insensitive to changes in ground properties.

The simulation model and the CV can be further improved in the CCC systems
for vibratory rollers by adding to the rheological model new elements that consider
accumulation of irreversible soil deformation during compaction aswell as adjustment of
factorsK,K0.5f ,Kf ,K1.5f ,K2f ,K2.5f ,K3f used in calculation of CV during compaction
of different soil by different vibratory rollers.

Acknowledgements. The authors are grateful to Professor Evgeniy Fyodorovich Skurygin,
YSTU, for advice and assistance in developing the mathematical model.
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Abstract. Today, the problem of ensuring a quality objective of manufactured
products during abrasive processing using grinding wheels is still relevant. Exper-
imental studies carried out by the authors of this work showed that the grinding
wheel during its operating is changeable under the influence of cutting forces. The
centrifugal force is created by an unbalanced mass rotating and dynamic forces
that cause fluctuations in the relative distance between the tool and the workpiece.
Based on this conclusion, a dynamic model of an unbalanced grinding wheel
was proposed. This model is characterized by the description of the cutting point
motion path of the grinding wheel based on the functional relation with the grind-
ing modes. An analytical study of the problem of grinding with an unbalanced
grinding wheel was carried out using a mathematical apparatus based on known
physical relationships. First, the projections of the cutting forces on the coordi-
nate axes were obtained. Further, the problem was solved for flat grinding, and the
formula that describes the functional relation of the cutting force with the actual
amount of ground material was obtained. The obtained calculation scheme allows
it to be used for future research in the direction of technological process moni-
toring and analysis of grinding technological operations and allows theoretically
investigating the behaviour of an unbalanced grinding wheel during operation,
taking into account the abrasive elastic properties.

Keywords: Dynamic model · Grinding wheel · Unbalanced systems ·
Manufacturing · Abrasive · Mechanical engineering

1 Introduction

One of the tasks of modern machine-building enterprises is to ensure the quality of
products specified by the production manager [1, 2], which is solved at all stages of its
life cycle [3].

The grinding process, widely used in modern enterprises, is characterized by the fact
that the task of ensuring the quality of the processed surface remains important due to
the high requirements make demands on the product by the production manager in the
way of close size tolerance in the technological process development [4, 5].

Despite the tendencies towards the implementation of Industry 4.0 concept, accom-
panied by the digitalization and intellectualization of production processes under grind-
ing [6]. The problem of ensuring a quality objective of manufactured products in the
process of abrasive processing remains urgent. Despite the achievements of scientific
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and technical progress connected with high-precision grinding machines implementa-
tion, the problems of negative effects of the system parameters on the cutting process,
which lead to a decrease in the quality of the processed surfaces, remain not completely
resolved. Among such problems are the masses imbalance of rotating machine elements
[7], vibration in the «workpiece-cutting tool» system [8], temperature effects [5] and
others.

We can find different approaches for ensuring a quality objective at grinding process
in scientific publications. The main difference between these approaches is the set of
conditions under consideration that affect the cutting process [9, 10]. Such external
influences need compensation in the general control system of processing, for example,
as it is solved in [11, 12].

Thus, we can talk about the necessity of applying the modelling method to solve
the problem of ensuring a quality objective of products [13], since using this method,
it is possible to describe sufficiently close the process under consideration and in the
future to design and configure the abrasive processing control system. This conclusion
is confirmed by the practice of using modelling methods to solve problems in the field
of mechanical engineering [14], where we can find examples of using mathematical
[15] and simulation [16, 17] models. Future projected systems are built based on the
technological processes monitoring systems [18, 19] using intelligent processing [20]
and the concept of digital twins of processes and objects [21, 22].

A special place in the scientific practice is occupied by the study of oscillatory non-
stationary processes at grinding processes [12, 23, 24] due to the complexity of their
study and analysis. Scientific advances in this area apply to the problem of ensuring a
quality objective of abrasive processing, which is solved in this work.

Previously, it has already studied the effects of an unbalanced grinding wheel on the
machining process [8]. The vibration effect at the grinding process on the roughness
and strength of the product after processing was considered in [25, 26]. Relations were
established between the dynamic characteristics of a cutting process, and the laws for
controlling the workpiece quality by regulating the grinding parameters were formed in
papers [17, 27]. On the other hand [8, 28], the topology of the grinding wheel and the
used abrasive grainwere considered in [15]. The result ofmanyworks is the development
of a self-balancing system for grinding wheels [12, 29, 30].

The scientific goal of this article is to develop a dynamic model of an unbalanced
grinding wheel, taking into account the elastic properties of the abrasive.

2 The Experiment Data

The influence of vibrations at finishing grindingwas studied experimentally according to
the geometric accuracy of the surfaceworkpiece. Compressor piston pinswith a diameter
of 50mmand a length of 140mmwere chosen as samples. Grindingwas carried out on an
RSM 500 B CNCmachine. Profilograms were taken from the surface of sixty machined
parts. All of them indicated the presence of oscillations in the frequency range up to
100 Hz. Harmonic analysis of these profilograms made it possible to draw a frequency
diagram of the oscillations (Fig. 1).

The histogram clearly shows two frequency ranges: 15–50 Hz and 85–110 Hz. The
natural frequencies of the main elements of the machine are known:
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Fig. 1 Frequency diagram of the oscillations

• 25 Hz—the grinding wheel frequency,
• 30–45 Hz—the grinding wheel head frequency,
• 85–100 Hz—the spindle frequency,
• 100 Hz—the cutting knife frequency.

Consequently, the natural vibrations of the machine elements affect the shaping of
the workpiece surface with the main effect being the vibrations of the grinding wheel
and its spindle.

In the processing, the grinding wheel is exposed to several force factors: cutting
forces, centrifugal force generated by a rotating unbalanced mass and dynamic forces
that cause fluctuations in the relative distance between the tool and the workpiece.

3 The Dynamic Model Development

Let us consider the effect of cutting force. The cutting force can be represented by a
power-law relation (1), which is most convenient for us since it provides a functional
relation with the grinding modes, which allows carrying out analytical studies:

P = CpVaxSas tat , (1)

where

V is the speed of the main cutting movement, m/min,
S the longitudinal feed both for flat and circular grinding, mm/rev,
t the cutting depth, mm,
Cp the proportionality factor.
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The projections of the cutting forces on the coordinate axes can be expressed by the
following formulas:

Px = CPxV
avx Sasx tatx

Py = CPyV
avy Sasy taty

Pz = CPzV
avz Sasz tatz (2)

Considering further only the process of flat grinding, which cannot affect the gen-
erality of the solution to the problem, we note that the cutting force is functional to the
actual thickness of the removed layer. To determine this value, we consider the grinding
process in the presence of relative oscillations of the grinding wheel and the workpiece,
leading to an error on the surface of the part. The vertical size of a processed part on a
flat grinder is determined by a complex parametric relation [12] (3):

⎧
⎨

⎩

X = V τ + B sin(ωτ + ϕ) + RA cosωτ√
A2ω2 cos2 ωτ+[V+Bω cos(ωτ+ϕ)]2

Y = A sinωτ − P[V+Bω cos(ωτ+ϕ)]√
A2ω2 cos2 ωτ+[V+Bω cos(ωτ+ϕ)]2

, (3)

where X is the horizontal coordinate of the point at which the vertical dimension of
the part is determined,

Y the vertical dimension of the part,
V the longitudinal feed speed (machine table speed),
τ the time parameter,
A the vertical component of the vibration amplitude,
B the horizontal component of the vibration amplitude,
ω the frequency of the relative vibrations (rotation frequency of the grinding wheel),
ϕ the initial phase of oscillations,
R the radius of the grinding wheel.

This parametric relation can be replaced by an explicit function Y of X, having the
same extreme points that gave the same waviness height:

Y = h − t0 − A + H
[
1 −

∣
∣
∣cos

(ωx

2V
+ π

4

)∣
∣
∣

]
, (4)

where

t0 is the specified cutting depth,
h the initial height of the workpiece,
H the height of the waviness of the processed surface [12].

In the absence of relative vibrations between the tool and theworkpiece, themachined
flat is located at a distance Y = h − t0 from the table surface of the surface grinding
machine (Fig. 2). With the presence of relative fluctuations between the grinding wheel
and the workpiece, the actual cutting depth, which is one of the factors affecting the
grinding accuracy, differs from the specified cutting depth.
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Fig. 2 Formation of waviness at the grinding process

Studies of the real surface formed on the part make it possible to determine the
value of the actual cutting depth t, that is, the thickness of the removed layer, taking into
account the fluctuations:

t = h − y0 = t0 + A − H
[
1 −

∣
∣
∣cos

(ωx

2V
+ π

4

)∣
∣
∣

]
, (5)

The rotation of an unbalanced grinding wheel leads to the appearance of centrifugal
force, which the projections on the coordinate axes are written as follows:

Px = Dω2 sinωτ + mω2X0

Py = Dω2 sinωτ + mω2Y0
Pz = 0

, (6)

where D is the value of the imbalance of the wheel, equal to the product of the grinding
wheel mass by the distance between the gravity centre and the geometric wheel centre
(in statics),

ω the angular velocity of the circle,
m the mass of the grinding wheel,
τ the time,
X0, Y0 coordinates of the relative movement of the grinding wheel and workpiece,

restricted on time.

The dynamic forces that cause relative oscillations of the tool and the workpiece
can be expressed by various functions depending on the selected rated model of the
grinding wheel. The representation of the grinding wheel as a single-mass model leads
to obtaining projections of dynamic forces in the following form:

Px = m d2X0
dτ 2

Py = m d2Y0
dτ 2

Pz = m d2Z0
dτ 2

, (7)

We consider that we can get the following equations with relative vibrations of the
tool and workpiece:

X0 = V τ + B sin(ωτ + ϕ)
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Y0 = A + sinωτ

Z0 = C sin ατ (8)

Then, we obtain expressions for the projection of the total force effect on the grinding
wheel:

Px = CPX V
aVx SaSx tatx + Dω2 sinωτ + mω2x0 − mBω2 sin(ωτ + ϕ)

Py = CPY V
aVy SaSy taty + Dω2 cosωτ + mω2y0 − mAω2 sinωτ

PZ = CPZV
aVZ SaSZ − mCα2 sin ατ

, (9)

Amodel of a grinding wheel with a random three-dimensional distribution of cutting
edges can be investigated only by methods of mathematical statistics, and a model of a
grinding wheel with lumped or uniformly distributed parameters can be investigated by
methods of vibration theory.

4 The Elastic Properties of the Grinding Wheel

If we consider the grindingwheel as a single-massmodel, we do not take into account the
natural elastic properties of the grinding wheel. The elastic properties of the grinding
wheel should be expressed by the elastic constant of fixing the abrasive grains since
each grain is under load and moves almost independently in the grinding machine site.
In this point of view, a model of a grinding wheel in the form of a two-mass system is
proposed (Fig. 3), where m is the mass of the grinding wheel reduced to two positions:
m
2 is concentrated in the centre of the circle, and m

2 is distributed along the periphery
(
mper = m

4πR

)
,

C the hardness of the grinding wheel,
K the vibration damping coefficient,
Pdis the force from unbalance, determined by (6),
Pcut the cutting force determined by (2).

The equation of motion of an unbalanced grinding wheel during operation is written
as follows:

{
m
2 Y0 + K(Y0 − Y ) + C(Y0 − Y ) = −Pdis
4πREY

m
∂4(Y−Y0)

∂X 4 + ∂2Y
∂t2

= Py
, (10)

where

Pdis = Dω2 cosωt + mω2y0,

PY = CPyV
aVy SaSy taty .

The solution is sought in the form:

Y (x, τ ) = x(x)T (τ ).
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Fig. 3 Two-mass model of the grinding wheel

Boundary conditions with x = 0:

x′′ = 0, 4πREYX ′′ = cX .

The solution looks like this:

XK (x) = C1KK1(βX ) + C2KK2(βX ) + C3KK3(βX ) + C4KK4(βX )

TK (τ ) = C5K sin(PKτ + ψK )

β = 4
√

mP2

4πREY

,

The system of Eqs. (10) is solved numerically by the finite difference method. The
found function Y describes the vertical movement of the cutting point of the grinding
wheel.

5 Conclusions

No matter how accurate the machines are, the grinding process is always accompanied
by different disturbances. Therefore, further improving the grinding accuracy is possible
only with the use of automatic control and diagnostics, which determines the relevance
of this study. To diagnose the process, a calculation schemewas proposed, which allowed
investigating theoretically the behaviour of an unbalanced grinding wheel taking into
account the elastic properties of the abrasive.

The proposed dynamic model takes into account not only cutting parameters but also
system vibration parameters. The simulation results can be used to solve the problems
of optimizing the grinding process, predicting the quality of manufactured products and
auto-balancing systems development.

Acknowledgements. The reported study was funded by RFBR, project number 19-37-90053.
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Combined Extraction of Liquid from Wet
Leather Semifinished Products

A. M. Nabiev(B)

Institute of Mechanics and Seismic Stability of Structures Academy of Sciences of the Republic
of Uzbekistan, 33, Durmon yuli street, Tashkent, Uzbekistan

Abstract. The article provided the experimental pressing of moisture leather
semifinished products after chrome tanning was conducted in combination with
fibrous materials put between them. The technological process of pressing a
semifinished leather product to the bend on the base plate along the vertical plane
between the roller pair is considered. The regularity of the pressure change between
the squeezing rolls during the processing of semifinished leather on the stand of
a vertical roller machine is studied experimentally. Bend on the base plate, the
factors acting on the processed material in the contact zone with the roller pair of
the roller machine for processing leather are investigated. The experimental stud-
ies were conducted on a specially designed and manufactured stand using modern
electronic measuring equipment aimed to apply the results in further theoretical
calculations. The methods of mathematical statistics were used to process experi-
mental results. Themathematical dependences of the amount of liquid removed for
each semifinished leather product on the feeding speed and the pressing force of
the pressing rollers were obtained. The use of the results obtained will increase the
productivity of the technological process of extracting moisture from the leather
semifinished product, taking into account its physical and mechanical properties.
The results of the experiment can be used in design, research, and development
institutions and at enterprises of the leather industry.

Keywords: Roll pair · Leather semifinished product · Two-layer pressing ·
Moisture-extracting material · Pressing force · Feeding speed · Planning of
experiment

1 Introduction

In the leather industry, the defects in semifinished or finished leather products depend on
the technical level of the equipment. As the geometric dimensions, weight and physical
andmechanical properties of each piece of the processed semifinished leather product are
different and non-uniform. In modern leather production, both new and outdated designs
of technological machines are used for processing semifinished leather products.

The pressing roller machines used in the leather industry are expensive and designed
to process certain types of semifinished leather products. Therefore, they do not always
meet the requirements of domestic manufacturers of leather products and are not free
from shortcomings.
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To improve the design of the pressing machines, it developed a new design of the
roller machine for the mechanical processing of the semifinished leather products.

To perfect the technological process of extracting excess liquid from semifinished
products, it developed a method of multilayer liquid removal in the form of a package
[1]. The latter consists of alternating layers of moisture-removing wet cloths and leather
semifinished products. It should be noted that this method can be used in various com-
binations. The purpose of this work is to determine rational parameters for intensifying
the technological process of pressing wet semi-finished leather products [2–5].

Improvement of existing designs and implementation of new technological equip-
ment are the directions of innovative development of enterprises (finished products man-
ufacturers). They have to be adapted to modern requirements of consumers and ensure
the competitiveness of leather products. In solving these issues, it is necessary to strive
to improve the quality of processing of leather raw materials [6–15].

2 Research Methodology

The experiment was conducted on a special stand, where the pair of rollers was installed
horizontally, and the base plate was made of a metal sheet 0.005 m thick, 0.1 m wide
and 0.30 m long (Fig. 1).

Fig. 1 Scheme of a multilayer package feeding between the pressing rollers: 1, 2—pressing
rollers; 3, 4—moisture-removing material; 5—the first layer of the semifinished leather product;
6—the second layer of the semifinished leather product; 7—moisture-removing material of the
LASCH brand; 8—base plate; 9—traction chain

The material of the semifinished leather product for the experiment was a medium-
weight slow hide after chrome tanning and splitting. According to the International
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Standards ISO 2588-85, the required number of samples of the semifinished leather
product was determined according to the following formula:

n = 0.2
√
x (1)

where x is the number of the semifinished leather products for the experiment, 2500
pieces, n = 10 pieces. The strips 0.05 × 0.25 m from these ten semifinished leather
products were cut out with a cutter across the spine line and numbered. The strips
were assembled into groups of five pieces according to the scheme given in [16]. The
experiment was conducted as follows: A semifinished leather product was laid on a
metal base plate, then came five layers of LASCH fiber cloth of a total thickness of
0.02 m. Afterward a layer of the semifinished product is delivered. After that, the stand
was turned on, and the compression of the springs was calibrated to the desired pressure.
The speed was controlled by an autotransformer, and the rotational speed of the rollers
was regulated by the clock-type tachometer TCh10P. Preliminarily, control samples of
the semifinished leather product were fed, and then the compression of the springs was
measured, i.e., the deviation from the set values. In case if the deviation exceeded 3%, the
compression of the springs was adjusted by tightening the nuts. Samples were weighed
on VLTE-500 laboratory scales before and after pressing with the resolution 0.01 g
(ISO-9001).

Processing the experimental results, the method of D-optimal planning of the second
order was used by applying the K. Kano design matrix, which provides the highest
accuracy in the estimates of the regression coefficients [17]. It was taken into account
that Kano’s design matrix provides for a variation of factors at three levels: lower (–
), zero (0) and upper (+) levels, which is appropriate for this study. Considering the
abovementioned, the process of liquid removal was studied taking into account two
factors: x1—the pressure intensity P, kN/m; x2—the feeding speed, V, m/s. The range
of pressure change was from 32 to 96 kN/m. The speed of pressing rollers is from 0.17
to 0.34 m/s obtained in the analysis of roller pressing machines from different sources.
In the study, the diameter of the pressing rollers was 0.2 m, and the coating from BM
cloth was 0.01 m thick.

The required number of measurements (the number of replicates) was selected
before the experiment, using the methods of mathematical statistics, which provided
the required accuracy.

The working matrix was drawn up according to the K. Kano design matrix for a
two-factor experiment. Factors were encoded according to the following formula:

xi = ci − ci0
t0

(2)

where xi is the encoding of the factor value; ci, ci0 are the natural values of the factor
at the current and zero levels; t0 is the natural value of the factor variation range. The
levels and ranges of variation of the experimental factors are given in Table 1.

The chain function is approximated by the polynomial

y = b0 +
k∑

i=1

bixi +
k∑

i,j=1

bijxi · xj +
k∑

i=1

biix
2
i (3)



Combined Extraction of Liquid from Wet Leather … 489

Table 1 Levels and intervals of variation of experimental factors

Index Factor values encoding Natural values of
factors

x1, kN/m; x2, m/s

Upper level + 96 0.340

Basic level 0 64 0.255

Lower level – 32 0.170

Variation range 32 0.085

where y is the amount of moisture removed in coded form; b0,bi,bij andbii are the
regression coefficients.

After the working matrix implementation, the arithmetic mean values were obtained
(Table 2). The homogeneity of variance was checked using the Cochran test with a
probability α = 0.95. Knowing the total number of variance estimatesN and the number
of degrees of freedom f = n – 1, we determine GT = 0.358 according to the table given
in [17].

Gcal1 = S2max∑N
1 Si

= 7.685

49.265
= 0.156 < GT = 0.358 (4)

Gcal2 = 8.58

51.73
= 0.166 < GT = 0.358 (5)

3 Experiment Results

First of all, it determined the regression coefficients b0,bi, bij and bii from the table given
in [17] and Table 2.

For the first layer of the semifinished leather product, the coefficients are b0 =
23.9545; b11 = 0.1501; b22 = –0.5501; b1 = 2.9657; b2 = –2.7510; b12 = –0.775.

For the second layer of the semifinished leather product, the coefficients are b0 =
22.9182; b11 = 0.3186; b22 = –0.66686; b1 = 3.0530; b2 = –2.7362; b12 = –0.85.

The regression equation in a coded form is as follows.
For the first layer of the semi-finished leather product

y1 = 23.9545 + 0.1501x21 + 0.5501x22 + 2.9657x1 − 2.7510x2 − 0.775x1x2 (6)

For the second layer of the semi-finished leather product

y2 = 22.9182 + 0.31863x21 + 0.6686x22 + 3.0530x1 − 2.7362x2 − 0.85x1x2 (7)

substituting x1 = P−64
32 , where P is the pressing force of the pressing rollers and x2 =

V−0.255
0.085 , where V is the feeding speed of wet leather semifinished products between the
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rotating pressing rollers, we obtain the equations of the amount of moisture removed
from wet leather semifinished products between the rotating pressing rollers in natural
form.

The hypothesis about the adequacy of the equations obtained was tested using the
Fisher criterion at a confidence level of α = 0.95 [17–20].

Fcal = S2ad
S2{y}

< FT (8)

where S2ad is the residual variance or the variance of adequacy; S2{y} is the variance
reproducibility.

S2ad and S2{y} were determined from Tables 1 and 2 as follows:

S2ad =
∑N

1 n(y − ŷ)2

N−(x+2)(x+1)
2

(9)

S2{y} =
∑N

1
∑n

1 (y − y)2

N (n − 1)
(10)

whereN is the total number of experiments; k is the number of factors; n is the number of
replicates in the experiment; y is the result of a separate observation; y are the arithmetic
mean values of the results of experiment; ŷ are the calculated values of the criterion
according to the regression equation.

For the first layer of the semifinished leather product

S2ad1 = 5 · 1.33
3

= 2.217; S21 {y} = 197.06

36
= 5.474;

Fcal1 = 2.217

5.474
= 0.405;Fcal2 = 0.405 < FT = 2.88.

For the second layer of the semifinished leather product

S2ad2 = 5 · 1.12
3

= 1.86; S22 {y} = 206.92

36
= 5.748;

Fcal2 = 1.86

5.748
= 0.324;Fcal2 = 0.324 < FT = 2.88.

4 Discussion of Results

As the regression equation can be considered suitable with a 95% confidence level,
which in the named form after decoding, it has the following form.

For the first layer of the semi-finished leather product

�W1 = 27.1778 + 0.0001466P2 + 76.1384V 2

+ 0.1512P − 52.9623V − 0.2849PV , (11)
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For the second layer of the semi-finished leather product

�W2 = 27.2126 + 0.0003111P2 + 92.5398V 2

+ 0.1353P − 59.3859V − 0.3125PV . (12)

A graph of the dependence of the amount (in %) of removed moisture �W from two
layers of wet leather semifinished products at different feeding speeds V and pressing
forces P (Fig. 2) is plotted.

Fig. 2 Dependence of the amount of removed moisture�W on the feeding speed V of the leather
semifinished products under the pressure of the pressing rollers: P = 32 kN/m; P = 64 kN/m;
P = 96 kN/m. 1—the first layer of the semifinished leather product; 2—the second layer of the
semifinished leather product

The regression equations were obtained for the first layer of a semifinished leather
product (11) and for the second layer of a semifinished leather product (12) in the named
form. The minimum extraction of excess liquid in the experiment was approximately
18.9%.Themaximummoisture content of a semifinished leather product from the bovine
hide of average weight was 73%. The required residual moisture was 60%, so, it was
necessary to remove 13%, but more than 18.9% was removed in the experiment. This
means that it is possible to remove excess liquid from wet leather semifinished products
with a pressing force of the pressing rollers of 32 kN/m and a feeding speed of 0.2 m/s.
This made it possible to increase for more than 3 times the productivity of the techno-
logical process of moisture removal from wet leather semifinished products. It should
be noted that the samples cut from the bovine hide of medium weight for leather of the
shoe upper, compared with existing pressing roller machines.

5 Conclusions

The results of experiments (Fig. 2) showed that with an increase in the thickness of
the moisture-removing material between two wet leather semifinished products, the
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efficiency of removing excess liquid significantly increases. For example, in contrast to
a two-layer moisture-removing material, in a five-layer moisture-removing material put
between twowet leather semifinished products, themaximum amount of liquid extracted
during pressing increases by 7%. The possibility of pressing out excess liquid from two
leather semifinished products (fed by layers) on a base plate in one pass between rotating
pressing rollers has been experimentally confirmed. That will increase the productivity
of the pressing roller machines by 2 times or more. The experimental results are also
suitable for use in real production since the tests were performed as close as possible
to industrial conditions. The obtained results of the experimental study will be used in
projecting new industrial designs of the pressing roller machine. In the future, it will be
tested at small business enterprises specialized in the leather tannery.
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Experimental Determination of the Influence
of Fibrous Material on the Dehydration of Wet

Semifinished Leather Product

G. N. Tsoy(B)

Institute of Mechanics and Seismic Stability of Structures of the Academy of Sciences of the
Republic of Uzbekistan, 33, Durmon yuli str., Tashkent, Uzbekistan100125

Abstract. The article provides the results of test studies to determine the influence
of parameters such as the feed velocity, the specific pressing force of squeezing
rollers, and the use of capillary-porous materials on the squeezing process of wet
semifinished leather products. Moisture removal tests were carried out using BM-
gradefibrousmaterialswith a guide bar insteadof ametal base platewith orwithout
a fibrous coating. The package consists of one layer of wet skin and a capillary-
porous material, bent over the guide bar with vertical feed to the squeezing rollers.
To conduct the test, the D-optimal method of processing test results was used with
the Kano planning matrix for the tests. As a result of the study, a mathematical
model of the process of squeezing out liquid from a wet skin, depending on the
feed rate, the specific pressing force of the squeezing rollers, was obtained. For
the experiment, we used squeezing rollers with a diameter of 0.2 m made of
porous BM fabric with a guide bar instead of metal base plates. The analysis of
the results of the pilot study showed that the moisture removal efficiency is higher
with a guide rod than with a metal base plate. At that, it is possible to reduce the
dimensions and weight of the squeezing machine. This study empirically revealed
the advantage of the proposed technological process for extracting moisture from
wet skin.

Keywords: Squeezing pair · Moisture squeezing · Semifinished leather
product · Capillary-porous material · Test bench · Guide rod

1 Introduction

In references [1–13], studies of the physical and mechanical properties and character-
istics of fibrous materials, for example, semifinished leather products, are considered.
The skin structure is a complex of properties of a hide, which depends on physical and
mechanical parameters such as weight, size, thickness, as well as on the conditions of
animal care. Leather is the skin of an animal chemically, physically, and mechanically
treated. After treating, the hide is used for the manufacture of clothing and footwear and
as a building material for the dwellings of northern peoples, to protect them from heat
and cold. Let us take a closer look at the skin structure. The quality of the hide depends

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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on physical and mechanical parameters and biological conditions of the animal care. It
consists of two layers: upper and lower layers.

The condition of the lower layer determines the strength of the skin due to the density
of the collagen content in thefibers; the upper layer is loose; it provides surfaceprotection.
More details about the animal skin structure can be found in [3, 4]. The study of literary
sources allows a more correct approach to solving the problem of squeezing out liquid
from a wet semifinished leather product. This article presents studies of the dependence
of the skin parameters on the technological process of squeezing out moisture using new
materials and technologies. It is possible to correctly produce high-quality leather and
choose the optimal way of its processing knowing the structure of a hide, its upper and
lower layers, physical parameters, and biological conditions of animal care.

The tasks of improving technological processes and technological machines for
pressing wet skin are considered in [5–8, 13, 14]. The quality of the finished leather is
influenced by all stages of technological processing. Therefore, after completing each
stage, it is necessary to analyze the condition of the leather semifinished product. Exper-
imental research in the tanning industry is aimed at solving complex multi-parameter
problems, the result of which is determined by the rational modes of technological
processes for treating leather raw materials. The physical and mechanical properties
of semifinished leathers vary depending on their moisture content. Consequently, the
technological operation of squeezing out excess moisture from a water-saturated leather
semifinished product after its liquid processing significantly affects the quality of subse-
quent technological processes of treating, for example, planning, splitting, and drying. It
is important to study physical andmechanical properties of the skin, its reticulate-fibrous
structure, different types of skin, and their topographic sections. This pilot study demon-
strates the advantage of using a capillary-porous material mounted on a porous fibrous
material BM with a metal guide rod underneath. Wet skin is bent over this guide bar.
The feeding chains move the skin vertically onto the squeezing rollers, covered with one
layer of the capillary-porous material BM [9–11]. Currently, there are many designs of
squeezing roller machines for removing liquid from moisture-saturated leather semifin-
ished products. Their main drawback is low productivity. Therefore, we have developed
a method in which a capillary-porous material is used; it is installed bent on a guide rod,
to which a wet semi-finished leather product is fed; it is fed to processing zone vertically
by chains between squeezing rollers, covered with one layer of capillary-porous material
of BM brand.

2 Test Procedure and Research Results

The tests were conducted on a special bench, where the working elements were installed
horizontally in a row. A conveying block consists of a capillary-porous material BM
0.01 m thick, fed to a metal guide rod. The rod is attached at both ends to the feeding
chains (Fig. 1). The sample for squeezing consists of one layer of semifinished leather
product with one layer of capillary-porous material made of BM brand cloth. For tests,
tanned samples were taken from bovine hide of medium weight, after liquid treatment.

The sample for squeezing consists of one layer of semifinished leather product with
one layer of capillary-porousmaterial made of BMbrand cloth. For tests, tanned samples
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Fig. 1 Test bench for moisture squeezing out of semifinished leather products

were taken from bovine hide of medium weight, after liquid treatment. According to
the established standards, the required amount of semi-finished leather was selected
according to the following formula

n = 0.2
√
x (1)

where x—is the number of samples of semifinished leather product for the test; 2500
pieces were taken from the batch, so n = 10 pieces. From these ten samples, strips were
cut out with a cutter across the backbone line, 0.05 × 0.25 m in size, and the numbered
samples were grouped in five pieces.

To conduct the tests, the topographic sections of the skin of medium samples were
selected using the method of asymmetric fringe [15] in this case, and the effect of
various parameters of the skin can be compared with the data obtained. During the test
with BM monchon, a 0.01-m-thick capillary-porous material was mounted on a metal
guide rod, followed by a wet semifinished product 0.004 m thick. The samples were
weighed before and after squeezing on a VLTE-500 laboratory balance with a resolution
of 0.01 g (ISO-9001).

In the study and processing of the results obtained, the method of test planning was
used [16]. In the tests, two parameters were taken into account: x1—pressure intensity
P, kN/m; x2—feed velocity V, m/s. The specific pressing force was taken in the range
from 32 to 96 kN/m, the rotation speed of the squeezing rollers from 0.17 to 0.34 m/s
for one semifinished leather product; the values were defined based on the analysis of
the designs of various squeezing machines.

The selected diameter of the squeezing rollers was 0.2 m coated with 0.01-m-thick
capillary-porous material made of BM brand cloth. Prior to the main test, the required
number of parallel tests was selected by the method of mathematical statistics.
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The test matrix was built in the following coded form

xi = ci − ci0
t0

(2)

where xi is the encoding of parameter values; ci, ci0 are the real values of parameters at
the current and average levels; t0 is the real value of the parameter variation interval.

Target functions are approximated by the following polynomial

y = b0 +
k∑

i=1

bixi +
k∑

i,j=1

bijxixj +
k∑

i=1

biix
2
i (3)

where y is the amount of removed moisture in coded form; b0, bi, bij, and bii are the
regression coefficients.

The planning matrix was built in the following coded form. In tests, when assessing
the influence of various parameters on the comparability of the data obtained, it is
necessary to eliminate the dependenceon the topographic sections of semifinished leather
products.

To do so, the asymmetric fringemethodwas used in the selection of average samples.
The levels and ranges of variation of test parameters are given in Table 1.

Table 1 Levels and ranges of variation of test parameters

Index Coded value of parameters Real values of
parameters

x1, kN/m x2, m/s

The highest level of parameters + 96 0.340

The average level of parameters 0 64 0.255

The least level of parameters – 32 0.170

Parameter variation interval 32 0.085

The homogeneity of the variance was checked using the Cochran test [15–17] with a
probable error α = 0.95. The number of variance estimates N and the number of degrees
of freedom f = k – 1 are determined from [16], and GT = 0.358 is calculated at N = 9;
f = 5 – 1 = 4.

k is the number of the test replication.

S2er =
∑n

1 (y − y)2

n − 1
(4)

N∑

1

S2i =
∑N

1
∑n

1 (y − y)2

N (n − 1)
(5)

Gcal = S2max∑N
1 S2i

= 20.06

74
= 0.278 < GT = 0.358 (6)
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Consequently, the results of the experiments are reproducible. Determine the
regression coefficients b0, bi, bij, and bii from Table 4 given in [15].

For a semi-finished leather product in coded form, they are b0 = 28.1764; b11 =
–0.005592; b22 = 2.2444; b1 = 2.4784; b2 = 5.7364; b12 = 1.025.

We obtain the following regression equations in coded form for the leather
semifinished product

y = 28.1764 − 0.005592x21 + 2.2444x22 + 2.4784x1 − 5.7336x2 − 1.025x1x2 (7)

Substituting x1 = P−64
32 ,whereP is the specific pressing force of the squeezing rollers

and x2 = V−0.255
0.085 , where V is the feed velocity of wet leather semifinished products

between the rotating squeezing rollers, we obtain in natural form the equations of the
amount of moisture removed from wet leather semifinished products between rotating
squeezing rollers.

The initial and final weights of semifinished leather products before and after the
test are given in Table 2 at different values of the pressing force x1 (P) and velocity x2
(V ).

Table 2 Weight of leather semifinished product before and after moisture extraction

No. P, x1 V, x2 y1, gr y2, gr y3, gr y4, gr y5, gr

yst1 yfin1 yst2 yfin2 yst3 yfin3 yst4 yfin4 yst5 yfin5

1 0 0 84.5 56.1 97.4 66.6 69.0 50.3 70.7 51.3 88.8 60.8

2 + + 88.4 64.5 80.1 59.0 98.2 67.7 72.9 51.8 98.0 72.2

3 – + 77.7 61.6 79.5 40.3 80.0 61.8 82.7 65.2 91.5 69.5

4 – – 81.6 56.7 87.5 63.3 76.5 49.3 75.0 46.9 84.9 56.6

5 + – 88.3 54.2 93.9 59.1 79.6 38.3 61.8 35.2 87.7 52.7

6 + 0 70.1 45.7 76.1 53.6 75.8 55.8 87.5 61.6 94.2 63.9

7 0 + 72.7 54.1 65.0 49.6 95.5 69.6 73.2 56.4 86.1 65.3

8 – 0 87.0 62.7 95.5 73.3 71.8 55.6 62.0 44.3 80.2 60.3

9 0 – 85.1 28.1 91.0 54.1 90.1 64.0 78.0 48.2 92.6 61.4

yst is the weight of a sample before the test; yfin is the weight of a sample after moisture extraction.

After mathematical processing of the test results, the average values of the amount
of extracted liquid (in %) were obtained (Table 3).

3 Analysis of the Results

The coincidence of the obtained equations was checked using the Fisher criterion with
error α = 0.05 [16–20]

Fcal = S2ad
S2{y}

< FT (8)
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Table 3 Test planning matrix

No. P, x1 V, x2 Measurements results, %
∑n

1 (y − y)2 S2er ycal y −
ycal

(y −
ycal)2y1 y2 y3 y4 y5 y

1 0 0 27.3 31.6 26.5 27.5 31.5 28.8 24.36 6.09 28.2 0 0

2 + + 27 26.4 31.1 29.0 26.3 26.1 34.35 8.59 26.1 0 0

3 – + 20.7 25.9 22.7 21.2 24.0 23.1 18.02 4.55 24.0 0.9 0.81

4 – – 30.5 27.7 35.6 37.4 33.3 32.9 60.5 15.03 32.6 03 0.09

5 + – 38.6 37.1 41.3 43.0 40.0 40.0 21.06 5.27 39.7 0.3 0.09

6 + 0 34.4 29.6 30.3 29.6 30.3 30.2 18.38 4.60 30.6 0.4 0.16

7 0 + 25.0 23.7 27.1 23.0 24.6 25 10.26 2.60 24.7 0.3 0.09

8 – 0 27.9 23.2 22.6 28.5 24.8 25.4 28.9 7.23 25.7 0.3 0.09

9 0 – 34.0 40.6 29.0 38.2 33.7 35.1 80.24 20.06 36.2 1.1 1.21

� 296.07 �

74.0
�

2.72

where S2ad is the residual variance; S
2{y} is the error of tests reproducibility (Table 4).

Table 4 Determination of tests regression coefficients

No. P, x1 V, x2 Coefficients factors

b0 b11 b22 b1 b2 b12 y

1 0 0 0.5772 – 0.3234 – 0.3234 0 0 0 28.8

2 + + – 0.1057 0.1691 0.1691 0.1961 0.1961 0.25 26.1

3 – + – 0.1057 0.1691 0.1691 –
0.1961

0.1961 –
0.25

23.1

4 – – – 0.1057 0.1691 0.1691 –
0.1961

–
0.1961

0.25 32.9

5 + – – 0.1057 0.1691 0.1691 0.1961 –
0.1961

–
0.25

40.0

6 + 0 0.2114 0.1617 – 0.3383 0.1078 0 0 30.2

7 0 + 0.2114 – 0.3383 0.1617 0 0.1078 0 25.0

8 – 0 0.2114 0.1617 – 0.3383 –
0.1078

0 0 25.4

9 0 – 0.2114 – 0.3383 0.1617 0 –
0.1078

0 35.1

S2ad and S2{y} are determined from Tables 1, 2, and 3.
Forth semi-finished leather product:

S2ad =
∑N

1 n(y − ŷ)2

N−(x+2)(x+1)
2

= 5 · 2.72
3

= 4.53 (9)
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S2{y} =
∑N

1
∑n

1 (y − y)2

N (n − 1)
= 296.07

36
= 8.22 (10)

Fisher’s criterion for reproducibility of the model is

Fcal = S2ad
S2{y}

= 4.53

8.22
= 0.551 < FT = 2.880 (11)

where N is the number of tests; k is the number of parameters; n is the test replication;
yi are the data points of each measurement in the test; y is the average result of the test;
yp are the calculated values according to the regression equation.

The regression Eq. (7) is obtained with error of 5%, which in the named form after
decoding has the form:

For the leather semifinished product:

�W = 54.2466 − 0.000005461P2 + 310.640V 2

+ 0.1742P − 201.7668V − 0.3768PV (12)

A graph of the function of the amount of removed moisture �W from wet leather
semifinishedproducts in percentage in the rangeof feedvelocitiesV from0.17 to 0.34m/s
and specific pressing force P from 32 to 96 kN/m is plotted (Fig. 2).

Fig. 2 Dependence of the amount of removed moisture �W on the feed velocity V of a semifin-
ished leather product at a specific pressing force of squeezing rollers: P = 32 kN/m, P = 64 kN/m,
P = 96 kN/m

4 Conclusions

The test results obtained show that it is possible to increase the productivity of the
technological process of liquid extraction from the moisture-saturated leather semifin-
ished products. It is possible to increase the moisture squeezing velocity by replacing
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the base metal plate with a guide rod covered with a capillary-porous material. The
moisture-removing material consists of wool and nylon of BM brand.

The test results show that the highest values of moisture removed under specific
pressure of the squeezing rollers P = 96 kN/m and the feed velocity V = 0.17 m/s
amount approximately to 40% of the initial weight of the leather semifinished product
samples. The least values of moisture removed under specific pressure of the rollers P
= 32 kN/m and the feed velocity of the semi-finished products V = 0.34 m/s amount
to 23.1% of the initial weight of semifinished leather samples. In our case, in the tests,
the residual moisture after squeezing is approximately 60%. Therefore, when extracting
moisture in a roller machine, it is required to remove a maximum of 13% of the fluid.
The test showed that moisture removed in excess of the required 13% is 10–16% of the
initial weight of semifinished leather products. Consequently, it is possible to squeeze
out moisture from wet leather semifinished products at a velocity of more than 0.34 m/s
under the specific pressing force of the squeezing rollers from 32 to 96 kN/m.

In the future, the maximum velocity of moisture squeezing (more than 0.34 m/s)
from semifinished leather products will be determined by experimental studies using the
proposed design of a chain conveyor in the form of a metal guide bar with a moisture-
extracting device made of a cloth of BM brand, attached to the chain conveyor. The
use of the proposed design as a conveying unit, which consists of a metal guide rod
covered by the moisture-removing fibrous cloth of BM brand, shows its effectiveness
in squeezing out liquid from semifinished leather products. An analysis of the design of
squeezing roller machines for extracting moisture from a semifinished leather product
showed that a metal base plate for hanging a semifinished leather product (for example)
has large dimensions and leads to a high metal consumption of the machine. Therefore,
the test on moisture extraction was performed under a vertical feed of a semifinished
leather product to a metal guide rod covered with a moisture-extracting material made
of monchon cloth of BM or LASCH brands. The use of a metal guide rod with moisture-
removing material in the vertical squeezing machine reduces the metal consumption of
the design. It eliminates the bulkiness and reduces energy consumption in conveying and
moisture squeezing out of a leather semifinished product. Therefore, it is advisable to
use a squeezing roller machine with a vertical feed on a guide metal rod with moisture-
removing material.
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Abstract. In this paper, we considered nonlinear vibrations of a rigid plate
induced by pulsating liquid pressure. The rigid plate is supported by a spring
and is the top wall of a narrow parallel-walled channel filled with viscous liquid.
We assumed the opposite channel wall is motionless, and the law of liquid pressure
change at the channel ends is given as harmonic one, as well as the supporting
spring possesses a hardening cubic nonlinearity. The plane coupled problem of
hydroelasticity consisting of the dynamics equations for a viscous incompressible
liquid and the channel wall motion equation as a spring-mass system, as well as the
boundary conditions for the pressure at the channel ends and the liquid velocity at
the channel walls, was formulated for the channel under consideration. Due to the
narrowness of the channel, the liquid motion in it was studied as a creeping one.
The hydrodynamic parameters of the liquid layer in the channel were determined,
which made it possible to find the driving force acting on the channel wall, as well
as the damping coefficient due to the liquid squeezing by the channel wall. As a
result, the Duffing equation was obtained for the study of the channel wall nonlin-
ear oscillations. Using the harmonic balance method, a solution to this equation
was found and the study of the channel wall hydroelastic response for the case of
anharmonic vibrations was carried out.

Keywords: Nonlinear oscillations · Hydroelasticity · Parallel-walled channel ·
Viscous fluid · Mathematical modeling

1 Introduction

Nowadays, hydroelasticity problems are of great importance for modern mechanical
engineering, instrument making, civil engineering, and other industries, since in practice
it is often necessary to dealwith fluid–structure interactions [1]. It should be noted studies
devoted to the interaction dynamics of a liquid with solids and elastic elements in the
form of beams and plates. For instance, in reference [2] the hydroelastic vibrations of
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circular plate interacting with an ideal liquid were considered based on the coupled
hydroelasticity problem solution. The hydroelastic stability problem for a rectangular
plate forming the wall of a narrow channel through which the ideal liquid flow moves
is studied in [3]. Reference [4] is devoted to the determination of the added masses in
the interaction of rigid and elastic plates of various shapes and sizes with an infinite
ideal liquid volume. Studies of vibrations and stability for plates that are part of the
channel wall or installed on its end are carried out in [5, 6]. Reference [7] deals with the
study of the post-divergence behavior of circular cross-sectional pipe conveying fluid and
supported at both its ends. The nonlinear flutter of a spring-mounted cantilevered flexible
plate interacting with a uniform flow of an ideal liquid was studied in [8]. Reference [9]
is considered dynamics and stability of fluid-conveying pipe supported at both ends by
linear translational and rotational springs.

Besides, we can note the following papers deal with the interaction problems of
solid and elastic bodies with a viscous liquid. Mathematical modeling of longitudinal
vibrations of spring-mounted rigid walls of a narrow annular channel with a viscous pul-
sating liquid was carried out in [10]. Reference [11] deals with the study of longitudinal
oscillations of a rectangular plate supported at its ends by linear springs in a viscous
incompressible fluid flow in a channel with parallel walls. Longitudinal and transverse
vibrations of a spring-mounted rigid wall of a narrow tapering channel of finite length,
induced by vibrations of its foundation, were studied in [12]. The dynamic stability
problem for a plate which is a part of a rigid boundary separating regions filled with
various viscous incompressible fluids was investigated in [13]. Modeling on bending
vibrations of the outer flexible wall of an annular channel filled with a viscous liquid
and surrounded by an elastic medium due to vibration of its inner rigid wall based on
a spring-mass system are carried out in [14]. The interaction dynamics of solids with a
thin layer of viscous incompressible fluid surrounding them for gyroscopic navigation
devices were considered in [15, 16]. Reference [17] devoted to the numerical simulation
of the interaction rigid disk supported by a linear spring with a viscous compressible
liquid to study the behavior of the disk of the spring-type safety valve. The mathematical
modeling of the hydroelastic response of a flexible end seal for a narrow parallel-walled
channel filled with viscous liquid was done in [18, 19]. However, the above papers did
not consider the interaction dynamics of the channel wall supported by a spring with a
hardening nonlinearity with a layer of pulsating viscous liquid filling this channel. In
this paper, we formulate and solve the hydroelasticity problem for the narrow parallel-
walled channel, one of the walls of which is supported by a hardening spring with cubic
nonlinearity.

2 Statement of the Nonlinear Oscillations Problem

Let us consider a narrow parallel-walled channel as shown in Fig. 1. We introduce the
Cartesian coordinate system, the origin of which coincides with the channel bottom cen-
ter. The upper channel wall is absolutely rigid plate elastically supported by a nonlinear
spring. We assume the spring with hardening cubic nonlinearity. The bottom channel
is a clamped rigid plate. The clearance between channel walls is filled with a viscous
incompressible liquid. Channel wall sizes in the plan view are 2� × b. Further, we study
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the plane problem; i.e., we accept b> > 2�. There are cavities filled with the same liquid
at the channel ends; i.e., the liquid can flow freely from the narrow channel into these
cavities. We assume that the liquid pressure p* at all points in the end cavities is pulsed
according to a harmonic law. As a result, the upper channel wall oscillates along the
z-axis under the pulsating liquid action. In the unperturbed state, the clearance between
the channel walls is δ0, and due to the channel narrowness δ0 << 2�. We denote the
amplitude of the upper wall oscillations as zm and consider it to be significantly smaller
than δ0, i.e., zm << δ0. Next, we will focus on studying the nonlinear steady-state peri-
odic forced response of the upper channel wall, i.e., anharmonic channel wall vibrations
[20, 21].

Fig. 1 A narrow channel with upper wall having supporting spring with hardening cubic
nonlinearity

3 The Theory and Solution

The movement of the upper channel wall is considered in the framework of the spring-
mass system with hardening cubic nonlinearity; i.e., its dynamics equation is written
as

m
d2z

dt2
+ n1z + n3z

3 = b

�∫

−�

pdx (1)

wherem is the upper channel wall mass, n1 is the linear stiffness of the supporting spring,
n3 is the cubic stiffness of the supporting spring, p is the liquid pressure in the channel,
t is the time.

The liquid movement in the narrow parallel-walled channel can be considered as
creeping one [22]; i.e., the motion equations for viscous incompressible liquid between
the channel’s walls are the Navier–Stokes equations with the omitted inertial terms,
supplemented by the continuity equation

ν

(
∂2ux
∂x2

+ ∂2ux
∂z2

)
− 1

ρ

∂p

∂x
= 0, ν

(
∂2uz
∂x2

+ ∂2uz
∂z2

)
− 1

ρ

∂p

∂z
= 0,

∂ux
∂x

+ ∂uz
∂z

= 0.

(2)
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where ux, uz are the fluid velocity vector projections on the coordinate axis, ρ is the fluid
density, ν is the kinematic viscosity coefficient of the fluid.

The motion equations for the viscous incompressible liquid must be supplemented
with appropriate boundary conditions. We formulate the boundary conditions of Eqs.
(2) as conditions for the coincidence of the velocities of the liquid and the channel walls
limiting it, i.e., the non-slip conditions

ux = 0, uz = 0 at z = 0, ux = 0, uz = dz

dt
at z = δ0 + zmf (ηt) (3)

where zmf (ηt) is the upper channel wall law motion, η is the channel wall vibrations
frequency.

Additionally, we formulate the boundary conditions for liquid pressure at the channel
edge cross sections

p = p∗(ωt) at x = ±� (4)

where p*(ωt) = pmsin (ωt) is the pressure pulsating harmonic law in the end cavities, ω
is the pressure pulsating frequency.

Let us introduce dimensionless variables of the problem under consideration

ξ = x

�
, ζ = z

δ0
, ux = zm η

ψ
Uξ , uz = zmηUζ , p = p∗(ωt) + ρνzmη

δ0ψ2 P (5)

moreover, taking into account the above problem statement we introduce into
consideration the small parameters

ψ = δ0/� � 1, λ = zm/δ0 � 1. (6)

Substituting (5), (6) into Eqs. (1), (2) and boundary conditions (3), we obtain

m
d2z

dt2
+ n1z + n3z

3 = 2b�p∗(ωt) + b�3
ρνzmη

δ30

1∫

−1

Pdξ. (7)

∂P

∂ξ
= ∂2Uξ

∂ζ 2 + ψ2 ∂2Uξ

∂ξ2
; ∂P

∂ζ
= ψ2

[
ψ2 ∂2Uζ

∂ξ2
+ ∂2Uζ

∂ζ 2

]
,
∂Uξ

∂ξ
+ ∂Uζ

∂ζ
= 0.

(8)

Uξ = 0, Uζ = 0 at ζ = 0, Uξ = 0, Uζ = 1

η

df

dt
at ζ = 1 + λf (ηt). (9)

Neglecting the small terms [23] in (8), (9), we write the dimensionless equations for
viscous liquid

∂2Uξ

∂ζ 2 − ∂P

∂ξ
= 0,

∂P

∂ζ
= 0,

∂Uξ

∂ξ
+ ∂Uζ

∂ζ
= 0 (10)
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and the boundary conditions for them

Uξ = Uζ = 0 at ζ = 0, Uξ = 0, Uζ = 1

η

df

dt
at ζ = 1, P = 0 at ξ = ±1. (11)

Here we take into account boundary conditions for pressure (4) which are written in
dimensionless variables (5).

Solving Eqs. (10) with boundary conditions (11), we find

Uξ = ζ(ζ − 1)

2

∂P

∂ξ
,Uζ = 3ζ 2 − 2ζ 3

12

∂2P

∂ξ2
,P = 6(ξ2 − 1)

η

df

dt
(12)

Substituting (12) in Eq. (7) we write

m
d2z

dt2
+ K

dz

dt
+ n1z + n3z

3 = 2b�p∗(ωt), (13)

where K = 8�3bρν(δ0)
−3 is the viscous liquid damping coefficient due to it squeezing

by the upper channel wall.
Equation (13) is the Duffing oscillator equation. It is known [20, 24] that for small

oscillations amplitude and damping coefficient under the periodic driving force, the
Duffing oscillator equation solution is anharmonic vibrations or nonlinear oscillations.
To solve this equation, we use the harmonic balance method [21, 25]. According to
this method, the forced oscillations frequency is assumed to be equal to the driving
force frequency, and the solution is represented as a harmonic one, i.e., η ≈ ω and z
= zmsin(ωt + ϕ). The nonlinear term is linearized by decomposing it into a Fourier
series and holding the first decomposition term. After that, the primary response of the
oscillatory system is studied. Thus, performing the linearization procedure of Eq. (13)
by the harmonic balance method [25], we obtain

m
d2z

dt2
+ K

dz

dt
+ n1z + 3

4
z2mn3z = 2b�pm sin(ωt). (14)

The solution of this equation for steady-state forced oscillations has the form

z = zm sin(ωt + φ), zm = 2�bpm/m√(
ω2∗ − ω2

)2 + (Kω/m)2
, tgφ = Kω/m

ω2∗ − ω2 (15)

where ω2∗(zm) = (n1/m) + (3/4)z2mn3/m.
It can be noted for the case of the linear spring, i.e., n3 → 0, we get a well-known

frequency response of the channel wall

zm = 2�bpm/
√

(n1 − mω2)2 + (Kω)2, (16)

According to (15) from the expression for zm, we obtain

z2m((ω2∗ − ω2)2 + (Kω/m)2) = (2�bpm/m)2, (17)
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Solving Eq. (17) with respect to the oscillations frequencyω, we obtain the nonlinear
frequency response for the primary resonance study

ω2 = �∗(zm) ±
√(

2�bpm
mzm

)2

−
(
K

m

)2

ω2∗(zm) + 1

4

(
K

m

)2

, (18)

where �∗(zm) = ω2∗(zm) − (1/2)(K/m)2.

4 Calculation Results

In order to illustrate themathematicalmodel for the channel under consideration,we gave
an example of calculating its nonlinear frequency response for the primary resonance.
In our calculations, we used the following data: � = 0.1 m, δ0 = 0.05 m b = 0.5 m,
m = 2 kg, n1 = 107 kg/s2, n3 = 1012 kg/(s2m2), ρ = 1.84·103 kg/m3, ν = 2.53·10–4

m2/s, pm = 104 Pa. The calculations result of the nonlinear frequency response (18) is
shown in Fig. 2 for cases of successive increase in the amplitude pressure pulsation. The
calculations result of the linear frequency response (16) is shown in Fig. 3.

Fig. 2 Charts of the nonlinear frequency response Eq. (18) for cases: (1) pm = 104 Pa, (2) pm =
2·104 Pa, (3) the line of �*

5 Summary and Conclusion

Wehave formulated and solved the plane coupled hydroelasticity problem for the channel
wall supported by hardening spring with cubic nonlinearity. It is shown that the study
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Fig. 3 Charts of the linear frequency response Eq. (16)

of nonlinear oscillations of the channel wall, induced by a pulsating liquid pressure at
channel ends, is reduced to the study of theDuffing equation.Using the harmonic balance
method to solve this equation, we obtained the expression for the primary response of
the oscillatory system under consideration. Calculations of the primary response for
channel wall supported by hardening nonlinear spring showed a strong effect of liquid
viscosity and the distance between the channel walls on the vibration amplitudes. The
plotted graphs of the nonlinear frequency response for the channel wall make it possible
to determine the frequency range of its unstable oscillations. In this range, a jump-like
change in the amplitudes of the channel wall oscillations is observed. For example,
for the frequency response shown in Fig. 2, this range is from 2400 to 7600 rad/s. In
addition, the calculations showed that for the influence of the cubic nonlinear term,
the corresponding stiffness coefficient should be significantly greater than the stiffness
coefficient for the linear term, but under the condition that zm2n3/ n1 =O(1). The results
obtained can be used to simulate dynamic processes in hydraulic drive systems, devices,
andmachines with nonlinear elastic elements interacting with a viscous liquid, as well as
to develop methods for their non-destructive testing by the forced vibration parameters
of these elements.

Acknowledgements. The study was funded by Russian Science Foundation (RSF) according to
the project No 22-29-00173.
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Study of the Base Plate Motion Between
the Pairs of Shafts
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Abstract. The vertical motion of a flat material bent in a fold on a base plate
between rotating pairs of shafts is investigated in the article. Roller pairs are
located one above the other, and the distance between them is equal to the height
of the base plate. The technological process is analytically considered to determine
the energy consumption for the stable operation of the roller machine. Four cases
of the state of the base plate during its movement between the pairs of shafts are
considered. According to the conditions of the technological process, the posi-
tions of the base plate at the entrance between the bottom roller pair, between
two pairs of shafts, at the exit between the bottom roller pair and the upper roller
pair were studied. In the study, Newton’s second law was used, and differential
equations describing the technological process were obtained. Based on the solu-
tions obtained, graphs of the dependence of the base plate velocity on the force
of gravity and the friction coefficient were built. Graphical results were analyzed.
Based on the results of calculations and graphs, the base plate motion at constant
velocity was theoretically substantiated in the four cases considered.

Keywords: Pair of shafts · Flat material · Base plate · Gravity · Coefficient of
friction · External pressure · Reaction force · Grip zone · Velocity · Time

1 Introduction

Currently, certain studies are conducted in Uzbekistan concerning the deep processing
of leather raw materials in order to expand the volumes and types of export-oriented
finished products and to provide the population with high-quality and cheap shoes and
leather goods of local production. Much attention is paid to the introduction of advanced
technologies at enterprises, to modernization and technical re-equipment of enterprises
in leather production.

Dozens of types of roller machines are used in modern tanneries. The development
of theoretical and applied aspects of improving the roller machines in the tanning, which
increase the quality of the resulting product, is a relevant issue. A significant number of
non-mechanized operations remain in the leather industry. The level of mechanization in
our republic is 50–75%, while at advanced foreign enterprises, it approaches 80%. Even
duringmechanized operations, theworker has to perform heavy andmonotonousmanual
tasks. Most of the technical operations of the tanning industry are machine-manual ones.
Along with the advantages of roller machines, there are significant disadvantages such
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as low quality, defects of the processed material, and the fragility of some units and
parts, caused by the inconsistency with technological requirements.

In [1], a method of pulling-in the sheet material bend over a base plate between
rotating shafts was studied.

In [2], the classification of the support plates of the roller machine was compiled,
their advantages and disadvantages were determined, and new designs were proposed.

The deformation properties of a semi-finished leather product were experimentally
determined by its topographic sections. The squeezing out of a two-layer moisture-
saturated leather semi-finished product on a base plate between the squeezing rollers
was studied in [3–10].

The factors influencing the shape of the coated surfaces and existing methods of its
modeling were investigated, and a new model of the contact zone surface of the roller
pair was proposed. The deformation zone between the roller pair was studied in [11, 12].

The belt motion of the conveying device was investigated in [12, 13].
Programs and dynamic models for roller machines used in industry were developed

in [14–19]. The design of the technological line for conveying and machining of flat
material was developed. The technological line consists of three main working areas,
in which various technological processes are realized using working pairs of shafts and
base plates [20].

Tsoi [21] conducted research on the use of moisture-permeable working shafts made
of cermet materials. As a result of the experiments, it was found that for the effective
extraction of moisture from the skin between the squeezing rollers, the upper roller
should be covered with a moisture-extracting material, and the lower roller should be
made of the cermet.

Shukurov [22] considered the issues of technological reliability of machines and
devices in the textile industry in order to increase the vibration-resistant system and the
features of the interaction of the processed product with the working bodies.

2 Research Methods

In order to study the interaction of the pairs of shafts and the base plate in the working
process of the technological line,we consider four special cases using analyticalmethods.
The base plate with flat material in the system is assumed to move at a constant velocity.

I—is a particular case. From the conditions of the technological process, consider
the position of the base plate with flat material at the entrance between the bottom roller
pair (Fig. 1). Based on Newton’s second law, we define the following:

mÿ = G + 2Fishq cosα − 2N sin α − P (1)

According to the Colon-Amonton friction law, the friction force is

Fishq = f · N (2)

where G—is the pulling-in force of the chain, Q—is the external pressure force, P—is
the gravity of the base plate and flat material, N—is the reaction force, and Fishq—is
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Fig. 1 Gripping the base plate by the working shafts

the friction force. According to the condition of the problem, we take the radii of the
shafts and their gravities as equal. Expression (1) is written in the form of a differential
equation. If equal to ÿ = dẏ

dt (3), then we substitute it into differential Eq. (1) and obtain
the following expression:

m
dẏ

dt
= G + 2Fishq cosα − 2N sin α − P (4)

We integrate the resulting Eq. (4) taking into account the initial boundary conditions
and obtain the following expression.

m

ẏ∫

ẏ0

dẏ =
t∫

0

(
G + 2Fishq cosα − 2N sin α − P

)
dt (5)

Considering given condition ẏ0 = ϑ0 = 0.17 − 0.34m/s, integrating Eq. (5),
we determine the velocity of the base plate, which satisfies the condition for the first
particular case under consideration.

mϑ = Gt + 2Fishq sin α + 2N cosα − Pt − 2N + mϑ0 (6)

Simplifying Eq. (6), we reduce it to the following form:

ϑ = 1

m

(
Gt + 2Fishq sin α + 2N cosα − Pt − 2N

) + ϑ0 (7)
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Further, taking into account expression (2), Eq. (7) can be written in the following
form:

ϑ = 1

m
(Gt + 2N (f sin α + cosα − 1) − Pt) + ϑ0 (8)

II—is a particular case. Consider the base plate motion at the exit from the grip
zone between the working shafts (Fig. 2).

mw = G − 2Fishq cosα + 2N sin α − P (9)

Fig. 2 Exit of the base plate from the grip zone between the working shafts

We integrate Eq. (9) similar to the first particular case.

m

ẏ∫

ẏ0

dẏ =
t∫

0

(
G − 2Fishq cosα + 2N sin α − P

)
dt (10)
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By integrating expression (10), we determine the velocity of the base plate for the
second particular case:

ϑ = 1

m

(
Gt − 2Fishq sin α − 2N cosα − Pt + 2N

) + ϑ0
(11)

With expression (2), Eq. (11) can be written as:

ϑ = 1

m
(Gt − 2N (f sin α + cosα − 1) − Pt) + ϑ0 (12)

III—is a particular case. The base plate is at an equal distance from the bottom
and upper roller pairs at α = ψ (Fig. 3). In this case, the equation of motion for the base
plate is:

mw = G + 4Fishq cosα − 4N sin α − P (13)

Equation (13) is integrated similar to the two particular cases given above.

m

ẏ∫

ẏ0

dẏ =
t∫

0

(
G + 4Fishq cosα − 4N sin α − P

)
dt (14)

By integrating expression (14), we determine the velocity of the base plate that meets
the condition of the third particular case:

ϑ = 1

m
(Gt + 4N (f sin α + cosα − 1) − Pt) + ϑ0 (15)

IV—is a particular case. Let the base plate be located between the roller pairs at
a distance under condition α �= ψ (Fig. 3). In this case, the equation of motion for the
base plate is:

mw = G + Fishq cosα − 2N sin α − 2N sinψ + 2Fishq cosψ − P (16)

Similar to the three particular cases considered above, integrating (16), we obtain
the following equation:

m

ẏ∫

ẏ0

dẏ =
t∫

0

(
G + Fishq cosα − 2N sin α − 2N sinψ + 2Fishq cosψ − P

)
dt (17)

Therefore, by integrating expression (17), we determine the velocity of the base plate
that satisfies the condition of the fourth particular case:

ϑ = 1

m

(
Gt + 2Fishq sin α + 2N cosα + 2N cosψ + 2Fishq sinψ − Pt

) + ϑ0 (18)

Here, considering expression (2), Eq. (18) can be written in the following form:

ϑ = 1

m
(Gt + 2N (f sin α + cosα) + 2N (cosψ + f sinψ) − Pt) + ϑ0 (19)
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Fig. 3 Position of the base plate between the lower and upper roller pairs

3 Discussion of Results

The conditions for ensuring a constant velocity of motion of the base plate were sub-
stantiated on the basis of the obtained Eqs. (8), (12), (15), and (19); the graphs were
plotted (Figs. 4, 5 and 6).

With an account of the initial boundary conditions, the results of the graphs obtained
for four particular cases coincide. In all cases, a constant velocity of the base plate
between the roller pairs can be observed. Even if the numerical values of pulling-in
force of the chain, gravity, friction coefficient, or other parameters change, the constant
velocity of the base plate is not disturbed. Figure 4 shows a graph of the dependence of
the velocity of the base plate on the pulling-in force of the chain.

From Fig. 4, it can be seen that with an increase in the values of the pulling-in force
of the chain, the velocity of the base plate remains unchanged. In Fig. 5, a graph of the
dependence of the velocity of the base plate on the gravity of the latter is plotted. From
Fig. 5, it can be seen that with an increase in the gravity of the base plate, its velocity
also remains unchanged. Figure 6 shows a graph of the dependence of the velocity of the
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Fig. 4 Graph of the dependence of the velocity of the base plate on the pulling-in force of the
chain

base plate on the coefficient of friction. From Fig. 6, it is seen that the friction coefficient
does not significantly affect the constancy of the base plate velocity.

4 Conclusions

Based on the calculation of the differential Eqs. (8), (12), (15), and (19) obtained and the
analysis of the plotted graphs (Figs. 4, 5 and 6), the following conclusion can be drawn.
To meet the technological requirements of the process of machining flat material, the
transporting base platemustmove between theworking roller pairs at a constant velocity.
Only in this case, the processing of flat material will be uniform over its entire area.

So, using the example of four particular cases, the conditions for ensuring a con-
stant velocity of the base plate between roller pairs located one above the other were
substantiated by theoretical calculations.
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Fig. 5 Graph of the dependence of the velocity of the base plate on the force of its gravity

Fig. 6 Graph of the dependence of the velocity of the base plate on the friction coefficient
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Abstract. The lateral stability of a modern car during heavy traffic is mainly
determined by the roll angle of the sprung mass. The roll arm of the sprung mass,
the angular stiffness of the elastic elements of the suspension and anti-roll bar,
as well as the magnitude of the lateral inertia force, have a significant effect on
the roll angle and, accordingly, the lateral stability of the vehicle. Knowledge of
the theory of motion and the development of vehicle lateral stability is important
for the development of vehicle lateral stability systems, which should provide
improved road safety. This article describes a study of the effect of body roll on the
lateral stability of a vehicle in a combined mode of high-speed cornering or during
intensive maneuvering. The lateral forces and body roll angle were determined
under the combined modes of heavy traffic on turns and when maneuvering a
van-type vehicle, taking into account the angular stiffness of the suspension. The
obtained results of the lateral forces and the body roll angle in the combined
mode of high–speed cornering or during intensive maneuvering are compared,
tested, and proposed for the modernization of lateral stabilization systems of the
serial van-type vehicle, as well as for future research on the creation of controlled
stabilizers.

Keywords: Lateral force · Centrifugal force · Roll angle · Anti-roll bars ·
Vehicle rollover · Roll stability · Suspension stiffness

1 Introduction

The lateral stability of vehicles such as a van-type in the process of heavy traffic and
maneuvering largely determines the safety of traffic and the safety of the human property.
Rollover or sliding of high–speed vehicle is one of the main forms of road traffic acci-
dents [1]. Therefore, the development of technical solutions to stabilize the longitudinal
stability of vehicles during intensive maneuvering becomes very important. In cars pro-
duced by domestic and especially foreign companies, numerous systems of mechanical
and automatic control of the position of the body relative to the suspension are used in
order to restore the vertical position of the car in motion. The issues of studying the lat-
eral stability of a car are considered in numerous works of Russian and foreign scientists
[1–12]. It has been established that the roll of the sprung mass has a significant effect
on the lateral stability of the vehicle, especially in the combined mode of high–speed
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movement when cornering and during intensive maneuvering. Under the action of a
lateral force, the loads on the elastic elements of the suspension and tires of the left and
right sides of the car change, as a result of which the body tilts in the transverse direction
[13]. Therefore, driving comfort, handling, and road stability in high–speed cornering
and intensive maneuvering should be ensured by more modern technical solutions. The
anti-roll bar improves the vehicle’s handling by increasing stability when cornering and
when maneuvering, but it has several disadvantages. So, the stabilizer does not imply
the use of an automatic body position control system during maneuvering and corner-
ing. Therefore, for good vehicle stability and tire grip, it is necessary to develop lateral
stabilization devices in the direction of developing systems adapted to combined modes
of heavy traffic, both when cornering and maneuvering [14].

Improvement in vehicle stabilization and control solutions is possible when the
dynamic and power parameters of the vehicle are known in the combined heavy traffic
mode, both when cornering and maneuvering, such as average operating speed, lateral
forces, body roll angle, and reaction on wheels associated with the roll arm, mass, and
height of the vehicle, and its center of gravity. The resulting lateral and vertical tire load
will determine the vehicle’s stability when cornering and maneuvering, which in turn
determines its stability.

Therefore, at the stage of studies of lateral stability of a modernized serial van-type
car, the lateral forces, the value of the roll angle, and the reaction of the wheel bearings
when turning and when maneuvering on a horizontal road were determined, taking into
account the real values of the structure of the modernized vehicle, speed, and turning
radius.

2 Determination of Lateral Forces and Body Roll Angle
for a Van-type Vehicle When Cornering

Determination and analysis of the roll angle for serial van-type GAZelle NEXT when
vehicle cornering. To determine the roll angle, the balance of the body was considered,
on which the forces Gs, Fy and suspension reactions act during curvilinear motion and
lateral roll (Fig. 1). The roll angle can be determined as follows [15, 16]:

ψ = Fyhr
(Kφ1 + Kφ2) − Gshr

, (1)

where Kφ1, Kφ2 is the angular stiffness of the front and rear suspension of the vehicle,
hr is the roll arm, Gs is the sprung mass of the vehicle, and Fy is the lateral force of the
sprung masses of the vehicle.

From the formula, we see that the lateral stability of the machine and the roll body
during curvilinear motion are significantly affected by inertial forces arising from the
turn. As a result of a significant roll of the center of gravity, the body is displaced in
the direction of the lateral force, as a result of which the outer wheels are additionally
loaded, and the inner wheels are further unloaded. Therefore, to calculate the roll angle,
the lateral force Fy was determined taking into account the real operational values of
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Fig. 1 Scheme for determining the lateral force of inertia and body roll angle in the study of
lateral stability

the speed and turning radius for the investigated production car. The lateral force was
determined by the well-known formula [15–17]:

Fy = Mv2

R
, (2)

where M is the mass of the cargo van body, v is the vehicle speed, and R is the turning
radius of the vehicle.

The roll arm of the car body hrwas determined by calculation from the technical
data of the load distribution over the axles and the calculation of the parameters of the
location of the center of gravity of a fully loaded production vehicle [15–18].

hr = hg − ah2 − bh1
L

, (3)

where h1 and h2 are, respectively, the distance from the road surface to the front and
rear roll center, a is the distance from the center of mass to the front axle, and b is the
distance from the center of mass to the rear axle.

The angular stiffness of the suspension for amodernized production car is determined
by the following equations [16–20]:
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• for coil spring suspension:

Kφ1 = 0.5 s2Ks, (4)

• for leaf spring suspension:

Kφ2 = 0.5 s2l K
′
sη, (5)

whereKs—normal stiffness of the front coil spring suspension; s—the distance between
the centers of the coil springs; sl—the distance between the centers of the leaf springs,
m; K′

s—normal stiffness of the rear leaf spring suspension;η —the coefficient taking
into account the increase in the stiffness of the springs when twisting in the transverse
direction = 1.05–1.25 (Table 1).

Table 1 Initial data of van-type vehicle

№ Parameter Value

1 The sprung mass of the vehicle, Gs (kg) 3216

2 Wheelbase L, m 3.145

3 Distance from center of mass to the front axle, a (m) 2.126

4 Distance from center of mass to rear axle, b (m) 1.019

5 The car’s center of gravity height, hg (m) 1.6

6 Normal front suspension stiffness, Ks (N/m) 66,280

7 Normal rear suspension stiffness, K′
s (N/m) 36,640

8 Distance between the centers of the coil springs, s (m) 1.2

9 Distance between the centers of leaf springs, sl (m) 1.25

10 Coefficient taking into account the increase in the stiffness of the leaf springs
when twisting in the transverse direction

1.05–1.25

11 Rear axle roll center height, h2 (m) 0.4

12 Roll arm hr (m) 1.3

An example of calculating the roll angle of the body of a serial van-type vehicle
taking into account the lateral force of inertia Fy at a speed of v = 40 km/h and a turning
radius of the car R = 70 m. The roll angle is determined from Eq. (1):

ψ = Fyhr
(Kφ1 + Kφ2) − Gshr

= 5660.1.3

(47000 + 34350) − 32160.1.3
= 0.186 rad = 10.65 deg .

As a result of the study, the roll angle ψ increases with an increase in the lateral
force Fy and the roll arm hr and fits with an increase in the angular stiffness of the
car’s suspension. The roll angle usually does not exceed 10 degrees [15, 16]. According
to safety requirements, the roll angle should not exceed 10 degrees. As a result of the
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determination, at a speed (50 km/h) and a turning radius from 60 to 80m, the roll angle of
the researched vehicle will be more than 10 degrees (Table 2). In this case, a dangerous
rollover condition starts to occur, and the vehicle will rollover.

Table 2 Results of calculating the body roll angle at different speeds and turning radius for a
modernized of van-type vehicle GAZelle NEXT

Vehicle turning
radius (m)

Vehicle speed (km/h)

50 (km/h) 40 (km/h) 30 (km/h) 20 (km/h)

80 0.25 rad 0.162 rad 0.091 rad 0.04 rad

70 0.29 rad 0.186 rad 0.01 rad 0.045 rad

60 0.34 rad 0.217 rad 0.121 rad 0.053 rad

3 Determination of Lateral Forces and Body Roll Angle
for a Van-type Vehicle During Maneuvering

Determination and analysis of the roll angle for serial van-type GAZelle NEXT during
intensive maneuvering. To determine the roll angle, we also considered the balance of
the body, on which the forces Fy (Fc1, Fc) act during the transverse roll (Fig. 2). The
roll angle is also determined during intensive maneuvering [15, 16]:

The transverse component of the centrifugal force Fig. 2:

Fy = Fc cos γ ≈ Mv2θ

L
, (6)

When driving on the transition curve on the car acts as the force caused by the change
of curvature of the trajectory.

The transverse component of the lateral force (Fig. 2):

F ′
y = Mvb

L
ωyk , (7)

Thus, the total centrifugal force acting on the car during (Fig. 2):

F = Fy + F ′
y = M

L

(
v2θ + vbωyk

)
, (8)

where b is the distance from the center of gravity of the vehicle to the rear axle in m, ωyk
is the angular velocity of the steered wheels in rad/s, Θ is the steering angle steerable
wheel (Fig. 2), and L is the wheelbase.

Force Fy always occurs in curvilinear motion. It is proportional to the square of the
speed v2 and the angle Θ. The force F′

y only acts when the steering wheel is turned, i.e.,
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Fig. 2 Scheme for determining the lateral inertia force and body roll angle during intensive
maneuvering

when the vehicle is moving along the transition curves when maneuvering (Fig. 2). It
is proportional to the vehicle speed and angular velocity of the front wheels. When the
car enters the turns during maneuvering, the angle Θ increases, and the angular velocity
ωyk is positive; therefore, the force F′

y, adding up with the force Fy, increases the risk
of skidding and overturning the car. When the car exits a corner, the angular velocity is
negative, and the car can move at a higher speed without losing stability.

Force F′
y arises when the vehicle moves unevenly when maneuvering. This force

increases with a sharp increase in the angle and acceleration of the vehicle.
An example of calculating the total centrifugal force acting on a car:

L = 3.145m, b = 1.019m,M = 3216kg, ωyk = 0.03 rad, v = 11.1m/s.

At the initial moment of movement along the transition curve, i.e., at t = 0, the angle
Θ = 0, therefore, the first term on the right-hand side of the expression (Eq. 9) is also
equal to zero.

Therefore,

F = F ′
y = Mvb

L
ωyk = 3216 × 11.1 × 1.019

3.145
0.03 = 347N
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In 2 s after the start of the turn, the steered wheels will be turned by an angle.

θ = ωyk t = 0.03 × 2 = 0.06 rad

F = Fy + F ′
y = 3216

3.145

(
11.12 × 0.06 + 11.1 × 1.019 × 0.03

)

= 8021 + 347 = 8368N

An example of calculating the roll angle of the body of a laden serial van taking into
account the lateral force of inertia at a speed of v = 40 km/h and the angular velocity of
the front wheels ωyk = 0.03 when maneuvering.

The roll angle is also determined during intensive maneuvering [15, 16];

ψ = Fyhr
(Kφ1 + Kφ2) − Gshr

= 8368 × 1.3

(47000 + 34350) − 32160 × 1.3
= 0.27 rad = 15.4 deg .

As a result of the study, the roll angle ψ increases with an increase in the lateral
force Fy and decreases with an increase in the angular stiffness of the car’s suspension.
The roll angle of a vehicle should usually not exceed 10 degrees [15, 16]. The results
of determining and analyzing the roll angle for a serial van-type of the vehicle GAZelle
NEXTduring intensivemaneuvering at a speed (40 km/h) and an angular velocity (ωyk =
0.03 rad/s) of the front wheels during maneuvering will be more than 10 degrees (Table
3), and a dangerous rollover condition starts to occur. In this case, a more dangerous
condition than at a turn begins when the angular speed of the front wheels = 0.04 rad/s.

Table 3 Results of calculating the body roll angle at various speeds and angular velocity ωyk of
the steered wheels when maneuvering for the modernized of van-type vehicle GAZelle NEXT

Angular velocity ωyk (rad/s) Vehicle speed (km/h)

50(km/h) 40(km/h) 30(km/h) 20(km/h)

0.02 0.274 rad 0.17 rad 0.1 rad 0.048 rad

0.03 0.4 rad 0.27 rad 0.15 rad 0.07 rad

0.04 0.54 rad 0.36 rad 0.2 rad 0.09 rad

4 Conclusions

In this article, we proposed the results of body roll research and determined the values
of the roll angle for a modernized production van-type vehicle when cornering and
maneuvering on a horizontal road, taking into account the real values of the structure
of the modernized car, speed, and turning radius. Anti-roll bars are used to increase
lateral stability and reduce the roll angle of the vehicle. But recently in cars, anti-roll
bars of individual action with automatic control of hydraulic and electric-type are used.
During the research, an excess of the roll angle was found for a modernized production
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van-type vehicle when maneuvering on a horizontal road of view in comparison with
cornering. Therefore, it is proposed to investigate and develop controlled electromagnetic
stabilizers, individually on the left and right sides of the axle, to increase the stability
and controllability of van-type vehicle of the GAZelle NEXT when maneuvering and
cornering.
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Abstract. The paper addresses the results of calculation studies of turbocharger
aeroacoustic performance when opening the wastegate. The modern methods of
computational aeroacoustics (CAA) are considered, allowing reduction of the
noise level and including the turbocharger, when the wastegate is opened. The
finite element model of the internal volume of the wastegate with the turbocharger
“cold” end was developed. The hybrid approach withMohring’s analogy was cho-
sen for the aeroacoustic noise calculation when opening the turbocharger waste-
gate. The aeroacoustic noise of the turbocharger when opening the wastegate
was calculated, and the noise source density areas were localized according to
Mohring. Experimental validation of the calculation was performed on the engine
and vehicle test bench. Parametric optimization was performed in order to reduce
the noise when opening the turbocharger wastegate. Aeroacoustic noise reduction
when opening the turbocharger wastegate was confirmed experimentally on the
engine test bench and within the road tests. Based on the results of the optimiza-
tion research, the 5 dBA reduction in the noise of the turbocharger at opening was
registered.

Keywords: Computational aeroacoustics · Turbocharger noise · Finite element
modeling · Aeroacoustic noise calculation · Mohring’s analogy · Experimental
validation of calculation · Parametric optimization · Engine tests · Road tests

1 Introduction

A turbocharger is the main actuator of any turbocharging system applied in internal
combustion gasoline or diesel engines in order to increase their power and efficiency
factor. A turbocharger is a generic colloquial name of any energy machine, which func-
tion is the use of kinetic energy of exhaust gases of an internal combustion engine for
air compression for its further use in this engine for its operation. Structurally, it always
consists of two impeller (vane) machines—a gas turbine and a rotary (vane) compres-
sor—connected by a common shaft. A turbocharger principle of operation is as follows:
The flow of the exhaust gases with high temperature and pressure passes through the
impeller machine of the gas turbine and rotates it by means of its kinetic energy. The
turbine transfers the rotation energy through the shaft to the impeller machine of the
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vane compressor, which compresses the air. The compressed air is transferred to the
engine combustion chamber, where it is mixed with liquid fuel. In the chamber, due to
thermochemical processes, the potential energy of compressed air and fuel turns into
kinetic energy; the volume of the mixture and its temperature increase simultaneously;
due to that, both engine operation and impact on the turbocharger turbine are someway
performed.

This article examines the mode of pressure relief in the turbocharger compressor-
part circuit by means of the wastegate, which results in the observed increase of the
overall sound pressure of the vehicle by 10 dBA. In order to reduce the aeroacoustic
noise, calculation and optimization works were performed; the result of which allowed
reducing the noise by 5 dBA. The experimental validation has also been performed.

2 Computational Aeroacoustics (CAA)

It is known that aeroacoustics is a branch of physics at the borderline of aerodynamics and
acoustics that studies the issues of aerodynamic sound generation, sound propagation in
a moving medium, interaction between sound and an unsteady flow, as well as methods
of aerodynamic (wind) noise reduction.

Presently, computational aeroacoustics (CAA) capable to solve a wide range of
aeroacoustic issues is developing at a swift rate. In this connection, it is expedient to
consider and examine modern methods of computational aeroacoustics (Fig. 1), which
will help to reduce noise including that of a turbocharger when opening the wastegate
[1–20].

Fig. 1 Methods of computational aeroacoustics

Direct approach It is the most consuming in terms of computational resources.
Related or coupled issues of vibroacoustics, absorption in sound-absorbing materials,
etc. are impossible to solve.

1. It provides the highest calculation accuracy. In theory, it can be applied to any type of
flow. It assumes solving full Navier–Stokes equations across all turbulence scales.No
empirical dependences.All arising physical effects (reflection, diffraction, dispersion
or scattering of waves, etc.) are taken into account.

2. Computational performance:

• The turbulence is being defined by two factors or components:
• Eddy length (characterized by the Kolmogorov length scale): lv = L

4
√
Re3LF

≈
L

4√
Re3
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• Time (related to the Kolmogorov structure): τv = lv
uv

≈ lv
U• The acoustic wave propagation is determined by two components:

• Wave length: λ = c0
f = c0

St · L
M = L

St·M , therefore: λ
L ∼ 1

M

• Time: T = 1
f = L

St·U , therefore: T ∼ L
U

3. The higher the Reynolds number is, the better the grid quality shall be. Respectively,
increase in the Reynolds number is inversely proportional to the eddy length lv.

4. Computational inputs for direct solutions of Navier–Stokes equation for aeroacous-
tics

• The memory requirements are related to discretization of space:

(
λ

lv

)3

∼
4√
Re9

M 3

• The calculation time is related to time discretization:

T

τv
∼ L/U

lv/U
= L

lv
≈

4√
Re3

M

• General computational resources: (calculation time) × (memory requirements):

(
λ

lv

)3

·
(
T

τv

)
= Re3

M 4

Hybrid approach This method is developed for calculation of generation and prop-
agation of noise with “acceptable” computational inputs, with possibility to solve
related problems, also considering “all” acoustic effects.

1. Assumption:

• Acoustic sources are related to the turbulent flow;
• The acoustic field does not affect the flow.

2. Calculation sequence:

• Calculation of an unsteady flow by means of DES, LES, U-RANS, etc.;

• Unsteady Reynolds-averaged Navier–Stokes equations (for an unsteady flow):

• Using Reynolds averaging procedure;
• Application of Reynolds averaging to Navier–Stokes equations leads to obtain

Reynolds equations, which are incomplete or non-closed;
• Closing or completing Reynolds equations (determination of turbulent shear

stresses) is made bymeans of semi-empirical turbulencemodels. All turbulent
eddies are simulated;
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• Detached eddy simulation (DES) method:

• Combination of the classical RANS formulation with the LES method
elements;

• Accurate prediction of the turbulent boundary layer up to the separation or
detachment point;

• The computational inputs for the flows with high Re values are by orders less.

• Large eddy simulation (LES) method:

• The transfer equations are solved relative to “solvable scales”;
• The large eddies are resolved; the small ones are simulated;
• The solution is by definition unsteady; �t is determined by the smallest

resolved eddies.

• Derivation of noise sources from the gas-dynamic (CFD) calculation;
• Interpolation of the gas-dynamic grid with the derived flow data to the acoustic

grid;
• Calculation of noise propagation from the source.

3. Types of calculation methods:

• Analogy concept: Goldstein’s, Lighthill’s and Mohring’s analogies are intended
for calculation of all aeroacoustics problem types;

• Goldstein’s analogy is used to calculate the fan’s tonal noise. The fundamental
idea of Goldstein’s analogy is replacing the rotating blades of the fan with an
equivalent set of sources in the form of monopoles (ρ0Vn), dipoles (Fi) and
quadrupoles (Tij) shown below:

p(x, t) = −
T∫

−T

∫

S(τ )

(
ρ0Vn

∂G

∂T
+ Fi

∂G

∂T

)
dS(y)dτ

+
T∫

−T

∫

v(τ )

(
Tij

∂2G

∂yiyj

)
dv(y)dτ

• Lighthill’s analogy is used to calculate noise at flow speeds up to 0.2 Mach.
The fundamental idea of Lighthill’s analogy is as follows:

• Sound is generated by the flow through moment-of-momentum fluctua-
tion during the interaction between the flow and a solid boundary, which
constitutes its fundamental difference from active radiation (foreground
emission) in the classic sense;

• The medium in which sound propagates is considered non-convective;
• The main variable of the acoustic source is density;
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Therefore, this analogy is based on the assumption that density fluctuation
in the turbulent region shall behave similarly to acoustic waves. The equa-
tion describing sound generation under such assumptions is as follows:

∂2ρ

∂t2
− c20∇2ρ = ∂2Tij

∂xi∂xj

whereTij is theReynolds (turbulence) stress tensor defined as stated below:

Tij = ∂ρvivj + δij

(
p − p0 − c20(ρ − ρ0)

)
− eij

where eij is the viscous stress tensor defined as stated below:

eij =
(

∂vi
∂yj

+ ∂vj
∂yi

− 2

3
δij

∂vk
∂yk

)

• Mohring’s analogy. This analogy allows calculation of noise at flow speeds up to
0.9 Mach, including calculation in a convective medium. The fundamental idea
of Mohring’s analogy:

• Includes using scalar equations, which are best suited to describe sound
propagation in an inhomogeneous medium;

• Requires average flow thermodynamic parameter values;
• Acoustic simulation requires refinement in certain areas of the acoustic domain

in order to exclude parasite noise sources;
The equation describing sound generation and propagation is as follows:

∂

∂t

(
ρ

ρ2
T c

2

∂b

∂t
+ ρvi

ρ2
T c

2

∂b

∂xi

)
+ ∂

∂xi

(
ρvi

ρ2
T c

2

(
∂b

∂t
+ vi

∂b

∂xi

)
− ρ

ρ2
T

∂b

∂xi

)

= − ∂

∂xi

(
ρ

ρT
(�v · �ω)i −

∂τij

∂xj

)
+ ∂

∂xi

(
vi
ρT

(
∂ρ

∂S

)

p

∂S

∂t
− ρT

ρT

∂S

∂xi

)

+ ∂

∂t

(
1

ρT

(
∂ρ

∂S

)

p

∂S

∂t
− ρvi

ρ2
T

∂ρT

∂xi

)

Classification based on similarity with a canonical monopole, dipole, quadrupole;

p − p0 = 1

4πc20

∂2

∂xi∂xj
∫V

Tij
(
y, t − r

c0

)

r
dy − 1

4πc20

∂

∂xi
∫S

Pi

(
y, t − r

c0

)

r
dS(y)

Therefore, the surface integral of Lighthill’s theory modification is the acous-
tic impact created by dipole source distribution through or by force Pi per unit of
area.equivalent set of sources in

• Lighthill’s integral method is based on the assumption that density fluctuation p− p0
in the turbulent region shall behave similarly to acoustic waves.
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The complete calculation history shall be saved in the time domain;
This method uses the volume integral.

• Ffowcs Williams-Hawkings integral method describes distribution of each separate
source type.

(
∂2ρ

∂t2
− c20

∂2

∂xi

)
(p − p0)H (f ) = ∂2(T0H (f ))

∂xi∂xj
− ∂Fi

∂xi
δ(f ) + ∂Qi

∂t
δ(f )

The first element on the right hand side of the equation represents the quadrupole
source distribution; the second one represents the dipole source distribution; the third
one represents the monopole source distribution determined by volume displacement.

The sound pressure calculation in the far (long range) field is based on the near (short
range) field surface radiation;

Semi-empirical methods These methods are developed for calculation of noise
generation and propagation in case of accidental exposure or impact. Discontinuous
Galerkin method can be qualified as a semi-empirical method:

1. Sound propagation in an acoustic medium is considered in linear setup taking the
following into account:

• Fields of average velocity of medium flow;
• Impedance boundary conditions;
• Conditions of non-attenuation at the boundaries of the calculated area;
• Wide range of external influences.

2. Linearized Euler equations are solved;
3. Discontinuous Galerkin method is used:

• P-adaptive sampling;
• Expansion in basis functions;
• Explicit time integration scheme;
• Automatic time step adjustment based on the Courant criterion;

Based on the above, it can be concluded that:

1. The direct approach is the most demanding in terms of computational performance
and capability; it can be implemented only with supercomputers in actual practice;
it is hardly applicable to engineering tasks and does not allow solving the problems
regarding vibroacoustics, taking absorption into account, etc.;

2. The hybrid approaches are the most suitable for engineering tasks; they require less
computing machine resources, take all acoustic effects into account and provide
solutions to related tasks and problems;

3. The semi-empirical methods are the most suitable for gas turbine engine noise
analysis including analysis with regard to vibrating surfaces and sound-absorbing
materials.
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The hybrid approach with Mohring’s analogy was chosen for aeroacoustic noise
calculation when opening the turbocharger wastegate.

3 Calculation Studies and Optimization

The three-dimensional model of the inner volume of the wastegate with the turbocharger
“cold” end is shown in Fig. 2a, and the finite element model according to [20–22] is
shown in Fig. 2b, respectively. The gas-dynamic (CFD) calculation was performed in
the Siemens Star CCM + software.

Fig. 2 a Three-dimensional model; b Finite element model

Figure 3 provides the result of noise source density calculation according toMohring
performed in the Actran (Hexagon/FFT) software suite.

Fig. 3 Mohring noise source density

Figure 4 shows distribution of sound pressure over volume at frequencies of 500 (a)
and 1500 (b) Hz.

Figure 5 shows distribution of sound pressure over volume at frequencies of 2500
(a) and 3500 (b).
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Fig. 4 a Sound pressure distribution over volume at 500 Hz; b Sound pressure distribution over
volume at 1500 Hz

Fig. 5 a Sound pressure distribution over volume at 2500 Hz; b Sound pressure distribution over
volume at 3500 Hz

There were three noise source localization areas registered when opening the waste-
gate (Fig. 3). In order to reduce aeroacoustic noise, a parametric optimizer was used
with the following variables:

1. Rounding-off radius of the wastegate mounting seat edge (Rout);
2. Relative diameter of the wastegate channel (�D);
3. Rounding-off radius of the wastegate channel base edge (Rin).

And the target function: reduction of the turbulent flow viscosity.
180 variants have been analyzed. The best design with the minimum value of turbu-

lent viscosity with designated boundary conditions is the design of thewastegate channel
with the following parameters: Rout = 5.44 mm, �D = 0.1 mm, Rin = 0.1 mm.

Then, comparison aeroacoustic calculations were performed, and the measurement
point was inside the intake pipe at the distance of 300 mm from the wastegate. The
comparison diagram is shown in Fig. 6.

4 Experimental Validation

In order to assess adequacy of the calculation studies and optimizing works, experi-
mental studies were performed. The tests were performed on the engine test bench,
and the microphone was arranged at the distance of 300 mm from the intake system
mouth (Fig. 7). Test mode: acceleration to 4000 rpm and tip-out, 600 N/m load.
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Fig. 6 Comparison diagram of A-scale sound pressures of the initial and optimized turbocharger
designs

Fig. 7 Microphone position on the engine test bench

The results of the experimental research are shown in Fig. 8 (a—waterfall diagram
and b—sound pressures over time diagram).

From the cascade diagram (Fig. 8a), it follows that the maximum sound pressure
when opening the wastegate is within the frequency band of 200–2000 Hz. And, the
diagram in Fig. 8b shows that the optimized design of the wastegate channel reduces
noise by 5 dBA.

It is worth pointing out that the sound pressure spectra in the calculation and exper-
imental studies are well-correlated with one another, but due to different microphone
positions, the levels differ. It is not reasonable to simulate the microphone arrangement
as in the experiment because solving this issue will demand unreasonably high com-
putational resources due to simulating the whole intake system. In addition, there is no
possibility to spatially arrange the microphone as in the calculation case due to physical
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Fig. 8 aWaterfall diagram of sound pressures of initial and optimized designs of the turbocharger;
b Sound pressures level diagram of initial and optimized designs of the turbocharger

impact of the flow on the microphone membrane. Notwithstanding the above, the reg-
istered difference in sound pressures of 5 dBA between the initial turbocharger design
and the optimized one is confirmed by the experimental and calculation studies. The
comparison study shows adequacy of the calculation studies.

In addition to that, the experimental validation of the calculation was performed on
the vehicle. Testing mode: acceleration in third gear and slowing down. The microphone
shown in Fig. 9 was arranged 50 mm away from the intake mouth.

Fig. 9 Microphone position on the vehicle

The results of the experimental studies on the vehicle are shown in Fig. 10.
A 5 dBA sound pressure difference between the initial and optimized turbocharger

designs was detected, which proves the adequacy of the calculation studies. Due to
the optimization works, 5 dBA noise reduction when opening the wastegate has been
achieved.
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Fig. 10 Results of experimental studies on the vehicle

5 Conclusion

1. The aeroacoustic noise of the turbocharger when opening the wastegate was
calculated, and the noise source density areas were localized according to Mohring.

2. The parametric optimization was performed, which allowed reduction of the noise
by 5 dBA.

3. The experimental validation of the calculation confirming the adequacy of the
calculation studies was performed.

4. The reduction of the turbocharger noise by 5 dBA was registered when opening the
wastegate.
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Abstract. The paper provides methods of axial fan noise reduction and considers
the results of calculation studies of the fan tonal noise. The tonal noise related to
the rotational and interaction noise has 15–20 dB higher levels than the broadband
turbulent and vortex noises, and therefore, it has the most annoying impact. A
finite element model of the cooling system fan has been developed. The noise
was calculated with the microphone located in the near field and the speed of
the cooling fan being 2142 rpm. Goldstein analogy was used for modeling and
further optimization in terms of tonal noise. Parametric optimization for tonal
noise reduction was performed. The number of blades and the angles between
blades were chosen as variables. More than 20 options of the cooling system fans
were considered. The best design in terms of the tonal noise of the blade among
the ones included in this article is the seven-blade fan.

Keywords: Computational aeroacoustics (CAA) · Fan noise · Finite element
modeling · Aeroacoustic noise calculation, Goldstein analogy · Parametric
optimization

1 Introduction

The efficiency factor of modern internal combustion engines does not exceed 40%, and
thus, more than 60% of energy turns into heat which needs to be removed. This problem
is solved by a liquid cooling system of an internal combustion engine with an axial
fan (the fan), but the fan itself is one of the main sources of noise and vibration of the
vehicle. Sound or acoustic radiation during the fan operation appears basically because
of aerodynamic processes. As we know from [1–3], aerodynamic or wind noises can be
caused by different types of sources (monopole, dipole, quadrupole, etc.) with different
origins, while they can be divided into two groups:

1. Sources causing tonal (discrete) noise:

• Noise connected with rotation of blades:

• Load noise—caused by the influence of the flow on the fan blades;
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• Displacement noise—caused by the displacement of certain air volume by the
rotating blades;

• Interaction noise—connected with the interaction of the airflowwith fixed parts of the
fan (electric motor housing), the inlet guide vanes (casing), and the outlet straightener.

2. Sources causing broadband noise:

• Turbulent boundary layer noise connected with separation or shedding of turbulent
boundary layer eddies from the rear or trailing edge of the blades when blown over
by the airflow;

• Vortex noise connected with pressure pulsations (lifting force) on the blades;

Figure 1 is an illustration of two types of aerodynamic sources, the first receiver
“perceives” broadband noise, and the second one perceives tonal noise, respectively.

Fig. 1 Types of noise sources

Additionally, receiver No. 2 will “perceive” a periodic impulse in the course of time
�t. This impulse is final and proportional to the gas-dynamic pressure at frequencies f
and its harmonics 2f ,3f , … ,nf . Frequency f is determined by the following Eq. 1.

f = n

60
· i (1)

where n is the fan rpm and i is the number of blades.
It should be noted that this paper does not consider the noise connected with unbal-

ance of the impeller and electromechanical noise of the fan motor making a contribution
to the general noise of the fan.

2 Methods of Fan Noise Reduction

Themethods of fan noise reduction by changing the fan design and organizing the airflow
correspondingly are given in papers [4–17] according to which the recommendations
are as follows:
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• Fan impeller peripheral speed reduction—as sound power of the following noise
sources is proportional to the fan impeller peripheral speed (v):

• Turbulent noise (quadrupole source) ~ v8

• Vortex noise (dipole source) ~ v6;
• Load noise (dipole source) ~ v6;
• Displacement noise (monopole source) ~ v4.

• Increasing the number of impeller blades and simultaneously lowering aerodynamic
forces occurring on the blade profile;

• Shaping its elements blown over by the airflow to be well-streamlined;
• Reducing obstacles in the flow at the impeller inlet and ensuring smooth inlet to the
impeller without swirling or eddying.

• The number of the blades of the guide vanes and impeller shall comply with Eq. 2:

(2)

whereMv = vk/c0;Mca = ca/c0; vk is the peripheral speed of the blade tips or ends; ca
is the axial speed; km is the wave parameter; ; k is the coefficient ranging
over the values of all integers; i is the harmonic number.

• Optimization of the blade shape in order to ensure flow without separation (attached
airflow) throughout the length of the blade—in paper, there is an example of a non-
optimal aerodynamic shape of the fan blade where the boundary layer noise generates
tonal noise. To solve this task, paper suggests using the fan blades with the serrated
shape of the trailing edge;

• Use of the impeller blade with the curved axis of profile alignment—Fig. 2 shows
the blade and signals of rotational noise from its different sections (with different
phases because of the spatial shape of the blade). On the right, the vector chart of
the signal sum is shown, from which it is apparent that the correct combination of
phases and amplitudes of the signals can significantly reduce the rotational noise.
The idea of forming the phase shift of acoustic waves from different sections of the
impeller blades by changing the profile alignment axis shape.

• Use of the impeller with an irregular pitch of the blades—in case of an irregular pitch
(uneven spacing), each blade will radiate a sequence of sound pressure impulses in
uneven intervals, which leads to lowering and “blurring” of tonal noise. Figure 3 shows
noise reduction depending on relative grid spacing unevenness. It is worth pointing
out that this effect decreases as the number of cooling system fan blades becomes
higher.

• Connecting the impeller blades peripherally using a ring.
• Increasing the fan casing stiffness in order to reduce the noise generated by the casing
surfaces.
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Fig. 2 Scheme of interference of excitations from individual areas of the fan blade

Fig. 3 Noise reduction depending on relative grid spacing unevenness

3 Calculation Research

The tonal noise related to the rotational and interaction noise has 15–20 dB higher levels
than the broadband turbulent and vortex noises, and therefore, it has the most annoying
impact.

To model and further optimize in terms of noise, we will use Goldstein’s analogy
[18], and the formula of which is given below:

p(x, t) = −
T∫

−T

∫

S(τ )

(
ρ0Vn

∂G

∂T
+ Fi

∂G

∂T

)
dS(y)dτ +

T∫

−T

∫

v(τ )

(
Tij

∂2G

∂yiyj

)
dv(y)dτ (3)

where ρ0 is the average flow density and G is the Green’s function.



Cooling System Axial Fan Design Calculation … 549

It follows from the formula that the sources can be divided into three types:

• Monopole—ρ0V0;
• Dipole—Fi;
• Quadrupole—Tij .

Figure 4 shows as follows:

Fig. 4 Noise sources used in Goldstein’s analogy in Actran software

• In differential areadS, force per area unit is applied,which corresponds to gas-dynamic
pressure P multiplied by normal vector ni;

• Solid body differential volume dvs generates mass oscillations (monopole source) due
to the rotor motion;

• Differential gas volume dvf defines tensor stresses or quadrupole sources.

Based on this analogy, for the calculation of the fan tonal noise, it is enough to obtain
the monopole and dipole sources from the gas-dynamic calculation and then calculate
the propagation of the soundwave. For this purpose, a finite elementmodel of the cooling
system fan [19, 20] has been developed. Extraction of thermodynamic fields from the
gas-dynamic flow and calculation of the sound wave propagation were conducted in the
FFT/HexagonActran software suite. Boundary conditions for the gas-dynamic problem:
operating speed of the cooling system fan—2142 rpm.

Figure 5 provides the finite elementmodel of the cooling system fan and blade profile
sections with the maximum, medium, and minimum radii.

The surface noise sources derived from a—impulse (Fi) input and b—mass input
ρ0V0 are given in Fig. 6.
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Fig. 5 Finite element model of the fan, fan blade profiles with different radii

Fig. 6 Noise sources derived from gas-dynamic calculation

The sound pressures of the cooling system fans with 7, 8, and 9 identically located
blades have been calculated; the calculation results aswell as soundpressure distributions
are given in Fig. 7.

The microphone was located 1 m away from the fan center. It follows from Fig. 7
that the least amount of noise is generated by the fan with 9 blades. It is worth noting that
the maximum sound pressure amplitudes correspond to frequencies 249 Hz—7 blades,
285.6 Hz—8 blades, and 321.3 Hz—9 blades, which are the blade passing frequencies.

Parametric optimization in terms of noise was performed. The number of blades and
angles between the blades are taken as variables. Over 20 variants of the cooling system
fans have been considered, and the best result in comparison is shown in Fig. 8 (the
design with 7 blades).

The fan design with 9 blades and with blade position angles 0, 45, 90, 125, 160,
205, 250, 290, 325 has the maximum sound pressure amplitude at the frequency of
321 Hz corresponding to 46.4 dB. The optimized fan design with 7 blades and with
blade position angles 0, 51.47, 102.86, 154.29, 205.71, 257.14, 308.57 generates the
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Fig. 7 Calculation study results

Fig. 8 Calculation study results for optimized design

least amount of noise among the considered variants. The maximum sound pressure
falls at the frequency of 286 Hz and amounts to 43.3 dB.

4 Conclusion

1. The calculation of the vehicle cooling system fan tonal noise was carried out using
Goldstein’s analogy.
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2. Parametric optimizationwas performed, which allowed obtaining the cooling system
fan design with the lowest level of tonal noise.

3. The best design in terms of tonal noise is the fan design with 7 blades and the
following position angles: 0, 51.47, 102.86, 154.29, 205.71, 257.14, and 308.57.
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Abstract. Thepaper describes the physical andmathematical basis of the research
of the acoustic characteristics of the mufflers with due consideration to thermody-
namic characteristics of the exhaust gas flow with the aeroacoustic sources. Also,
the paper describes the results of calculation studies of aeroacoustic characteris-
tics of the muffler. The finite element model of the muffler has been developed.
Since hybrid methods are less computationally expensive and more accurate than
other methods, since the flow rate at maximum crankshaft speed of the internal
combustion engine exceeds Mach 0.6, Mohring’s analogy is used. Calculation of
sound pressures from aeroacoustic sources is performed. The calculation is per-
formed with regard to transmission losses, transmission losses taking into account
thermodynamic characteristics of the flow, as well as transmission losses taking
into account thermodynamic characteristics of the flow and aeroacoustic sources.
A new muffler is developed based on the analysis of the aeroacoustic characteris-
tics of the series muffler. The acoustic characteristics of the developed design are
better than those of the series design. Experimental validation of the calculation
is performed.

Keywords: Computational aeroacoustics (CAA) · Muffler · Finite element
modeling · Transmission losses · Aeroacoustic noise calculation · Mohring’s
analogy

1 Introduction

At present, a vehicle exhaust system is a complicated system that shall provide perfor-
mance of a whole set of tasks with many variables that shall be found according to the
optimizing procedures taking into account that each variable can have a multidirectional
influence on each output parameter: reduction of the gas flow area in themuffler increases
acoustic efficiency, but also increases the backpressure of the exhaust system, reduction
of cell density in the catalysts reduces the backpressure, but also reduces efficiency in
terms of toxicity, etc. In this connection, this paper is devoted to improvement of the
exhaust system transmission loss calculation method in order to define the exhaust gas
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flow influence on the acoustic characteristics of the system by the example of the main
muffler.

As we know from [1–6], the parameter of transmission loss (TL) is often used for
assessment of the performance of both the exhaust system as a whole and its separate
elements as it is unambiguous and does not depend on acoustic conditions at the inlet
and outlet of the exhaust system by definition:

TL = 10 lg(Win/Wout) (1)

where Win and Wout are the sound wave power values at the inlet and outlet of the
muffler when the inlet and outlet loads are matched.

In order to take into account the thermodynamic characteristics of the flow with
aeroacoustic sources, we will use the hybrid method for aeroacoustics calculation. As
we know from [7–20], hybrid methods are less consuming in terms of computational
resources and more precise compared to other methods; so, since the flow speed at
maximum rpm of the internal combustion engine crankshaft exceeds 0.6 Mach, we will
use Mohring’s analogy.

2 Physicomathematical Basis

Any oscillating body causes a corresponding change of pressure or displacement of
air particles which in the form of a wavefront are capable of propagation and reaching
the listener. The Navier–Stokes equation not only describes a fluid flow, but can also
slightly describe an acoustic pressure wave movement. Acoustic waves are pressure
oscillations, which can exist within a compressible fluid. The pressure changes that
occur there when the fluid contracts or expands create restoring forces responsible for
acoustic wave propagation. These restoring forces are forces, which the fluid body uses
to resist deformation, and they can be considered similar to the restoring forces in a
spring. We will use the equation of state for the analysis of sound waves propagating
in a fluid. The equation of state for a fluid connects internal restoring forces with the
corresponding deformations. The equation of state for a fluid medium shall connect
physical quantities describing thermodynamic behavior of the fluid. Gas state equation
(law):

pi = ρ · R · T (2)

where pi is the dynamic pressure; ρ is the density; R is the gas constant; T is the
absolute temperature.

Acoustic processes are almost isentropic (adiabatic and reversible). That is due to the
fact that heat diffusion is much slower than acoustic oscillations, which means that fluid
thermal conductivity and thermal gradients are rather small, so there is no significant
thermal energy transmission between the neighboring fluid elements. Therefore, fluid
or liquid entropy remains almost constant, and acoustic behavior can be described using
the adiabatic equation:

pi
p0

=
(

ρi

ρ0

)γ

(3)
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where p0 is the pressure of the medium, ρ0 is the density of the medium, and γ is the
adiabatic index (the ratio of the heat capacity at constant pressure CP to heat capacity at
constant volume CV ).

For the fluids other than an ideal gas, the adiabatic relation in (3) becomes more
complicated. However, the connection between pressure and density oscillations can be
expressed through the Taylor polynomial:

pi = p0 +
(

∂pi
∂p

)
ρ0

· (ρ − ρ0) + 1

2
·
(

∂2pi
∂p2

)
ρ0

· (ρ − ρ0)
2 + . . . (4)

In Eq. 4, partial derivatives are determined for isentropic compression and expansion
of the fluid in relation to its steady-state (equilibrium) density. When these oscillations
are small, it is necessary to preserve only the term of the lowest order, which provides a
linear dependence between pressure oscillation and density.

pi − p0 ≈ β(ρ − ρ0)/ρ0 (5)

where β is the adiabatic volume modulus which is determined as ρ0

(
∂pi
∂ρ

)
ρ0
.

The following dependence can be written from the acoustic pressure p = pi − p0
and density standpoint:

p = β(ρ − ρ0)/ρ0 (6)

The Navier–Stokes equation expresses two core or fundamental principles of
mechanics—conservation of mass on the one hand and Newton’s second law on the
other hand ( �F = m · �a). For the first case—conservation of mass—let us consider the
infinitesimal rectangular parallelepiped-shaped volume of the medium with the follow-
ing sides: AD = EF = BC = GH = dx, AE = DF = BG = CH=dy, and AB = DC =
FH = EG=dz (Fig. 1). Increasing the volume mass in the course of time dt leads to the
corresponding increase in density.

Let us examine side dxdz perpendicular to the Y axis. The flow of matter coming
into the volume from this side in the course of time dt is written as follows:

ρϑydxdzdt (7)

Considering the change of density and speed between the two parallel sides of the
control volume, the flow of matter coming out through the opposite side during the same
period of time can be described using the following formula:

(
ρ + ∂ρ

∂y
dy

)(
ϑy + ∂ϑy

∂y
dy

)
dxdzdt (8)

Taking only the first derivative of Eq. 8 into consideration, the net flow of matter
through the two sides of the parallelepiped is expressed as follows:

−∂
(
ρϑy

)
∂y

dxdydzdt (9)



556 R. I. Rakhmatov et al.

Fig. 1 Continuity equation

Having performed similar calculations for the other two pairs of parallelepiped sides,
wewill obtain the following expression for the flow ofmatter coming through the control
volume during period dt:

−
(

∂(ρϑx)

∂x
+ ∂

(
ρϑy

)
∂y

+ ∂(ρϑz)

∂z

)
dxdydzdt (10)

Let us consider the distributed source of mass m(x, y, z, t)
[
kg/

(
m3 · s)]. The total

mass produced by this source in the rectangular parallelepiped volume during period dt
is.

mdxdydzdt (11)

We can also evaluate the increase of mass in the volume considering the density
change: (

ρ + ∂ρ

∂t
dt

)
dxdydz − ρdxdydz = ∂ρ

∂t
dxdydzdt (12)

Conservation of mass requires that the sum of (10) and (11) shall be equal to (12).
This ratio is called the continuity equation.

∂ρ

∂t
= m −

(
∂(ρϑx)

∂x
+ ∂

(
ρϑy

)
∂y

+ ∂(ρϑz)

∂z

)
(13)

or

m = ∂ρ

∂t
+

(
∂(ρϑx)

∂x
+ ∂

(
ρϑy

)
∂y

+ ∂(ρϑz)

∂z

)
(14)
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If we replace letters x, y, and z of the Cartesian reference system space axes with
x1, x2, and x3, and velocity vectors directed along these axes, ϑx, ϑy, and ϑz , with ϑ1, ϑ2
and ϑ3, Eq. 14 will be as follows:

m = ∂ρ

∂t
+

∑
i=1,3

∂(ρϑi)

∂xi
(15)

The time derivative of function f may be written as ∂t f , and the xi-derivative may
be written as ∂if , then the continuity equation will be as follows:

m = ∂tρ +
∑
i=1,3

∂i(ρϑi) (16)

Equation 16 can be additionally simplified using the Einstein’s assumption. When
repeating the index (which is called an unnamed index) while summing, there is no need
to save the summation symbol, provided that:

1. The index cannot be written more than twice in one equation;
2. Except for the unnamed index, other equation terms shall contain the same

homogeneous indices.

In view of the above, we shall write the addend of the right part of the continuity
equation without the summation symbol:

m = ∂tρ + ∂i(ρϑi) (17)

According to the Crocco’s theorem, the momentum conservation equation will be
written as follows:

ρ
∂ϑi

∂t
+ ρ

∂ht
∂xj

= ρT
∂s

∂xi
+ ρδijkϑjωk − ∂τij

∂xj
(18)

where h is the enthalpy; τ is the viscous stress tensor; hT = h + ϑiϑj
2 is the total

enthalpy; δijkϑjωk =
(�ϑ · �ω

)
i
, �ω = ∇ · �ϑ is the vorticity or eddying.

And the energy conservation equation:

ρ
∂ht
∂t

+ ρϑi
∂ht
∂xi

− ∂ρ

∂t
= ∂qj

∂xj
− ∂ϑiτij

∂xj
(19)

without taking into account, the dissipation power due to viscous forces and heat
will be as follows:

ρ
∂ht
∂t

+ ρϑi
∂ht
∂xi

= ∂ρ

∂t
(20)

Having combined the mass and energy conservation equations taking into account

the acoustic velocity c2 =
(

∂p
∂ρ

)
s=cons

, we will obtain:

ρ
∂ϑi

∂t
= ∂ρϑi

∂t
− ρϑi

c2
∂ht
∂t

− ρϑiϑj

c2
∂ht
∂xj

−
(

∂ρ

∂s

)
p
ϑi

∂s

∂t
(21)
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Let us rewrite Eq. 20 taking into account the 18 one:

∂ρϑi

∂t
− ρϑi

c2
∂ht
∂t

− ρϑiϑj

c2
∂ht
∂xj

−
(

∂ρ

∂s

)
p
ϑi

∂s

∂t
+ ρ

∂ht
∂xj

= ρT
∂s

∂xi
+ ρ

(�ϑ · �ω
)
i
− ∂τij

∂xj
(22)

Let us also rewrite Eq. 21 but taking into account the scaled enthalpy (ρT -total
density):

∂b

∂t
+ ϑi

∂b

∂xi
= ρT

∂ht
∂t

+ ρTϑi
∂ht
∂xi

(23)

Based on the above, let us write Mohring’s equation.

∂

∂t

(
ρ

ρ2
T c

2

∂b

∂t
+ ρvi

ρ2
T c

2

∂b

∂xi

)
+ ∂

∂xi

(
ρvi

ρ2
T c

2

(
∂b

∂t
+ vi

∂b

∂xi

)
− ρ

ρ2
T

∂b

∂xi

)

= − ∂

∂xi

(
ρ

ρT
(�v · �ω)i −

∂τij

∂xj

)

+ ∂

∂xi

(
vi
ρT

(
∂ρ

∂S

)
p

∂S

∂t
− ρT

ρT

∂S

∂xi

)

+ ∂

∂t

(
1

ρT

(
∂ρ

∂S

)
p

∂S

∂t
− ρvi

ρ2
T

∂ρT

∂xi

)

(24)

where the left part of the equation is the acoustic wave operator. The first expression
of the right part of the equation is the turbulence noise.

In the frequency domain and in the finite element arrangement, Eq. 24 will be as
follows:

−ω2 ∫
V
Na

ρb

ρ2
T c

2
dV + iω ∫

V
Na

ρvi
ρ2
T c

2

∂b

∂xi
− ∫ ∂Na

∂xi

(
iω

ρvib

ρ2
T c

2
+ ρvivj

ρ2
T c

2

∂b

∂xj
− ρ

ρ2
T

∂b

∂xi

)
dV

=
∫

∂Na

∂xi
FT

(
ρ

ρT
(�v · �ω)i −

∂τij

∂xj
− vi

ρT

(
∂ρ

∂S

)
p

∂S

∂t
− ρT

ρT

∂S

∂xi

)
dV

+iωFT

(
∫
V

Na

ρT

(
∂ρ

∂S

)
p

∂S

∂t
− ρviNa

ρ2
T

∂ρT

∂xi
dV

)
+ iωFT

⎛
⎝∮

S

Na
ρvini
ρT

dS

⎞
⎠

(25)

where the left part of the equation describes propagation of the acoustic wave. The
first and second expression of the right part of the equation is the spatial (volume) source,
and the third expression is the surface source.

As a result, the spatial turbulent source without taking into account the viscous
effects

∂τij
∂xj

, entropy-related sources ( ∂S
∂t and

∂S
∂xi

) and total density fluctuations ( ∂ρT
∂xi

) will
be calculated according to the following formula:

∫ ∂Na

∂xi
FT

(
ρ

ρT
(�v · �ω)i

)
dV (26)
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Consequently, the surface source will be calculated according to Eq. 27:

iωFT

⎛
⎝∮

S

Na
ρvini
ρT

dS

⎞
⎠ (27)

3 Calculation Research

The three-dimensional model of the muffler inner volume is given in Fig. 2. The gas-
dynamic (CFD) calculationwas performed in the Siemens Star CCM+ software. Bound-
ary conditions for the gas-dynamic calculation: at the inlet of the muffler inlet branch,
the exhaust gas flow is 0.24 kg/s, the temperature is 900 K, there is atmospheric pressure
on the sphere surface around the muffler outlet branch, the temperature is 300 K, and
there are adiabatic conditions on all the muffler surfaces.

Fig. 2 Three-dimensional model of series muffler

According to the Kotelnikov (Nyquist–Shannon) sampling theorem, the frequency
sampling is determined by the maximum time interval (
f = 1

T ), and the maximum
frequency is determined by the time step (fmax = 1

2Te
). Based on the above, the gas-

dynamic calculation has been performed for the aeroacoustic problemwith themaximum
frequency of 5000Hzwith the 5 Hz step, with themaximum calculation time of 0.2 s and
the step of 0.0001 s with autosaving of data of the velocity vector value and the following
scalar values: temperature, pressure, density, and kinetic energy of the turbulent flow
and acoustic velocity.
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Fig. 3 a Distribution of turbulent flow kinetic energy over volume; b distribution of turbulent
flow kinetic energy over section

Figure 3 provides the gas-dynamic calculation result, distribution of the turbulent
flow kinetic energy over volume (a) and over the section (b). The areas of the maximum
values of the turbulent flow kinetic energy are pointed out.

The turbulent flow kinetic energy (Fig. 3) is concentrated in the first bend of the
inlet as well as in the second bend of the outlet pipe of the muffler. Furthermore, it
is pronounced at the junction in the outlet of the straight outlet pipe (pipe connection
point). Separation areas are also detected after the first and second bends of the muffler
outlet pipe inlet.

The finite element model of the muffler inner volume is given in Fig. 4. The model
composition is as follows: number of nodes—804,459, number of elements—560,503,
element type—tetrahedral second-order. The acoustic calculation was performed in
Actran software (Hexagon/FFT). Boundary conditions: at the inlet—channel modes
without acoustic excitation, the matched (anechoic) load is directed inside the muffler
inlet pipe, at the outlet—free channel modes directed away from the muffler outlet pipe.

Fig. 4 Finite element model of series muffler

The results of calculation of the muffler sound pressures from the aeroacoustic
sources according to Mohring’s analogy are shown in Fig. 5.

The overall (integral) level is 115.4 dB (Fig. 5). The maximum amplitudes of the
muffler sound pressures are found at the first bend of the inlet section and amount to
99 dB at 500 Hz, 96.2 dB at 370 Hz, and 92.9 dB at 235 Hz.
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Fig. 5 Sound pressure measured along the outlet pipe axis 50 mm away from the end of the outlet
pipe and distribution of the sound pressures over the volume of the series muffler

Then, the muffler transmission losses were calculated. The calculation results are
shown in Fig. 6.

Fig. 6 Muffler transmission losses, distribution of sound pressures over the muffler volume

The calculation results for the transmission losses taking into account thermody-
namic characteristics of the exhaust gas flow are shown in Fig. 7.
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Fig. 7 Muffler transmission losses taking into account thermodynamic characteristics of the flow,
distribution of sound pressures over the muffler volume

The calculation results for the transmission losses taking into account thermody-
namic characteristics of the exhaust gas flow and the aeroacoustic sources are shown in
Fig. 8.

Fig. 8 Muffler transmission losses taking into account thermodynamic characteristics of the flow
and aeroacoustic sources, distribution of sound pressures over the muffler volume

The transmission losses comparative diagram is shown in Fig. 9.
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Fig. 9 Muffler transmission losses comparative diagram

As it appears from Fig. 9, thermodynamic characteristics of the flow, especially with
aeroacoustic sources, have a significant impact on the transmission losses.

In order to improve the acoustic characteristics of themuffler based on the aeroacous-
tic calculation studies, the diameter of the bends was increased. The three-dimensional
model of the muffler prototype (a) and the results of the gas-dynamic calculations of the
turbulent flow kinetic energy are given in Fig. 10.

Fig. 10 a Three-dimensional model of muffler prototype; b distribution of turbulent flow kinetic
energy over volume; c distribution of turbulent flow kinetic energy over section
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The calculation results for the sound pressures from the aeroacoustic sources are
shown in Fig. 11.

Fig. 11 Sound pressure measured along the outlet pipe axis 50 mm away from the end of the
outlet pipe and distribution of sound pressures over the volume of the muffler prototype

The overall (integral) level of the muffler prototype is 105.8 dB (Fig. 11). The max-
imum sound pressure is found at the volute inlet and amounts to 90.4 dB at 175 Hz,
87.1 dB at 255 Hz, and 82.3 dB at 540 Hz.

Figure 12 shows the comparative diagram of the sound pressures from aeroacoustic
sources.

The overall level of the muffler prototype is ~ 10 dB lower than that of the series
muffler. Within the frequency range of 250–500 Hz, reduction of sound pressure ampli-
tudes up to 30 dB is observed. On the whole, reduction of sound pressure amplitudes is
observed almost across the whole frequency range.

4 Experimental Validation

In order to assess the adequacy of the calculation studies, experimental studies were
performed. The tests were performed on the horizontal straight road, and themicrophone
was located at the distance of 150mmaway from the exhaust pipemouth at the 45° angle.
Test mode: internal combustion engine crankshaft speed—5500 rpm, neutral mode of
the gearbox. The position of the microphones and test results are shown in Fig. 13.

A 10 dB sound pressure difference between the series and prototype muffler
design was detected, which proves the adequacy of the calculation studies. Due to the
optimization works, reduction of the aeroacoustic sources noise by 10 dB was achieved.
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Fig. 12 Sound pressure comparative diagram

Fig. 13 a microphone position on the vehicle, b experimental research results

5 Conclusion

1. The muffler aeroacoustic noise was calculated, and the areas with the maximum
sound pressure amplitudes were traced and localized.

2. The new muffler design providing noise decrease by 10 dB was developed.
3. The transmission losses, transmission losses with thermodynamic characteris-

tics, and transmission losses with thermodynamic characteristics and aeroacoustic
sources were calculated.

4. The significant impact of thermodynamic characteristics of the flow with aeroacous-
tic sources on the transmission losses was detected.

5. Experimental validation of the calculation confirming the adequacy of the calculation
studies was performed.
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Abstract. An approach to the formation of a methodological basis for the system
analysis of the dynamics of mechanical oscillatory structures based on frequency
functions anddamping functions is beingdeveloped.The argument of the functions
is the coefficient of connectivity of the forms of motion of mass-inertia elements.
The connectivity coefficient reflects the lever relationship of the parameters of the
generalized coordinates. Mechanical oscillatory systems that are not connected to
the support surfaces are considered. Mechanical oscillatory systems are formed
by two mass-inertia elements, a spring and a damper. The aim of the study is to
develop a method for constructing frequency functions and damping functions.
The method is based on the use of an energy ratio that relates the kinetic, potential
energy and the values of the energy dissipation function. The Lagrange formalism
is used for composing differential equations. To determine the forms of frequency
functions and damping functions, the so-called parametrizing function is used.
Frequency functions and damping functions for mechanical oscillatory systems
performing free movements are constructed. The graph-analytic evaluation of the
extreme properties of frequency functions and damping functions is carried out.
The possibility of the existence of four extreme values for frequency functions is
shown. A topological criterion for classifying the forms of graphs of frequency
functions and damping functions is proposed. The developed method can be used
to display the dynamic features of mechanical oscillatory systems that include
devices for converting movements.

Keywords: Mechanical system · Dynamics · Frequency function · Damping
function · Connectivity of movement · Extreme properties · Oscillation · Viscous
friction

1 Introduction

Mechanical vibration systems are actively used as design schemes for technical objects
operating under conditions of intense vibration loads [1–8]. Well-known approaches
to the evaluation of the dynamic properties of mechanical oscillatory systems include
methods based on energy relations [9, 10]. In particular, the concept of the so-called
frequency function was developed. The argument of the frequency function is a dimen-
sionless coefficient equal to the ratio of the amplitudes of the generalized coordinates of
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mechanical oscillatory systems [11–15]. The consideration of connectivity coefficients
finds application in the possibility of tincture and correction of vibration fields of trans-
port and technological machines [16, 17]. The physical interpretation of the coefficient
of connectivity of the forms of motion is the lever connection between the elements of
mechanical oscillatory systems.

At the same time, the methods for estimating the dynamic properties of mechanical
oscillatory systems, taking into account the forces of viscous friction, based on the
frequency function, require detailed consideration. In particular, the so-called damping
function can be introduced to account for viscous friction.

The proposed work is devoted to the development of methods for evaluating the
properties of mechanical oscillatory systems with viscous friction using the frequency
function and the damping function, which reflect the significant dynamic characteristics
of the system in extreme values.

2 Generalities. Problem Statement

Amechanical elastic-dissipative system with two degrees of freedom is considered. The
schematic diagram is shown in Fig. 1. It is assumed that the elements m1 and m2 make
small movements, taking into account the presence of three elastic elements k0, k1, and
k2 and three dampers b0, b1, and b2.

Fig. 1 Mechanical oscillatory system taking into account viscous friction

Generalized coordinates y1 andy2 denote the displacements ofmass-inertial elements
m1 andm2 relative to the positions of static equilibrium. The kinetic energy T , potential
energy �, and scattering function F have the form:

T = 1

2
m1ẏ

2
1 + 1

2
m2ẏ

2
2, (1)

� = 1

2
k1y

2
1 + 1

2
k2y

2
2 + 1

2
k0(y2 − y1)

2, (2)

F = 1

2
b1ẏ

2
1 + 1

2
b0(ẏ2 − ẏ1)

2 + 1

2
b2ẏ

2
2. (3)
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The system of Lagrange equations of the second kind for functions (1–3) takes the
form: {

m1ÿ1 + (b0 + b1)ẏ1 − b0ẏ2 + (k0 + k1)y1 − k0y2 = 0;
m2ÿ2 + (b0 + b2)ẏ2 − b0ẏ1 + (k0 + k2)y2 − k0y1 = 0.

(4)

Along with the solution of the system, we consider the movement y1 = y1(t),y1 =
y2(t) in the form:

�y = �Yept, (5)

where �y =
[
y1(t)
y2(t)

]
is the vector-function, �Y =

[
Y1
Y2

]
is the displacement vector,

p = σ + jω is the complex parameter, and t is the time variable. It is assumed that for
the initial conditions:

�y(0) = �Y , �̇y(0) = p�Y . (6)

The task is to develop amethod for constructing the frequency function and the damp-
ing function for evaluating the dynamic properties of mechanical oscillatory systems,
taking into account the forces of viscous friction on the basis of extreme properties.

3 Determination of the Frequency Function and Damping Function
Based on the Energy Ratio

The system (4) in the notation (5) has the form:[
m1p2 + (b0 + b1)p + k0 + k1 −b0p − k0

−b0p − k0 m2p2 + (b0 + b2)p + k0 + k2

][
Y1
Y2

]
= 0 (7)

Consider the matrices A, B, and C:

A =
[
m1 0
0 m2

]
,B =

[
b0 + b1 −b0

−b0 b0 + b2

]
,C =

[
k0 + k1 −k0
−k0 k0 + k2

]
(8)

In the notation (8), the system (4) can be represented as:

(p2A + pB + C)�Y = 0. (9)

Multiply the equality (9) scalar by the vector:

p2
〈
A�Y , �Y

〉
+ p

〈
B�Y , �Y

〉
+

〈
C �Y , �Y

〉
= 0. (10)

After substitution, p = σ + jω (10) will take the form of the energy ratio:

(σ 2 − ω2 + 2jσω)
〈
A�Y , �Y

〉
+ (σ + jω)

〈
B�Y , �Y

〉
+

〈
C �Y , �Y

〉
= 0. (11)
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We introduce a coefficient α that reflects the lever nature of the relationship between
the generalized coordinates of the system:

Y2 = αY1. (12)

The vector �Y can be represented as:

�Y = Y1�α, (13)

where �α =
[
1

α

]
. After substituting (13), expression (11) takes the form of a complex

expression:

(σ 2 − ω2 + 2jσω)Aα + (σ + jω)Bα + Cα = 0, (14)

where Aα = 〈A�α, �α〉, Bα = 〈B�α, �α〉andBα = 〈B�α, �α〉 are real functions of the argument
of coefficient α. Equality (14) can be represented as two expressions for the imaginary
and complex parts: {

ω2Aα = σ 2Aα + σBα + Cα;
2σωAα + ωBα = 0.

(15)

System (15) is considered as a form of determining the real frequency function ω(α)

and the real damping function σ(α) of the argument α.
If the friction forces are «small»:

B2
α < 4AαCα, (16)

the solution of the system (15) can be represented as:⎧⎪⎪⎨
⎪⎪⎩

ω2 = Cα

Aα

− (
Bα

2Aα

)2;

σ = − Bα

2Aα

.

(17)

Under the condition of «large» viscous friction forces:

B2
α > 4AαCα, (18)

the solution of the system (15) can be represented as:

ω = 0, (19)

σ1(α) = − Bα

2Aα

−
√

(
Bα

2Aα

)2 − Cα

Aα

, (20)
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σ2(α) = − Bα

2Aα

+
√

(
Bα

2Aα

)2 − Cα

Aα

. (21)

Specific analytical expressions of the frequency function and the damping function
are determined by the parameters of the mechanical oscillatory system. The choice
of specific values of mass-inertia coefficients, stiffness coefficients, and coefficients of
viscous friction forces determines the extreme values of the frequency function ω2 and
the damping function σ(α).

4 Forms of Frequency Functions and Damping Functions

To evaluate the extreme properties of the frequency function and the damping function,
a family of systems with parameters b1 = 0, b2 = 0, k1 = 0, k2 = 0 is considered. The
schematic diagram of the mechanical system is shown in Fig. 2. The peculiarity of the
system under consideration is the absence of connection of mass-inertia elements with
the support surfaces, provided that the mass-inertia elements are connected by an elastic
element and a damper (dyad).

Fig. 2 Schematic diagram of the dyad

The corresponding values Aα , Bα , and Cα have the form:

Aα = m1 + m2α
2, (22)

Bα = b0(α − 1)2, (23)

Cα = k0(α − 1)2. (24)

The critical values of the parameters separating the regions of “small” and “large”
viscous friction forces can be represented by the expression:

1

4
· (

b0(α − 1)2

m1 + m2α2 )2 = k0(α − 1)2

m1 + m2α2 . (25)

For each value b0, the subgraph domain defines a set of coefficients α for which the
condition of «small» of the friction forces is satisfied:

1

4
· (

b0(α − 1)2

m1 + m2α2 )2 <
k0(α − 1)2

m1 + m2α2 . (26)
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The condition of “small” frictional forces can be transformed to the inequality:

γ0 < M (α), (27)

where the value γ0 = b20
4k0

reflects the given characteristics of the system, and the value

M (α) = m1+m2α
2

(α−1)2
depends on the coefficient α and is called a parametrizing function.

The frequency function and the attenuation functions depend essentially on the ful-
fillment of the condition of smallness of the friction forces, which divide the areas of
determination of the corresponding functions into sets of coefficients of forms.

The icons shown in Fig. 3b–l, plotted on the function graphs in Fig. 3m–x, reflect the
topological features of the graphs of frequency functions and damping functions. The
characteristic forms include representations in the form of a single continuous smooth
curve with only one zero value, the presence of bifurcation points of one curve into two
curves, two disjoint curves or «rings», the graphs touching the boundary points of the
region (the function is equal to zero at a point or on an interval), etc.

Fig. 3 Features of frequency functions and damping functions: a—graph of the parametrizing
function; b−f—pictograms of frequency functions l−p; g−k—pictograms of damping functions
q−u; l−p—graphs of frequency functions; q−u—graphs of damping functions

Thus, the forms of the frequency function and the damping function, in particular,
extreme values and zero values, are determined by the features of the natural frequencies
and dissipative coefficients of damped movements of a mechanical oscillatory system
formed by two mass-inertial elements connected by a spring taking into account the
forces of viscous friction.
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5 Conclusion

Based on the results of the conducted research, a number of conclusions can be drawn.

1. A method for constructing the frequency function and the damping function for
mechanical oscillatory systems of the chain typewith two degrees of freedom, taking
into account the forces of viscous friction, is developed. It is shown that the forms
of the graphs of frequency functions and damping reflect in extreme values the
natural frequencies and dissipative coefficients of the forms ofmotion ofmass-inertia
elements.

2. It is shown that the frequency function and the damping function can be represented in
two forms, for “small” and “large” viscous friction forces, respectively. In particular,
for “small” viscous friction forces, the frequency function takes positive values and
the damping function has one negative component, while for “large” viscous friction
forces, the frequency function takes zero values and the damping function has two
negative components.

3. To determine the variants of the forms of frequency functions and damping functions
corresponding to the family ofmechanical systems of a given structure, themethod of
parametrizing functions is proposed, which compares the system parameters with the
forms of frequency functions and damping functions that have topological features,
which are a classification criterion for mechanical oscillatory systems.

4. It is shown that the forms of frequency functions and damping functions reflect the
structural features of mechanical oscillatory systems.
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Abstract. The paper presents the results of studying the process of separating
mineral raw materials into fractions in a vibration pneumatic gravitational separa-
tor containing a number of series-connected sections through which the classified
material passes. Based on the results of theoretical research confirmed by experi-
mental studies, we established that the separation efficiency of mineral raw mate-
rials increases exponentially with an increase in the frequency and amplitude of
vibration effect on the pneumatic separator body.With an increase in the amplitude
and frequency of vibrations of the separator body walls, there is a decrease in the
particle settling rate in the near-wall area,which increases the separation efficiency,
with the greatest effect achieved when the vibrator is installed on the separator
front wall. We found that the maximum separation efficiency of limestone waste
from the Khomyakovskoye deposit by the limit size of 1 mm is achieved with
the following combinations of the separator body vibration parameters: vibration
amplitude A = 2.5 mm; vibration frequency ω = 250 s−1.

Keywords: Pneumatic separator · Mineral raw material · Turbulent pulsations ·
Separator body · Vibration amplitude · Frequency

1 Introduction

It is known that processing mineral raw materials is impossible without generation of a
significant amount of waste, amounting to 20…30% of the total volume of mined rock
mass, which generally is sent to dumps, e.g., the dumps of carbonate quarries contain
from 30 to 50%of a valuable product that could be used by processing industries as fillers
for building materials and for other purposes [1–8]. Promising equipment for separating
dispersed materials by particle size, in terms of versatility, reliability, and quality of the
resulting products, is a machine containing a vibration pneumatic gravitational separator
[9].

The performance of such a machine depends, first of all, on the design of the pneu-
matic separator, the physical and mechanical properties of the material separated, the
relationship between the machine parameters, and other factors. A promising trend in
the separation technology is cascade separation in one apparatus consisting of several
series-connected sections through which the classified material passes [9]. This design
of a pneumatic separator allows for achieving greater separation efficiency due to the
repeated classification process in each of the individual sections of the machine.
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The machine that implements the above scheme of switching on the separation
sections is a zigzag separator [10]. Its high separation efficiency is ensured through
many repetitions of the separation process in series-connected sections.

A further development of the zigzag classifier is a pneumatic separator with a cascade
of solid inclined shelves installed alternately in height on two opposite sides of a section
[10]. Figure 1 shows the layout of a single section of the shelf pneumatic separator in
space. The raw material inside the section is blown from the bottom by a stream of air
“B”. In this case, large pieces of “K” slide down the inclined shelves under the action of
gravity and settle on the separator bottom, whereas fine product “M” is carried upward
by the air flow. It was established that the separation efficiency in turbulent air flows
is increased by 8% [11]. The drawbacks of such machines include high aerodynamic
resistance (1…2 kPa) and adhesion of wet separable material under the shelves.

Fig. 1 Layout of an individual section of the pneumatic separator in space

One of the ways to optimize the classification process in a pneumatic separator is
applying vibration effect on the separated bulk material (Fig. 2) [10], as it was imple-
mented in the vibro-pneumatic classifier by the Alpine company (Germany). The raw
polydisperse material “I” is fed into the separator through pipe 1 and falls on vibrat-
ing screen 2. The material is blown by an upward air stream “B” and is simultaneously
exposed to vibration.Under the action of the upward flow, small particles passing through
the battery of zigzag Sects. 4 are carried upward by air “B + M” to pipe 5. Large par-
ticles “K”, on which gravity acts more strongly, fall down into pipe 3. Vibration effect
on the distribution grid 2 of the pneumatic classifier, along with simultaneous blowing
with air, allows for creating a suspended vibrating layer of material where an intensive
loosening of small and wet particles occurs, the hydraulic resistance of the system is
sharply reduced, the structure of the layer boiling improves, and good conditions are
created for sorting and separating dust particles.

Studies show that, in the separation chamber of a pneumatic separator, at air flow
rates that are sufficient to carry away fine particles, some fine particles fall down, against
the flow direction. Particle settling occurs mainly in the near-wall area of the chamber.
This effect is enhanced and constantly maintained by the radial movement of particles
in the ascending air flow, which is facilitated by turbulent pulsations, local pressure
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Fig. 2 Layout of the Alpine vibro-pneumatic separator (Germany): 1—raw material pipe; 2—
vibrating screen; 3—large product pipe; 4—battery of zigzag sections; 5—air outlet

irregularities, rotation of particles, and their mutual collision. In [12–17], it is noted that
a particle in the near-wall area can be longitudinally displaced along the walls without
leaving this area. It was established that such a displacement is short in time with an
upward motion of the particle and long in time with its downward motion. Fine fractions
settling in the near-wall area provide their abundant ingress into the large-sized product
and a decrease in the separation efficiency.

In the above papers, the authors suggest switching the two-phase flow into unsteady
modes of movement in the separator’s separation chamber in order to increase the clas-
sification efficiency of bulk materials in a gravitational pneumatic separator. It is noted
that such unsteady two-phase flow movement mode can be obtained in different ways:
by sharp deceleration, by turning the flow, or by introducing obstacles into the flow.
In this way, vortex formation and transition to a turbulent flow mode are initiated in
the separation chamber. Favorable conditions for separating bulk material are created
in flows with the following parameters of their turbulent structure: turbulence must be
of high intensity, because this provides the greatest difference in the speed of small and
large fractions; turbulent vortices must have a minimum transverse dimension, because
large vortices cause mixing of particles, which deteriorates the separation conditions.

In terms of theory of liquids and gases, the vortex size in a turbulent flow of a
continuous medium is usually called the turbulence scale. To optimize the separation
process, every possible reduction in the two-phase flow turbulence scale is required,
which is achieved by minimizing the geometric dimensions of separation chambers. It
has been proved that inclined shelves installed in a cascade separation chamber equalize
the particle concentration profile due to theirmultiple removals from the near-wall area to
the flow center. The scale of turbulent pulsations is minimized by reducing the geometric
dimensions of cascade sections.

Therefore, we can argue that an increase in the particle settling rate of a two-phase
flow in the near-wall area is provided by a decrease in the gas pulsation rates due to an
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increased concentration of particles in this area. An increase in the particle concentration
near the walls limiting the two-phase flow is due to migration flows of particles and a
decrease in the diffusion qualities of the turbulent two-phase flow in the near-wall area.
Ascending and turbulent migration flows are due to the Magnus effect and the gradi-
ent distribution of the transverse component of the carrier gas flow pulsating velocity,
respectively [10].

In [18–22], the authors study separation of limestone quarry waste by the limit
separation size of 0.63–1 mm. They note that, the upper limit of the range in pneumatic
separators reaches 1 mm. The foregoing allows us to conclude that all fine product of
limestone quarry waste separation, moving in a separation chamber, acquires a pulsating
velocity and, accordingly, performs a migration movement toward the chamber walls.
It is stated that the main hydrodynamic factor affecting the concentration distribution
of separated particles in the cross section of the pneumatic separator channel is the
migration movement of particles. As applied to cascade separators with transfer shelves,
the author believes that, in the presence of such transfer shelves, particle movement
patterns become much more complex; therefore, it is possible to consider the dynamics
of a two-phase flowwith sufficient accuracy only in equilibrium gravitational pneumatic
separators.

The studies aimed at assessing the benefits of vibration exposure during pneumatic
separation were limited to the study of vibration of the distribution grid, disregarding
the possible positive effects of the separator body vibration. The lack of research in
this field prevents their widespread use at enterprises processing mineral raw materials;
therefore, assessing the nature of changes in the pneumatic separation effectiveness
when vibrations are applied to the separator walls to prevent fine particles settling in the
near-wall area of the separation chamber is of interest.

2 Researches Objects and Methods

To determine the separation efficiency on a vibration pneumatic separator, we used the
Hancock’s Formula [11]:

E = γM ·
(

β

α
− b

a

)
, (1)

where γM is the fine product yield, %; β is the content of fine fractions in a fine product
sample, %; α is the content of fine fractions in a raw material sample, %; b is the content
of coarse fractions in a fine product sample, %; a is the content of coarse fractions in a
raw material sample, %.

As a result of solving the problems posed using the apparatus for researching two-
phase flows in closed channels [22–38], we have formulated the dependence of the
separation efficiency of fine fractions of mineral raw materials on some parameters of
vibration pneumatic separation [18]:

E = D1 + D2A2um
√

ω exp
{
D3

√
ω

}
1 + c

, (2)
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where A is the vibration amplitude of the body walls, m; ω is the vibration frequency of
the body walls, s−1; um is the air flow rate, m/s; c is the weight concentration of material
in the separation chamber, kg/m3; D1, D2, and D3 are coefficients, the values of which
are determined depending on the particle size distribution and physical and chemical
properties of the mineral raw materials being separated.

To check the results of theoretical studies in assessing the effect of the pneumatic sep-
arator body wall vibrations on the ascending finely dispersed turbulent flow, we created
an experimental machine for separating mineral raw materials, including a pneumatic
separator with inclined shelves (Fig. 3).

Fig. 3 Schematic diagram of a cascade shelf pneumatic separator

Asmineral rawmaterial,weused limestonewaste from theKhomyakovskoyedeposit
with a particle size of 0…10 mm, a bulk density of 2.4 tons/m3, and a moisture content
of 2…4%.

Raw material “I” is fed from feeder 4 to distribution grid 2. Large particles move
to hopper “K”, whereas small and part of large particles, being caught by the air flow
penetrating through the grid cells fromair blower 5, are carried upward into the separation
chamber to battery of separation sections 1. Under the effect of the separator body
walls vibration from self-balanced vibrator 11, oscillatory motion of a two-phase flow is
generated, which provides an additional classification of particles. Large particles along
the walls are sent to hopper “K”, whereas fine particles with air are sent through throttle
valves 6 into cyclone 3 and further into hopper “M”. Coarse product gate 9 and fine
product gate 10, that are installed on the outlet pipes, as well as common gate 8, allow
for maintaining the required air flow parameters in the separator. Additional control is
ensured through inspection windows 7.
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We changed the following parameters, the range of which was determined based on
the results of preliminary studies: vibration amplitude A = 0.5…3 mm and vibration
frequency ω = 100…300 s−1. The air flow rate and the material weight concentration
in the separation chamber have been determined based on the results of preliminary
studies, being equal to um = 5.44 m/s and c = 1.5 kg/m3, respectively.

As a result of our research, we obtained a regression equation that describes the
dependence of the separation efficiency on the above parameters:

E = −1, 58 · 10−4ω2 + 0, 1147ω + 2, 16 · 106A2 + 841, 8A + 9, 417c2 − 55, 16c
−3, 03u2m + 33, 93um + 28, 26.

(3)

The coefficients used to determine the theoretical values of the separation efficiency
are: D1 = 196.3; D2 = 3.101·104; D3 = 9·10–2, respectively.

As a result of designing a simplex experiment, we have established the most rational
values of the vibration amplitude and frequency of the separator body walls: A= 2.5 mm
and ω = 250 s−1.

It is obvious that, with an increase in the vibration amplitude and frequency of the
separator body walls, the particles settling rate in the near-wall area decreases, which
enhances the separation efficiency, with the maximum effect achieved when installing
the vibrator on the separator front wall. This can be explained by the turbulent movement
of the carrying gas flow in the near-wall area due to the vibration effect from the front
wall. Vibration of the pneumatic separator walls equalizes the particle concentration over
the channel cross section and, consequently, reduces the amount of settled fine particles.

3 Conclusions

1. Our analysis of the process of turbulent pulsations of a two-phase flow in the sep-
aration chamber of a shelf pneumatic separator allows us to identify the nature of
changes in the particles velocities in the near-wall space and to find that vibration
effect on the separator body decreases the rate of particles settling on its walls.

2. The maximum separation efficiency of limestone waste from the Khomyakovskoye
deposit by the limit size of 1 mm is achieved with the following combinations
of vibration parameters of the separator body: vibration amplitude A = 2.5 mm;
vibration frequency ω = 250 s−1.
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Abstract. Due to the increasing use of renewable sources for generating electric-
ity and the large-scale operation of wind power plants, the problem of efficient
use of wind energy arises. An analysis of the most common horizontal-axial wind
turbines (HAWT) shows that this type of installation has some disadvantages. One
of these disadvantages is the need to ensure the collinearity of the rotor axis of
the WT and the wind direction. Failure to comply with this requirement in the
operation of WT leads to a decrease in efficiency due to inadequate use of wind
potential. To ensure the alignment of the wind direction and the rotor, the WT
uses a yaw control system based on an anemorumbometer. However, when the
WT rotor rotates, there is a deviation of the air flow due to the bending of the
moving WT blade. As a result, the anemorumbometer located in the upper part of
the WT nacelle behind the rotating rotor determines the wind direction with some
error, which is why the yaw control system turns the wind turbine rotor with some
deviation from the optimal direction, which leads to a decrease in the efficiency of
wind energy conversion. The aim of the presented work is to study the flow of air
flow behind the rotor to determine the magnitude of the resulting error in various
modes of operation of the WT.

Keywords: Wind power · Weather vane · Blade · Anemorumbometer ·
Aerodynamic profile · Vortex

1 Analytical Description of the Problem

WT require the orientation of the rotor in thewind direction in order to obtain the greatest
power generation. The orientation is either passive (due to the presence of a weather vane
rigidly connected to the nacelle), but for large turbines this approach is not acceptable
due to the large mass of the rotor. In this regard, active orientation is used with the help
of an anemometer located at most turbines on the back of the nacelle. The turbine power
can be expressed using the following system of equations:

Pmax = 0.5 · ρ · Ar · Cp · V 3
p ; (1)

Vp = V0 · cos θE . (2)
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Equation (1) shows that the maximum power (Pmax) that can be captured by the
turbine depends on the wind speed perpendicular to the swept area of the rotor (Vp),
taking into account the air density (p), the rotor area (Ar), and the power factor of thewind
turbine (Cp). In Eq. (2), the perpendicular component of the wind speed is expressed in
terms of the wind speed of the free flow (V0) and the cosine of the yaw error angle (θE)
between the exposed direction of the turbine and the direction of the wind flow vector.
Combining these two equations means that if there is a yaw error, the power decreases
by the cube of the cosine of the yaw error.

To clarify the cosine dependence, field tests were conducted with LIDAR systems
[1–3]. LIDAR equipment was installed on a rotating rotor to measure wind flow param-
eters before installation. An alternative measurement of wind speed and direction was
carried out using an anemorumbometer mounted on the nacelle and additionally a rumba
anemometer mounted on a free-standing weather mast (met mast). The results of pro-
cessing empirical data [4–6] generally showed that in any case, the orientation mismatch
reduces the power of the wind turbine, but the relationship can be cosine-squared. How-
ever, it was not reliably found out how accurate the orientation of the rotor was, how the
incoming flow deviates from the main direction, how much the wind speed decreases
under the influence of the installations in front of the wind farm, etc.

2 Results of Experimental Studies

To confirm whether LIDAR improved the rotor orientation, a comparison was made
between the rotor position and the wind flow direction. However, since the wind direc-
tion is not explicitly known, comparisons were made with wind direction measurements
using three instruments: LIDAR, a rumba anemometer on the nacelle, and an anemo-
rumbometer on the weather mast to determine the overall trend. Figure 1 shows the
mismatch of the rotor orientation compared to the wind direction measurement using
LIDAR, as well as the met rumba anemometer. masts as a function of the turbine rotor
speed.

The left diagram shows the orientation mismatch whenmeasuring LIDAR. The right
diagram shows the orientation mismatch when measuring the rumba anemometer on a
weather mast. For the anemorumbometer controller on the nacelle, the orientation offset
correction function was not applied (if the orientation correction function had been
applied, the reading deviation would have been lower).

The graphs show an orientation error when using the anemorumbometer on the
nacelle in almost all cases around 20°, while LIDAR operates with an error close to
zero.

Moreover, the orientation error from the anemorumbometer on the nacelle does
not depend on the speed of rotation of the rotor. This result contradicts many other
experiments [7].

An analysis of the efficiency of LIDAR measurements with registration of the wind
turbine output power is shown in Fig. 2.

It can be seen that in the case of LIDARmeasurements, the orientation at pre-nominal
wind speeds is better and, accordingly, the power of the wind turbine is higher. At higher
wind speeds, the situation is uncertain due to the smaller number of measurement data.
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Fig. 1 Plot of the rotor orientation mismatch depending on the rotor speed: for the anemorum-
bometer controller on the nacelle (red) and for the LIDAR controller (blue)

Fig. 2 WT power graph for different wind speeds: when oriented with the anemorumbometer
controller on the nacelle (red) and when oriented with the LIDAR controller (blue)

3 Modeling of Aerodynamic Flows

The main technical characteristics of the Siemens HAWT: SWT-3.6–120 with the blade
profile B52 [8], given in Table 1, are used as the basis for constructing computer models
for conducting research.

The following factors served as a justification for the choice of this WT:
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Table 1 Main technical characteristics of WT Siemens: SWT-3.6–120

Rotor Blade Operational data

Parameter Data Parameter Data Parameter Data

Type 3-bladed,
horizontal
axis

Type B52 Cut-in wind
speed

3–5 m/s

Position Upwind Length 58.5 m Nominal
power

at 12–13 m/s

Diameter 120 m Chord in
comle

4.2 m Cut-out wind
speed

25 m/s

Swept area 11,300 m2 Aerodynamic
profile

NACA63.xxx,
FFAxxx

Maximum 2 s
gust

70 m/s (IEC
version)

Speed
range

5–13 rpm Material GRE Tip speed
ratio

5 modules

Power
regulation

Pitch
regulation
with variable
speed

Coverage Semi-matt, < 30
/ ISO2813

Rotor tilt 6 degrees Color Light gray, RAL
7035

• the most common unit capacity of wind power plants in wind farms, which make
the main contribution to the generation of electricity by the global wind industry is
2–4 MW;

• the typical location of the anemorumbometer is on the conventionally horizontal
surface of the nacelle, in its rear part (the inclination of the nacelle in relation to
the rotor axis is usually 0…120 degrees);

• characteristic structure of the blades (in the analysis, only the blade stack, which has
a cylindrical cross section is involved).

Figure 3 shows the location of the anemorumbometer on the nacelle to determine the
direction and speed of the wind, as well as the level of location of the devices relative to
the blade.

In studies, the location of the anemorumbometer based on the manufacturer’s
technical data and clarifying measurements is taken as follows:

• the distance from the rotor (blade) to the anemorumbometer is 13m (along the X-axis,
as will be accepted in the future);

• height above the nacelle—3 m (on the Y-axis, as will be accepted in the future).

However, these are conditional values intended for modeling only. In practice, these
values will be different for different wind turbines.
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Fig. 3 Location of the wind speed and direction sensor (anemorumbometer) at a distance of 13 m
from the rotor and at a height of 3 m (data taken for modeling)

The model of the HAWT based on a serial product manufactured by Siemens SWT-
3.6–120 with a blade profile B52 is built in the SolidWorks 3D software package. The
three-dimensional geometric model is shown in Fig. 4. The adequacy of the model
is confirmed by comparing the overall characteristics of the model and the prototype
SWT-3.6–120 manufactured by Siemens.

Fig. 4 HAWT model SWT-3.6–120 in solidworks flow simulation
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Mathematical modeling of the gas movement in the region of the wind turbine power
plant in accordance with [9–24].

4 Investigation of Air Flow Disturbance by the Rotor of a Wind
Power Plant

The conditions for blowing are defined as follows: the rotor moves at a constant speed,
the value of which is determined on the basis of the main reference points of wind
speed—pre-start speed of 3 m/s, starting speed of 5 m/s, nominal speed of 12 m/s,
and post-nominal speed of 25 m/s. Speed (the ratio of the linear speed of the end of
the blade to the wind speed) is assumed to be Z = 5 based on the manufacturer’s
information. The parameters are taken from [3]. The mast of the HAWT is stationary,
the rotor rotates counterclockwise when viewed from the front. The nominal angular
rotor speed ω corresponds to the rated wind speed of Vw = 12 m/s at specific speed Z =
5 modules, which corresponds to the best characteristics of contemporary wind turbines
and represents the ratio of the linear velocity of the end of the blade to the wind speed
(rotor radius R was taken equal to the length of the blade):

ω = Z · Vw

R
= 5 · 12

58.5
= 1.03

[
rad

s

]
. (3)

The obtained angular velocity corresponds to a rotation frequency of 9.7 rpm, which
in turn satisfies the operating range of the rotor speed of the studied HAWT of 5–13 rpm.
Thus, the choice of speed Z = 5 modules can be considered reasonable. The wind speed
for blowing the rotor is selected based on the characteristics of the HAWT. The nominal
speed of rotation of this WT is taken 12 m/s.

5 Conclusions

The result of the study is the degree of deviation of the wind flow � from the vertical
plane passing through the axis of symmetry of the rotor, the axis of the mast and the
anemorumbometer. Figure 5 shows comparisons of simulation results at wind speeds of
7 and 12 m/s.

The theoretical analysis of the analytical dependences of the wind power plant per-
formance showed the presence of a significant influence of the wind flow direction on
the amount of generated power—an orientation error can lead to a decrease in power in
cubic dependence on the cosine of the yaw error.

There are no published studies on how accurate you want the orientation of the rotor
the velocity vector of the incoming flow as deflected velocity vector from themainstream
and how decreases the module of the velocity vector under the influence of the front
facing in wind farms installations.

There are some published research results that suggest that the orientation error
from the anemorumbometer on the nacelle does not depend on the speed of rotation
of the rotor. However, these results contradict many other experiments. Thus, there is
uncertainty in the issue under study, which justifies the need for additional research.
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Fig. 5 Simulation results at 7 m/s (a) and 12 m/s (b)

Other published data suggest that when using an anemorumbometer on a nacelle,
the orientation error is about 20°, while LIDAR shows a smaller error. However, there
is no reliable data on the magnitude of this error due to the lack of measurements of the
actual values of the air flow parameters.

Preliminary numerical simulation of the air flow showed that the main mass of air
passing near the nacelle has a significant effect only on the part of the swept area, which
is a circle with a radius r ≤ 0.25 R, where R is the length of the blade. The result of
preliminary modeling allowed us to narrow the study area and reduce the requirements
for computing resources while reducing the calculation time.

As a result of detailedmodeling of the air flow around the nacelle, the dependences of
the angle of deviation of the air flow velocity vector in the vertical plane passing through
the axis of symmetry of the rotor, the mast axis and the anemorumbometer for different
wind speeds are obtained. The results showed that, despite the large number of different
vectors, the main direction of flow at the location of anemorumbometer diverges by 5°
to 20°, depending on wind speed and rotor speed wind turbine.

For further studies of the air flownear the anemorumbometer, it is planned to consider
cases with other wind speeds, including limit ones, as well as with different values of
the rotor speed, as well as to obtain results using more complex numerical models and
compare them with each other to confirm the reliability of the results.
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Abstract. Since 2019, arctic studies are actively developing in Russia and the
world. It is obvious that the development of technologies to create and implement
not just renewable energy sources, namely renewable energy sources capable of
operating in the Arctic, is becoming particularly relevant today. Space weather
is a significant factor that can have a negative impact on renewable energy, in
addition to the harsh climate. The paper provides an analysis of the impact of
geoinduced currents on the operation of traditional power plants and wind farms.
It has conducted a correlation analysis of experimental data obtained from one
of the turbines of Surgut GRES-1 and data on the AE index, characterizing the
intensity of Auroral currents, to establish the relationship between the functioning
of electromechanical systems and geomagnetic disturbances. The factors leading
to malfunctions at renewable energy facilities, as well as at traditional electricity
facilities, have been analyzed.

Keywords: Renewable energy sources · Geoinduced currents · The measuring
complex · Heavy engineering

1 Introduction

Since 2019, arctic studies are actively developing in Russia and the world. It should be
mentioned Arctic Strategy Congress Department of Defense, Sustainable Development
in the Arctic, Arctic Contamination Action Program, etc.

Russia adopted the state energy development program in 2019, with the imple-
mentation period expected to be completed by 2024. The aim of the program is two
aspects:

1. Maximizing assistance to the country’s socioeconomic development, which plays a
significant role in the formation of revenues of the Russian budget;

2. Strengthening andmaintaining the Russian Federation’s position in the world energy
sector.
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Achieving this goal requires an accelerated transition to more efficient, flexible and
sustainable energy [1].

In addition to the above-mentioned program, in 2020, the Russian President’s Decree
of October 26, 2020,№ 645 approved the strategy for the development of the Arctic zone
of the Russian Federation and national security for the period up to 2035. This strategy,
among other things, highlights a high proportion of local electricity generation based on
the use of economically inefficient and environmentally unsafe diesel fuels as the main
dangers, challenges, and threats that pose risks to the development of the Arctic zone
and national security.

It is obvious that the development of technologies to create and implement not just
renewable energy sources, namely renewable energy sources capable of operating in the
Arctic, is becoming particularly relevant today.

The issue of GWEC1 Global Wind Report [2]:

• The total capacity of all wind farms in the world now exceeds 651 GW;
• The share of offshore wind power from the total number of new installations also
became a record and amounted to 10% [3].

On this background, the need for innovative solutions in the field of information
and metrological support and measuring technologies that contribute to the transition
from monitoring to forecasting the assessment of the technical condition of basic and
auxiliary equipment in the field of heavy engineering in the process of operation and
energy is growing sharply [4, 5].

At the present stage of scientific and technological development, all conditions have
been created for the implementation at a new metrological level of intelligent measuring
complexes to support the life cycle of complex technical systems using intelligent mea-
suring learning systems and artificial intelligence, taking into account not only techno-
logical factors (internal), but also external (heliogeophysical, geomagnetic, ionospheric,
and seismic measurements). In such conditions, it becomes necessary to achieve a level
of information andmetrological support of the technosphere that meets the requirements
of its development in the context of the fourth industrial revolution.

In the last decade, a new phase of studying the impact of space on various human
activities has begun. Space weather, which refers to a set of processes occurring in the
sun and in space, poses direct risks to the normal functioning of natural, technological,
and biological systems located on Earth and in near-Earth space.

On the one hand, the Arctic regions of Russia have significant potential for the
development of wind turbines. The average wind speed in many regions is about 6–7 m
/ s, which contributes to the development, in particular, of wind energy. However, on the
other hand, there are the harsh climatic conditions of the Arctic, which characterized by
very low temperatures, gusty winds, and, as a consequence, a minimum of maintenance
[6, 7].

1 GWEC—Global Wind Energy Council, https://gwec.net/gwec-over-60gw-of-wind-energy-cap
acity-installed-in-2019-the-second-biggest-year-in-history/.

https://gwec.net/gwec-over-60gw-of-wind-energy-capacity-installed-in-2019-the-second-biggest-year-in-history/
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Space weather is another significant factor that can have a negative impact on renew-
able energy sources. The study of its influence on the technosphere is one of the devel-
oping directions in science. Until now, the consequences that can lead to changes in the
Earth’s magnetic field in relation to electromechanical systems have not been studied.

The territory of the Arctic is located in the so-called auroral zone. The auroral zone
is a strip of latitudes where the most powerful magnetic disturbances and the brightest
auroras recorded. The auroral zone in Russia and Northern Europe mainly passes over
the Arctic Ocean [8].

The solar wind is the source of geomagnetic storms. It is formed by charging particles
emitted by the sun. During a storm in space weather, the magnetosphere-ionosphere
system becomes severely disturbed, containing intense and rapidly changing flows. The
so-called auroral zone (auroral electrojet) arises—an electric current in the area of the
auroral oval, directed westward at night and morning hours, and eastward—at evening
hours and according to Faraday’s law of induction, a geoelectric field is induced on the
surface of the Earth. This geoelectric field creates geoinduced currents (GIC) in ground
technological networks [9]. The GIT is a quasi-constant current. The duration of the
flow through the power grids ever recorded by GIT ranges from hundreds of seconds to
tens of hours and the highest recorded value of GIT is 320 A [10]. Such currents can
lead to negative consequences for electric power facilities. The works [11–15] provide
descriptions of the recorded accidents on electrical networks that occurred due to the
occurrence of GIT in them.

2 The State of Wind Power

The paper [16] presents an analysis of the development of the field of wind power
and hydropower in the Russian Federation and substantiates the possibility of using
measuring phase-chronometric technology for renewable energy facilities, such as wind
turbines and hydroelectric units.

According to studies of wind turbines and their downtime (more than 24,000 wind
turbines were investigated, the results published by Durham University) found that the
failure rate per wind turbine is between 0.2 and 0.5, and the greatest number of failures
observed in responsible structural parts, among them should be noted [16, 17]:

• Electric systems;
• Control systems;
• Hydraulic systems;
• A weathervane control system;
• Wind turbine blades;
• Gearboxes;
• Generator, etc.

From the results of the study, it should be noted that electrical systems have the
greatest frequency of failure, failure of transmissions leads to the longest downtime, at
the same time gearbox failures, broken blades, and transmission failures lead to 95% of
equipment outages.
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3 The Measuring Technology to Monitor the Technical Condition
of Gearboxes and Rolling Bearings During Operation

As noted in [16], the results of experimental studies are presented depending on the
type of wear of gear wheels and the results of measuring the magnitude of wear in polar
coordinates.

The accuracy of measuring the wear of the teeth is within ± 0.15%. At the same
time, it is obvious that the changes in the EMF value during natural wear of the working
surface of the tooth will be smooth, and all volumetric changes such as chipping or tooth
breakage will give abrupt changes in the EMF of the sensor. Figure 1c shows an example
of diagnosing a breakdown of the 15th tooth of a gear.

Fig. 1 Results of measurements of the respective teeth of the serrated wheels, depending on the
type of wear in the polar coordinates: the circumference—the number of the tooth, the axis of the
residents—the result of measuring the size of the tooth by the dividing circle

Figure 2 shows a graph of the change in the measuring signal of the transmitter coil
of the induction sensor over time, depending on the wear of the tooth.

Measuring informationphase-chronometric technologies allowsolving the following
tasks:

• Control of the parameters of natural abrasive wear of the working surfaces of the teeth,
their possible chipping;

• Control of tooth breakage;
• Measurement of tooth wear during operation;
• Evaluation of the parameters of the gearing;
• Evaluation of the gearbox (gearbox, etc.).

To obtain reliable information about the operation of a bearing, a systematic approach
is required, including:

• Development of test methods based on common scientific principles for all stages of
the object’s life cycle;

• Application of the minimum nomenclature of measured physical quantities;
• Creation of a unified methodological approach to assessing the current technical
condition of rolling bearings.
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Fig. 2 Graph of the change in the measuring signal of the transmitter coil of the induction sensor
in time depending on the wear of the tooth

Expensive bearing testing is a problem, especially for large ones from a commer-
cial batch. In this regard, the task is to develop methods for researching bearings and
accelerated test procedures. Tests accompany all stages of the bearing life cycle, and
the current unsatisfactory situation in the development of structures is associated with
a lack of scientific knowledge and a low metrological level of traditional methods and
diagnostic tools.

Thegeneralized functionof changing the time intervals of a roller bearing is presented
by introducing for all rollers the connection between the changes in the angle of rotation
with the corresponding change in the time interval:

�Tn = f (�ϕ1, �ϕ2, �ϕ3, . . . �ϕn ,�Nn,�Fn), (1)

where n—the number of rolling elements,�ϕ—the angle of the center of the rolling
bodies relative to the center of the bearing rings, and�N—an additional load associated
with the functioning of the rolling bearing (e.g., for the tow bearing impact when passing
the arrow wheeled pair).

4 Implementation of Metrological Support for Heavy Engineering
Facilities in the Far North

To establish the relationship between the functioning of electromechanical systems and
geomagnetic disturbances, a correlation analysis of the experimental data obtained at one
of the turbine units of the Surgutskaya GRES-1 and data on the AE-index characterizing
the intensity of auroral currents was carried out. The AE-index is used in the study of
geomagnetic activity at high latitudes and is widely used as a characteristic of changes
in the geomagnetic environment in general [18, 19].
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Table 1 Periods of time under consideration

Date Time

15.06.2010 02:00 – 02:50

15.06.2010 16:00 – 16:50

15.06.2010 22:00 – 22:50

16.06.2010 00:00 – 00:50

16.06.2010 02:00 – 02:50

16.06.2010 04:00 – 04:50

16.06.2010 14:00 – 14:50

16.06.2010 16:00 – 16:50

17.06.2010 08:00 – 08:50

17.06.2010 12:00 – 12:50

17.06.2010 14:00 – 14:50

For consideration were selected data in the periods presented in Table1.
The experimental data obtained at one of the turbine units of the Surgutskaya GRES-

1 are the time intervals obtained using the phase-chronometric system developed at the
Moscow State Technical University. N.E. Bauman.

The World Center in Japan stores and processes the AE index values [18]. In Fig. 3
is shown a view of the data from this center:

Fig. 3 Data from the World center in Kyoto, Japan

The criterion of Pearson, Kendall, Fechner, etc., is used as criteria for the correlation
analysis. One of the key limitations when using this or that correlation coefficient is the
need for the set of values of all factorial and effective indicators to obey the multivariate
normal distribution.

In this paper, the correlation coefficients of Spearman andKendallwere considered. It
was found that the correlation for both Spearman and Kendall is observed on 06/16/2010
in the time period from 02:00 to 02:50, and on 06/17/2010 in the time period from 14:00
to 14:50. The values of the correlation coefficients are given in Table 2.
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Table 2 Correlation ratios

16.06.2010, 02:00 to 02:50 17.06.2010, 14:00 to 14:50

Spearman’s correlation
coefficient

Confidence
probability

Spearman’s correlation
coefficient

Confidence
probability

−0.383 P = 0.994 −0.387 P = 0.994

16.06.2010, 02:00 to 02:50 17.06.2010, 14:00 to 14:50

Kendall’s correlation
coefficient

Confidence
probability

Kendall’s correlation
coefficient

Confidence
probability

-0,252 P = 0.990 −0.267 P = 0.993

When designing renewable energy for the Arctic zone, it is necessary to take into
account all the main factors leading to malfunctions at the electricity facilities at present.
To do this, an analysis of accidents at thermal power plants for 2019—on the one hand,
and analysis of accidents at wind farms between 1980 and 2013—on the other hand was
carried out.

The choice of thermal power plants as a facility for analysis is conditioned by the
fact that the share of thermal power plants in 2019 accounted for about 70% of all
electricity generated in the Russian Federation. Because of this analysis, it was found
that all accidents could be divided between three groups of factors [20]. These groups
included:

• Errors of service personnel;
• Defects in the electrical part;
• Defects in the mechanical part.

Table 3 shows faults identified during the analysis of accidents at thermal power
plants.

During the analysis of accidents at wind farms, it was found that all accidents can
be divided into the following categories [21]:

• The accidents that occurred due to non-compliance with safety regulations when
servicing the wind generator;

• The accidents related to natural phenomena. Such accidents can be caused by natural
disasters:

• Lightning
• Typhoons
• Hurricanes
• Icing
• Erosion, etc.
• The accidents caused by poor control and installation at the production site.
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Table 3 Malfunctions in the operation of thermal power plants

Mistakes of service personnel Defects in the electrical part Defects in the mechanical part

Wrong connection of stator
winding turns (the winding is
connected not by a star, but by
a triangle)

The voltage on the engine
clamps is below par, so the
engine is overloaded with
electric power at nominal
power

Rotor defects (sudden change
in the vibration of the turbo
generator bearing supports due
to the break of the blade of the
feather)

The contacts of the same phase
are incorrectly connected; one
or more coils “inverted”

A break in one phase of the
network or an internal
precipice in the winding of
the stator

Break of the stud of the
horizontal connector of the
medium-pressure cylinder case

The mechanical imbalance of
the turbine after the
replacement of the blades and
defect in the assembly of the
clutch (the cause belongs to
two groups)

Short circuit in the winding
of the stator

The mechanical imbalance of
the turbine after the
replacement of the blades and
defect in the assembly of the
clutch (the cause belongs to
two groups)

Thus, the extensive study andmeasurement ofGITparameters is one of the promising
and key areas of metrological support for the functioning of objects in the Arctic and
the Far North.

5 The Implementation of a Measuring Complex for Heavy
Engineering Objects in the Far North

Consider inmore detail all levels of implementation of such a system. Themain elements
of building such a system should be:

• A unified approach and concept within the industry sector and typical design solu-
tions (thermal power, hydropower, railway transport, aviation, metallurgy, oil and gas
production, etc.);

• Implementation of the measuring (instrumental part of the system), providing the
required level of accuracy, depending on the object under study and the processes in
it;

• Implementation of an integrated approach to informationmetrological support of facil-
ities at the level of one production link (section-shop-plant, hydraulic unit-machine
room-station, etc.) with the transfer of information to analytical decision-making
centers;

• Implementation of the unified centralized system for monitoring and diagnostics of
support for mechanical engineering facilities in the digital economy.

According to the results obtained, a common factor leading to malfunctions, both at
the facilities of the traditional electric power industry and renewable energy sources, is
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personnel errors that occur during the maintenance of power plants. For the conditions
of the Arctic zone—this factor is especially important, due to the minimummaintenance
by personnel.

Figure 4 shows an example of the implementation of the measuring complex of
heavy engineering facilities in the Far North.

Fig. 4 Scheme of a measuring complex for heavy engineering facilities in the Far North

The measuring complex contains a measuring phase-chronometric system, a system
for measuring and monitoring a rolling bearing, a system for monitoring electrodynamic
processes, a system for monitoring the wear of gear teeth, and a system for measuring
and monitoring parameters of geoinduced currents (GIC). Figure 5 shows a dynamic
diagram of the measured characteristics of a wind generator using the systems included
in the measuring complex.

Important components are the implementation of the transmission of measurement
information to both a remote workplace at the station, the scientific processing center
(BaumanMoscow State Technical University) and the analytical decision-making center
[22, 23].

6 Conclusion

During designing new renewable energy for the Arctic zone, it is necessary to take into
account the features of this zone. The main features of the Arctic zone include severe
climate and geomagnetic disturbances. After analyzing the accidents and their causes at
traditional power plants and wind farms, it was found that there was no official cause of
geomagnetic storms or their private manifestation—GIT.

According to the results obtained, a common factor leading to malfunctions, both at
the facilities of the traditional electric power industry and renewable energy sources, are
personnel errors that occur during the maintenance of power plants. For the conditions
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Fig. 5 Dynamic scheme of measured characteristics of the wind generator

of the Arctic zone—this factor is especially important, due to the minimummaintenance
by personnel.
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Abstract. The issues of improving the operational properties of transport sys-
tems are considered. Various ways to improve productivity, economic and envi-
ronmental performance, operational reliability, as well as improve and automate
the transport system controls are shown. One of the most important issues in the
theory of movement, i.e., the effective distribution of the power flow between
the drive axles and sections is considered. The coupling between the transport
system links is estimated. The coupling between the links of active articulated
multi-section machines has been analyzed based on various variants of the kine-
matic misalignment in the drive. The state graph of a two-section active articulated
transport and production machine is considered. The coupling between the links
of the articulated transport system is considered and formalized for the pole trailer
supported simultaneously by two or more machine sections. The areas of further
link coupling analysis based on the state graph of a two-section active articulated
transport system are determined.

Keywords: Articulated systems · Transport systems · Kinematic misalignment ·
Coupling of links · Energy section · Articulated link · Operational properties ·
State graph

1 Introduction

The emergence of new, more powerful multi-operational machines allows mechanizing
most of the work in forestry, agriculture, oil and gas and mining, and other sectors of
the national economy. The all-wheel-drive transport systems based on the active trailer
train and articulated transport and production machines are among the promising ways
to solve many problems of operating the transport and production complexes on snow
or dirt roads during the mud period and in other specific conditions.

The concept of an articulated transport system (ATS) is very broad and comprises a
range of machines with at least two sections coupled by an articulated link with one or
more degrees of freedom. Also, some ATSs have a specific steering design. As a special
but rather widespread case of an ATS, road trains with active trailers (RTAT) should be
considered. If the thrusters of not only the power link (tractor—TT) but also the trailed
ones (trailers—TL) are driven, then such an ATS is an active articulated transport system
(AATS).
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A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
Lecture Notes in Mechanical Engineering, https://doi.org/10.1007/978-3-030-85233-7_71

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85233-7_71&domain=pdf
https://doi.org/10.1007/978-3-030-85233-7_71


604 E. Bazhenov et al.

The use of AATSs in mining and other raw material economy branches and the
defense complex allows building a wide range of production and transport systems [1,
2].

Thus, improving the operational properties of transport systems are among the main
mechanical engineering problems, which should be solved in various ways: improving
productivity, economic and environmental performance, operational reliability, as well
as improving and automating the transport system controls and a whole range of other
theoretical and experimental studies.

The solution of one of the most important issues in the ATS movement theory—the
effective distribution of the power flow between the drive axles and sections implies
estimating the coupling between the transport system links.

2 Experimental Results

In general, the adhesion and resistance condition of the transport systemmovement (with
a deterministic approach) is expressed by the inequality:

Pψ ≤ Pκ ≤ Pϕ (1)

Non-satisfaction of the left-hand inequality part is a full loss of passage.
Non-satisfaction of the right-hand inequality part is a partial loss of passage (see

Fig. 1).

Fig. 1 Loss of passage

The articulated transport system specificity is determined, in particular, by the variety
of road conditions in which it performs its functions. As a result, depending on the
operating modes, there are different variants of the transport system link coupling and
the loss of passage [3, 4].

Various states of the articulated transport system movement and loss of passage
can be analyzed based on a directed graph [5, 6]. The graph peaks characterize the
articulated transport system state at a given time instant, and the edges describe the
transition between states, depending on the movement mode. A directed state graph of
an articulated transport system with an active first section and a passive trailer (e.g., a
road train consisting of a tractor and a passive trailer) is shown (see Fig. 2).
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Fig. 2 State graph of an ATS with passive trailed section

In this, Fig. 1 is the articulated transport system state characterized by movement
due to the tractive effort of the first section (tractor). In this case, the adhesion and
resistance conditions are met. 2 is the state of a partial loss of passage (non-fulfillment
of the right-hand part of inequality (1)). The transport system can exit this state in various
ways (antiskid chains, reduction of air pressure in tires, etc.). 3 indicates the overtaking
transport system state. In this case, the left-hand part of inequality (1) is not fulfilled,
and the transport system can leave this state only with the help of an additional external
energy source.

Figure 3 shows a directed state graph of a two-section AATS.

Fig. 3 State graph of a two-section AATS: 1—the state when the AATS moves due to the traction
forces of the first and second sections (inequality (1) is fulfilled); 2—the AATS is moved by the
second section wheels. The first section wheels slip (depending on the kinematic misalignment
sign, this is sliding or skidding); 3—the AATS is moved by the first section wheels; wheels of
the second section slip; 4—loss of passage: the first section wheels skid, and the traction force of
the second section is not enough for movement. From this state, the AATS cannot independently
return to state 2; 5—loss of passage: the traction force of the first section is not enough to move
the AATS; the second section wheels skid. The AATS can independently return from state 5 to
state 3; 6—the AATS is moved by the first section wheels; the second section wheels do not create
a traction force (or it is not enough to overcome the AATS movement resistance force); 7—the
AATS is moved by the second section wheels; the tangential traction force of the first section
wheels is less than its total movement resistance force. The movement is possible only if the
second section traction force exceeds the AATS movement resistance force; 8—loss of passage
due to slipping first and second section wheels; 9—loss of passage: insufficient traction force of
the first and second section wheels. This is an overtaking state. Independent exit from this state is
impossible
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The AATS state graph allows formalizing various movement modes when the kine-
matic misalignment between sections, road conditions, etc., change. The state graph
will further be used to analyze the coupling between the AATS sections in different
movement modes.

The active trailed AATS section inevitably causes cyclic coupling in the articulation
assembly when driving in various road conditions, and for the pole trailer transport
system when the load rests simultaneously on the first and second section supporting
devices, through these supporting devices.

2.1 Coupling of the Passive AATS Links at the Straight-Line Movement

To move a passive trailer (TL), the tractor (TT) should apply a force, the value of which
should not be less than the sum of all the movement resistance forces. The force applied
to the trailer, i.e., the link coupling force, should not exceed the force of the load package
friction against the tractor’s supporting device (see Fig. 4).

Fig. 4 Forces acting on a passive ATS trailer

According to Fig. 4, the coupling force:

FR =
∑5

i=4
∑2

j=1 Fij + (R1 + R2) sin λ + G∏ · sin θ

cos λ
. (2)

For the TL and the TT, the FR force will be positive and negative, respectively.

2.2 Coupling of the AATS Links at the Uniform Straight-Line Movement

When the active TL moves (Fig. 5), the force of its action on the TT is determined as
follows:

FR =
∑5

i=4
∑2

j=1 sgnψ̇ijFij − (R1 + R2) sin λ − G∏ · sin θ − Pκp

cos λ
, (3)

where the sgnψ̇ij function means that not all the active TL wheels may be driven;
therefore, the force sign will depend on whether the TL axis is active or not.
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Fig. 5 Forces acting on the active AATS trailer

In this case, the force of the load package friction against the bolsters also serves as
a limitation:

FR ≤ R1 · ν. (4)

These considerations are valid for negative closed-loopmisalignmentwhen the adhe-
sion passage condition is met, i.e., when the resulting tangential reaction does not exceed
the maximum possible traction creepage in the given road conditions.

Otherwise, the coupling will be reduced to the passive trailer case. In this case,
the

∑5
i=4

∑2
j=1 sgnψ̇ijFij force will be defined as the slip resistance force (the slide

resistance force for a positive misalignment and the skid resistance force for a negative
misalignment).

The total passive road train traction force is defined as the total tangential traction
force of the TT wheels and the total TT movement resistance force minus the RTAT link
coupling force:

FT =
3∑

i−1

2∑

j=1

sgnψ̇ijFij − GT · sin θ − FR · cos λ. (5)

For a positive misalignment, the total RTAT traction force will be the sum of the total
TT traction force and the TL pushing force, considering the resistance tomovement from
the slope:

FT =
3∑

i−1

2∑

j=1

sgnψ̇ijFij − GT · sin θ + FR · cos λ. (6)

For different misalignment variants and the TT and TL wheel adhesion coefficients,
the sign of the link coupling force FR will change, and when determining these forces,
the slip (slide or skid) resistance force will be considered.

To solve the systems of equations for the AATS-RTATmovement, the limitingmove-
ment parameter values should be used in the link coupling force equations. For a passive
trailer, the maximum force that can be applied to the TL is determined by the dynamic
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TT parameters and its coupling capabilities:

(7)

Instead of the forceFR, the total value of the resultant elementary tangential reactions
of the ijth TT wheel is used in the system of equations for the TL movement.

For the AATS, when substituting values (Eq. 6) into the TL movement system of
equations, the misalignment magnitude and the movement mode should be considered,
which will affect the FR force sign.

The movement of the AATS without differential (locked) TL wheel drive is accom-
panied by an elastic moment emerging in the ‘transmission—drive TT wheels—drive
TL wheels—support surface’ closed loop, which depends on the difference in the twist
angles of the end loop elements (kinematic misalignment).

The kinematic misalignment magnitude is estimated by a dimensionless coefficient,
defined as the ratio of the difference between the peripheral TT and TL wheel speeds
for a certain period and the peripheral TT wheel speed:

ξ =
(

1 − Vω2

Vω1

)

100 (8)

where ξ is the kinematic misalignment coefficient,Vω2 is the peripheral TLwheel speed,
Vω1 is the peripheral TT wheel speed.

In the analysis, we will consider only the interaxle and intersectional misalignment
since the interwheel differential excludes the possibility of forming a closed loop if
neglect the effect of friction in the differential. The total misalignment will be the sum
of the individual group misalignments.

2.3 Constructive Kinematic Misalignment

The constructive kinematic misalignment between the TT and the TL is caused by:

• the difference between the rolling radii within the tire manufacture tolerance (for the
same TT and TL tires),

• change in tire pressure,
• mass distribution over the AATS links,
• dynamic vertical loads.

In some cases, the misalignment varies within 1–7% and may reach 12% in total.
For the RTAT, misalignment may reach 7% due to the different TT and TL tire types.

The change in tire pressure is 1–1.5%. The difference in the mass distribution over the
links is up to 1.5%. The total misalignment may reach 14–15%.

Kinematic Misalignment Due to Curvilinear Movement.
Three modes of the curvilinear AATS movement are possible:

• input transition trajectory,
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• circular trajectory,
• output transition trajectory.

In each of these cases, there are different ratios of the TT and TL turning radii and,
therefore, different kinematic misalignments.

2.4 Kinematic Misalignment Due to the Coarse Track Irregularities

Kinematic misalignment due to vertical coarse irregularities arises from different paths
of the AATS links when one link moves up or down, while the second one continues
moving along the horizontal track section.

For practical calculations, it is advisable to use the following equation:

ξ =
(

1 − 1

cos θ

)

, (9)

where θ is the track ascent or descent angle.
When expressing the kinematic parameters of one AATS link through another (e.g.,

the shaft rotation frequency or the TLwheel turning angle through the TTwheel rotation
frequency) using the coefficient ξ and substituting the dependences obtained into the
system of equations for the AATS movement, the effect of the kinematic misalignment
between the TT and the TL on the dynamic AATS movement parameters can be studied
or the effective misalignment determined by the criterion of the maximum AATS hook
traction force,which, taken together, characterize the traction capabilities of the transport
system.

Depending on the road conditions in which the AATS moves and the kinematic
misalignment, the positive and negative slip of the TT and TL wheels may occur. In
this case, the sliding wheels will resist the AATS movement. The movement resistance
coefficient will be determined without considering the horizontal gravity component as
follows [7, 8]:

(1) at a positive slip of the driving wheels (skidding):

δ > 0, fk = f0 ·
(

rk0
rk min

)2

+ ϕ

(
rk0
rk min

− 1

)

(10)

where f0—is the rolling resistance coefficient of the wheels in the absence of slip-
ping, rko is the wheel rolling radius, m, rk min is the wheel rolling radius when
skidding, m.

rk min ∼= rk0
(
1 − λk · ϕ · 10−3

)
, (11)

where λk—is the tangential tire elasticity, m/Nm, ϕ—is the wheel adhesion
coefficient.
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(2) at a negative slip (sliding):

cmax = ϕ
(
rD − rk0 + Gk · ϕ · λk · 10−3

)
. (12)

The tangential elasticity of the drivingwheels causes a change in the dynamic radius
of the wheel, depending on the torque applied [9, 10]:

rD = rk0 − λk · Mk . (13)

Thus, the dynamic radius of the driving wheels will change depending on the gear
ratio in the AATS transmission.

3 Conclusion

Different road conditions in which the AATS has to work affect its movement nature,
and as a result, the AATS link coupling may vary. Various link coupling cases have
been analyzed and represented in the form of a directed AATS state graph shown in
Figs. 1 and 2. Using the state graph built, each of the possible AATS movement cases
has been formalized, i.e., a different combination of road conditions, misalignments,
etc. As a result, the graph becomes directed and marked out. This allows simulating
all the possible AATS link coupling variants and determining both the dynamic AATS
performance and the strength characteristics of the articulator elements at the design
stage.
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Abstract. In the process of main gas transportation, repair work is periodically
necessary. In some cases, it includes a long length section’s isolation and emptying
the internal space of the pipeline. According to established practice, in order to
reduce the total duration of repair work, gas from the isolated section is blew out to
the atmosphere. This leads to losses of significant volumes of natural gas. In order
to save resources, ejectors can be used to pump gas into a parallel gas pipeline.
They provide deeper vacuum. Due to the pressure decrease in the isolated section,
it is necessary to provide a high efficiency of the pumping unit. A comparison of
versions with the gas blowing to the vent stack and evacuation to a parallel gas
pipeline by various designs of the compressor-ejector unit is proposed (standalone
ejector, ejectorwith different compressor positions). The unit operating parameters
are determined using Schlumberger OLGA. A graph of the change in time of the
evacuated volume of gas, reduced to standard conditions, and the pressure for
various parameters of the compressor and its location relative to the ejector is
plotted.

Keywords: Ejector · Compressor · Natural gas · Gas pipeline · Energy saving ·
Computer modeling

1 Introduction

The world’s largest gas transmission system (GTS) is operated by PJSC Gazprom. It
includes the Unified Gas Supply System (UGSS) of Russia. Due to the large scale of
the system, the issues of reliability, energy saving and energy efficiency of individual
elements have high practical importance. A small, at first glance, cost reduction is able
to lead to a visible energy-saving effect.

The maximum realization of the available energy saving potential is necessary due
to the high costs of transporting gas over long distances [1].

The most efficient ways in terms of saving natural gas in fraction of the total amount
of savings under the executing Energy Saving Program of PJSC Gazprom [2, 3] in gas
transportation are:
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• reduction of costs during repairs and routinemaintenance at compressor stations (CS),
linear part (LP) and gas distribution stations (GDS)—38.6%;

• gas compressor unit’s repairs to improve their technical condition—17.0%;
• equipment modernization or replacement at CS, LP and GDS—16.4%;
• improving quality of dispatch control to provide rational modes of main gas
transportation using calculation and optimization complexes—13.6%;

• realization of resource-saving procedures during repairs and elimination of gas leaks
at CS, LP and GDS—11.7%.

Let’s consider in detail the first direction according to the greatest potential in terms
of saving natural gas [4, 5].

Repair work is periodically performed on the main gas pipeline’s linear sections to
prevent accidents and maintain high efficiency.

According to the established practice of operation hot and gas hazardous works on
gas transmission systems, in order to reduce the total duration of work, gas is blew out
to the atmosphere from the pipeline’s repaired section with a full emission loss [6, 7].

The yearly average number of repairs is in the range from 12 to 15 for every 1000 km
of the gas pipeline route [8, 9]. Nodes with linear valves and crossovers between the gas
pipelines (for a multiline gas pipeline) are located every 25–30 km of the gas pipeline
route. The average amount of gas emitted during only one repair, depending on the size
of the pipeline section being repaired and the gas pressure in it, can reach 3–4 million
m3 [10].

With the duration increase of main gas pipeline’s operation, the need for repairs and
gas losses to the atmosphere due to emissions are going to increase. In addition to the
natural gas losses during emission, the gas transmission company pays for the emissions
of pollutants, the IV hazard class of which includes methane.

2 Urgency of the Problem

With the aging of the operated main gas pipelines and the need to maintain the energy
efficiency of gas transportation, the problem of reducing natural gas emissions into the
atmosphere is urgent.

To reduce natural gas emissions into the atmosphere during main gas pipeline’s
repair, it is required to evacuate out, collect and then utilize gas.

The gas evacuating process must meet certain requirements:

1. short duration—due to an increase in the cost of transporting gas in the technological
corridor when the repaired section is isolated [11] (for a pipeline with a diameter of
1420 mm, a length of 30 km with an initial pressure of 7.5 MPa and a final pressure
of 1.0 MPa, the evacuating time should be no more than 100 h);

2. high mobility of equipment—due to field conditions (transportation and deployment
at LP).

For these purposes, some schemes have been proposed for both single-line and
multi-line gas pipelines. (Fig. 1). One of the main elements in these schemes is the jet
pump—ejector [12–17].
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Fig. 1 Schematic diagrams of gas utilization during the repair of a section of a single-line (a) and
multi-line gas pipelines (b)

In the scheme for a single-line gas pipeline, the source of both active and passive
gas is an isolated section of the gas pipeline. Gas pressure will drop on the suction line
of the ejector and centrifugal compressor. As a result, it will be necessary at the final
stage of evacuating to use several compression stages of centrifugal compressor. Cases
of repairs a section of a main gas pipeline lying in the same technological corridor with
one or more gas pipelines are more common. In gas evacuating schemes, the source of
the active gas is the nearby gas pipeline, the pressure in which remains at the same level.

Due to the gas pressure decrease in the cut-off section [18–20], it is neces-
sary to compare the evacuating efficiency of the including an ejector unit’s various
configurations.

The calculation of gas evacuating from the pipeline section was performed in
the Schlumberger OLGA software package with obtaining flow parameters in the
technological corridor.

3 Problem Formulation

A technological corridor of two main gas pipelines between two compressor stations
is being considered. The length of each gas pipeline is 125 km. The gas source is the
section of the gas pipeline in front of the isolated section. The length of the disconnected
section is 25 km. The disconnection of the section from 75 to 100 km of the route is
simulated for repair work.

The main evacuating schemes under consideration (Fig. 2):

• design 1—blowing to the atmosphere with one vent stack;
• design 2—evacuating by standalone ejector;
• design 3—evacuating by ejector and compressor on the high-pressure gas line;
• design 4—evacuating by ejector and compressor on the low-pressure gas line;
• design 5—evacuating by ejector and compressor on the mix gas line.

The key evacuating parameters are the change in the evacuated gas volume and the
pressure in the isolated section over time. To simplify calculations, we will accept the
following initial data:
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Fig. 2 Model circuits in OLGA with a compressor in the high-pressure (a), low-pressure (b) and
mixed (c) gas lines

• constant pressure is maintained at the compressor station (Pn = 7.5 MPa, Pk =
5.1 MPa);

• temperature at the outlet of the first CS—25 °C;
• temperature at the inlet of the second CS—8 °C;
• ejector nozzle diameter—30 mm;
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• ejector mixing chamber diameter—40 mm;
• inner diameter of the pipeline—1400 mm;
• the relief influence is not considered—the pipelines are horizontal;
• fluid—methane;
• the ejector is considered as ideal—zero friction pressure losses along the ejector
elements (nozzle, suction chamber, mixing chamber, diffuser);

• the compressor in the unit increases the gas pressure by a fixed value (0.5 i 1.2 MPa).

4 Computer Simulation’s Results

Based on the results of the simulated model’s calculations in OLGA with changed
parameters, graphs were built (flow rates under standard conditions and pressure and
over time) (Figs. 3, 4 and 5) and a summary table was drawn up (Table 1).

Fig. 3 Gas flow rate change in the technological corridor when one section is isolated

As a result of the one section isolation in the technological corridor of the main
gas pipeline between the two compressor stations, gas flow rate at standard conditions
decreases from 190 million m3/day to 130 million m3/day. Initial fluctuations of param-
eters in the calculation are associated with the deviation of the initial conditions from
the stabilized regime.

Estimatedgas volume in the isolated sectionwhen converted to standard conditions—
2.4 million m3. The geometric volume of the isolated area is about 38000 m3.

Analysis of the obtained results confirms that the fastest option is to blow gas through
the vent stack to the atmosphere. It is also noticeable that the most prolonged options are
evacuating out by standalone ejector and ejector with a compressor on the high-pressure
gas line.

When the pressure is increased by 0.5 MPa, the unit with compressor on the mixed
gas line will pump out 0.75 million m3 more quickly, but if the pressure is increased by
a compressor by 1.2 MPa, evacuating out by unit with a compressor on the low-pressure
gas line will be faster.
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Fig. 4 Pressure change in front of the vent stack and gas volume according to design 1

Fig. 5 Pressure change in front of the ejector and gas volume by dPcompressor = 0.5 MPa and
various designs. a design 2. b design 3. c design 4. d design 5

5 Conclusions

Units used for process gas evacuating in order to save resources should provide, other
things being equal, the shortest preparation time for a repair work pipeline section.

Comparison, based on the results of computer simulation inOLGA, of gas evacuation
unit’s various designs from an isolated section (blowing to atmosphere, standalone ejec-
tor, ejector with different compressor positions) showed that the second-longest duration
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Table 1 Duration of evacuating a fixed volume from the isolated section by various designs

Design Duration of evacuating 0.5
million m3, h

Duration of evacuating 0.75
million m3, h

blowing to the atmosphere
with one vent stack

3.3 5.1

evacuating by standalone
ejector

23.9 50.2

evacuating by ejector and
compressor on the
high-pressure gas line
(dPcompressor = 0.5 MPa)

19.9 35.9

evacuating by ejector and
compressor on the
high-pressure gas line
(dPcompressor = 1.2 MPa)

18.2 31.3

evacuating by ejector and
compressor on the
low-pressure gas line
(dPcompressor = 0.5 MPa)

17.4 31.6

evacuating by ejector and
compressor on the
low-pressure gas line
(dPcompressor = 1.2 MPa)

13.8 22.5

evacuating by ejector and
compressor on the mix gas
line (dPcompressor =
0.5 MPa)

17.2 29.7

evacuating by ejector and
compressor on the mix gas
line (dPcompressor =
1.2 MPa)

15.9 25.5

after blowing gas to the atmosphere will be evacuating by an ejector with a compressor
on the low-pressure gas line in case increasing compressor pressure.

In the first approximation, in connection with the simplified representation of the
compressor, the design with a compressor on the low-pressure gas line looks promising,
despite the fact that the scheme with a compressor on the mixed gas line showed rather
similar results. The rationale for this is the multiple increase in the gas flow rate through
the compressor in the latter design and the expected increase in energy expenses for the
compressor drive.

Further development of the comparison of units for evacuating process gas is asso-
ciated with the refinement of the mobile compressor parameters according to each of
the unit designs. The development and assessment of a complex process of evacuating
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a certain gas volume with subsequent blowing to the atmosphere at the final stage are
also promising to provide the preparing standard time for gas pipeline repair.
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Annotation. The analysis of the intakemanifold and the cylinder gas exchange of
the four-stroke turbocharged diesel engine is carried out. It is necessary to account
for influence of pressure pulsation and air flow rate through a compressor on the
parameters of the four-stroke turbocharged engine. The compressor efficiencymap
is used for calculation of the engine cycle.Amathematicalmodel, an algorithmand
operating procedure are delivered. A two-stage heat release model of combustion
process of atomized fuel is provided. It comprises kinetic combustion of vaporized
fuel at the ignition delay and diffusion combustion of the main fuel delivery. The
accuracy of the provided model is confirmed by the results of computational and
experimental study of the four-stroke two-cylinder turbocharged diesel engine
2CHN10.5/12.

Keywords: Cylinder · Intake manifold · Diesel engine · Turbocharger ·
Compressor efficiency map

1 Introduction

Strict requirements to the power, economic and environmental parameters of internal
combustion engines affect the design of new engines and the improvement of the present
ones [1, 2]. The most useful improvement is supercharged cycle usage that enables to
increase the engine efficiency significantly with minimal change of the engine design
[3–5]. This might be achieved by the compressor and turbine of the turbocharger unit
efficiency map and the reciprocating engine flow math [6].

The results of the study [7–9] demonstrate that the accuracy of the turbocharger and
the reciprocating engine math is very responsive to pulsation of air flow rate Gk and
boost pressure ratio πk that influence the efficiency of the compressor ηk and the entire
supercharged engine parameters by:

• the total volume of intercooler, the intake manifold and intake ports;
• the number of cylinders, that aggregate the intake manifold;
• valve timings, valve train and other valve parameters;
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• the turbocharger operation;
• the engine operation, duty cycle, etc.

The intake manifold pressure (ps) change mostly affects pk and Gk pulsation. Pres-
sure pulsation is determined by the intake flow into the cylinder. To reduce negative
effect of pressure pulsation on the parameters of the supercharged engine, it is recom-
mended to choose the intake manifold volume Vs which at least three times exceeds the
cylinder displacement Vh. However, as mentioned in [10, 11], such recommendation is
not universal.

The zero-dimensional numerical simulation of the diesel engine cycle has sufficient
accuracy andversatility.A state changeof gases in the combustion chamber, i.e., pressure,
is decomposed into independent terms, each of them describes heat and mass exchange
between the intake manifold, the cylinder and exhaust manifold gases, as mentioned in
[8].

The heat release calculation in the combustion chamber of the diesel engine is a
complex task being solved on the base of the works [12, 13]. The main drawback of
Razleitsev’s method [13] is the widespread use of empirical and semi-empirical data
describing both geometric parameters of the diesel engine and physical properties of
the fuel, gas-dynamic phenomena in the combustion chamber, etc. Vibe’s method [12]
describes the heat release in both gasoline and diesel engines, and in engines running
on alternative fuels, i.e., biofuels, gaseous fuels including methane and generator gas,
heavy fuels including fuel oil, emulsions, etc. Its main disadvantage is inability to take
a heat release of vapors combustion of atomized fuel vaporized through ignition delay
[14]. However, a number of papers are devoted to implementation of two-stage Vibe
combustion, i.e., determination of biofuel diesel combustion [15] and two-stage Vibe
diesel combustion parameters [16].

In most computational models of the turbocharged engine, a simplified represen-
tation of the turbocharger is used. A turbine is presented as constant restriction with
predetermined efficiency, the turbocharger rotor maintains constant rotation speed and
the compressor maintains constant pressure boost and efficiency [17]. This approach
is acceptable in most cases, but in case of pulsed flow rate and pressure through com-
pressor, it is not applicable. However, this problem can be solved using the compressor
efficiency map. The compressor map has been used for the engine cycle calculation
implemented in [18], but it caused the excessive data input leaving out the compressor
map features. As a result, there is the demand for applying the complex approximation
methods that adversely affect the speed and complexity of the engine cycle calculation.
The representation of the compressor map mentioned in [7, 8, 19, 20] and continued in
this paper provides high accuracy, simplicity and good performance.

2 Relevance of the Research Topic

Evaluation of the effect of pressure pulsation in the intake manifold on the turbocharged
engine cycle will allow to improve accuracy of cycle computation and fuel efficiency of
the supercharged diesel engine.
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3 Problem Statement and Research Method

The description of the simulation method for the zero-dimension supercharged diesel
engine cycle is considered. It includes thermodynamics calculations with the intake
manifold pressure pulsation using the compressor efficiency map.

The enthalpy Ic or internal energy Uc of the combustion chamber gases depends
on the heat released during combustion Qx, thermodynamic work of cylinder volume
change V, a massMc and heat Qw transfer between gases and cylinder wall.

Through the reciprocating engine cycle, the changeof in-cylinder pressurepc, volume
V, temperature Tc and mass of fluid Mc is observed. The pc, Tc and Mc values are
determined by the in-cylinder processes and state of fluids in the intake and exhaust
manifolds of the turbocharged diesel engine. This can be denoted by function pc = f
(Qx, V, Mc, Qw) [20], the time derivative of which is:

dp

dt
= ∂pc

∂Qx

dQx

dt
+ ∂pc

∂V

dV

dt
+ ∂pc

∂Mc

dMc

dt
+ ∂pc

∂Qw

dQw

dt
. (1)

The terms of (1) can be defined as

∂pc
∂Qx

dQx

dt
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dx

dt
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;

∂pc
∂Qw
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dt
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V
Qw;

dTc
dt

= 1

ρcR

dpc
dt

,

where p, T, M—pressure, temperature and mass of the fluid; V, dV/dt—volume of the
cylinder and its rate of change; k—heat capacity ratio; R—gas constant, J/(kg·K); Gcp,
Gpc—mass flow rate from the cylinder into the exhaust manifold and their possible
discharge into the cylinder; Gcs, Gsc—mass flow rate from the cylinder to the intake
manifold and returned to the cylinder with valve overlap; G1sc, G1cs—charge mass flow
rate when the fluid is admitted and re-ejected from the cylinder into the intake manifold;
cp—isobaric specific heat capacity; dx/dt—the rate of heat release during combustion;
Qz = Hugc—the amount of heat supplied in the cycle;Hu—the lowest calorific value of
the fuel; gc—the cyclic fuel supply; Uc, Ux—the internal energy of the working fluid at
the beginning and during the combustion process; ω—the angular speed of rotation of
the crankshaft; Fp—the area of the piston; Rk—the radius of the crank; L—the length
of the connecting rod; e—piston pin offset; ϕ—the crankshaft angle; ρc—density of



622 A. Yu. Abalyaev et al.

the fluid in the cylinder; indices: c-cylinder; s—intake manifold; p—exhaust manifold;
k—compressor; t—turbine; kx—value determined by the compressor map.

The results of the diesel engine 4CH10.5/12 pressure trace treatment [21] denote
that the relative heat release rate curve has two peaks. This characteristic of the curve is
a consequence of two different processes that determine the combustion of the atomized
fuel in the diesel engine [22]: kinetic combustion—the process of burning out a homo-
geneous mixture of fuel vapors and air formed during the ignition delay, the duration and
intensity of which is determined by the chemical reaction rate and diffusion combus-
tion—a relatively slow combustion process of a heterogeneous mixture of the atomized
fuel and air. Its speed is limited by the processes of droplets evaporation and diffusion
of fuel vapor and air oxygen into the reaction zone. Therefore, the rate of relative heat
release dx/dτ at each specific moment of combustion time will be defined as the sum of
the relative heat release rates of kinetic dxk /dτ and diffusive dxd/dτ combustion.

Simulation of each of these processes is possible using a fairly simple and universal
technique proposed in [12]. In accordance with it, the relative heat release rate and the
relative heat, released to a certain moment of combustion, are calculated as

dx

dτ
= a(m + 1)τme−aτm+1

and

x = 1 − e−aτm+1
,

where a= |ln(1-xz)|—completeness of combustion coefficient, considering xz—fraction
of fuel reacted to the end of the active heat release, for xz = 0.999 coefficient a = 6.908;
τ = ϕo/ϕz—relative time of heat release; ϕo—turn off crank angle (CA) from the start
of combustion; ϕz—combustion duration; m is the shape parameter, selected based on
the mixture formation characteristics, mainly the vortex formation in the combustion
chamber of the diesel engine. For the combustion process of the heterogeneous mixture
m = 0…1.2, and in case of the prepared, homogeneous, fuel–air mixturem = 3…4 [12].

The shape parameter can be determined by the value of the maximum rate of relative
heat release [12]

(
dx

dτ

)
max

= a(m + 1)

[
m

a(m + 1)e

] m
m+1

or by the relative position of the maximum rate of relative heat release

τm =
[

m

a(m + 1)

] 1
m+1

.

The method for calculating the heat release process as a superposition of kinetic
and diffusion combustion is known and described, i.e., in [23]. The rate of relative heat
release in accordance with it can be written as
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dx

dτ
= dxk

dτ
+ dxd

dτ
= σka(mk + 1)τmk

k e−aτkmk+1

+ (1 − σk)a(md + 1)τmd e−aτmd+1
, (2)

where τk = ϕ/ϕk is the relative time of kinetic combustion; mk is a shape parameter
of kinetic combustion; md is a shape parameter of diffusion combustion; σk is the share
fuel weight burned during kinetic combustion.

Integrating (2), we get the expressions for the relative heat release

x = xk + xd = σk

(
1 − e−aτkmk+1

)
+ (1 − σk)

(
1 − e−aτmd+1

)
.

The duration of combustion can be determined experimentally, as a result of process-
ing the indicator diagram for heat release, or by calculation, i.e., following the method
[13]:

ϕz = ϕinj − 
ϕi + 6ntvap,

where ϕinj is the injection duration; 
ϕi is the ignition delay period, for diesel
2CH10.5/12 can be determined by the [24, 25]; n is the engine speed, min−1; tvap is
the evaporation and combustion time of large fuel droplets.

The time of evaporation and combustion of large fuel droplets can be determined
using the method [24], or by any other method that has been confirmed for the studied
diesel engine. Sufficient accuracy for practical purposes is provided by the methodology
described in [13], according to which

tvap = Az

α0,5

pcd2
32

y
,

where α is the excess air ratio; Az = 4.6, s−1 is the evaporation time constant; y is a
coefficient considered the combustion chamber geometry, the intensity of the axial and
radial vortices, etc.; pc is the pressure in the cylinder at the time of the start of fuel
delivery, MPa; d32 is the Sauter mean diameter of the drops, microns.

The fraction of the fuel vaporized during the ignition delay period σk participating in
kinetic combustion can be calculated by numerical integration, or by any other method
from the relative evaporation rate of the atomized fuel within the auto-ignition delay
[13] using relative injection trace.

The duration of kinetic combustion can be calculated from the results of process-
ing the indicator diagram for heat release. In the absence of experimental data, its
approximate value can be determined as half of the self-ignition delay period ϕk ≈
0,5
ϕi.

The calculation of the heat flux Qw is performed by the expression [26]

Qw = αw

[
πDSp(Tc − Tcc) + πD2

4

(
2Tc − Tcp − Tck

)]
,

where Sp is the piston displacement, m; D is the cylinder diameter, m; Tcc, Tcp and Tck

are the average surface temperatures of the cylinder liner, piston and cylinder head.
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The heat transfer coefficient is determined by the Woschni formula [27]. The
processes in the exhaust and intake manifolds described by the equations

dpp
dt

= R

Vp

⎧⎨
⎩

i∑
j=1

[
(cp)c
(cp)p

GcpTc

]
−

i∑
j=1

(
GpcTp

) − GpoTp + Ep

(cp)p

⎫⎬
⎭;

dTp
dt

= 1

ρpR

dpp
dt

;

dps
dt

= R

Vs

⎧⎨
⎩GkTk −

i∑
j=1

(G1sc + Gsc)Ts +
i∑

j=1

[
(cp)c
(cp)s

(G1cs + Gcs)Tc

]
+ Es

(cp)s

⎫⎬
⎭;

dTs
dt

= 1

ρsR

dps
dt

,

where Vp, Vs are the volumes of the exhaust and intake manifolds; Gk , Tk are the mass
flow rate and temperature of air outgoing from the compressor;Gpo is the mass flow rate
through of the bypassed trough the turbine gas; Ep, Es is the kinetic energy of the fluids
in the exhaust and intake manifolds; ρp, ρs are the density of the fluid in the exhaust and
intake manifolds; i is a number of cylinders.

The air flow rate through the compressor Gk , the efficiency of the compressor sηk ,
and the rotor speed ntk are determined by the compressor efficiencymap. For the selected
value ofπkx, a series of ratiosGkx/ηkx is calculated. The physical meaning of the last one
is the mass flow of ideal gas through the compressor without resistances. The important
property of the function Gkx = f (Gkx/ηkx) is its increase in the entire range of values of
ηkx and Gkx. Approximation of the dependence Gkx = f (Gkx/ηkx) by the fourth-order
polynomial denotes satisfactory accuracy in determining the parameters of the tight air
and compressor performance. The value of Gk for intermediate values of πk can be
determined by interpolation, i.e. linear.

4 Results of the Study

The influence of air pressure pulsation in the intake manifold on the performance of
the turbocharged engine was studied on 2CHN10,5/12 diesel engine with TD03-06G
turbocharger by Mitsubishi [7].

According to the initial assumptions, to increase the effective power from 22.1 kW
to 30 kW with the excess air ratio α = 1.7, the pressure ratio is required to be at least πk

= 1.6, when the air flow rate is Gk≈0.049 kg/s (0.0412 m3/s), which corresponds to the
efficiency of the compressor ηk = 0.73 and the compressor speed ntk = 129500 min−1

on the compressor efficiency map.
Tests of a diesel engine with the volume of the intake manifold approx. Vs ≈1 dm3

gave insufficient results: the effective power increased by less than 10% to Ne = 24 kW,
at the increasing the specific effective fuel consumption to ge = 290 g/(kW h).

Computational studies using elements of the proposedmathematicalmodel displayed
the demand for increasing the volume of the intakemanifoldVs up to 6.5 dm3.As a result,
the effective power increased toNe = 30 kW and the specific effective fuel consumption
reduced to ge = 230 g/(kW h).
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5 Conclusions

1. The calculation of the heat release with direct diesel fuel injection by the modified
Vibemethod allows us to take into account the two-stage combustion, including both
kinetic and diffusion stages.

2. The calculation of the variable air flow rate through a compressor using the compres-
sor efficiency map can take into account the change of the turbocharger operation
parameters within the engine cycle.

3. The developed mathematical model enables to calculate the turbocharged diesel
engine cycle with high accuracy. It can be used for high precision calculation of the
turbocharger and the reciprocating diesel engine.
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Analysis of the Possibility and Feasibility
of Using the Clocking Effect in the Design

of Compressors and Turbines of Gas Turbine
Engines
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Ufa State Aviation Technical University, 12, K. Marksa, Ufa 450008, Russia

Abstract. Amethod for analyzing the effect of the blades number and the mutual
circumferential position of the stator (and rotor) blade rows on the efficiency
is considered. This mutual position is ensured when designing and assembling
compressors and turbines. The method of equivalent channels proposed by the
authors is used for the analysis. The geometry of such channels is built from the
results of traditional 3DCAD/CAE-modeling of compressors and turbines with a
rotating rotor. The utmost variants of the mutual circumferential position of the
blade rows in the stator (and in the rotor) are considered—optimal andnon-optimal.
In 3DCAD/CAE modeling of a stationary equivalent channel for the stator (and
for the rotor), for each of the options, the values of the total pressure recovery ratio
σ are determined for the equivalent channels and their sections. From their values
and from the values of the reduced speed λ, the values of the speed coefficients ϕ

(for the turbine) and the coefficients Kλ for the compressor are determined. For
each option, the values of these indicators are different.With their use, the σ values
of the blade rows (for each of the variants) and the σ values for the compressor
or turbine as a whole are determined. According to these values, according to
the expressions, proposed by the authors, the values of the compressor or turbine
efficiency are determined for the optimal or non-optimal mutual position of the
blade rows in the stator (in the rotor).

Keywords: Engine · Compressor · Turbine · Rotor · Stator · Blade row ·
Equivalent channel · Total pressure · Recovery ratio · Efficiency · Clocking effect

1 Introduction

At present, when designing blade machines (BM)—compressors and turbines, the solid-
ity of the blade rows (BR) is determined, then their width is determined, and this makes
it possible to determine the number of blades z. However, not enough attention is paid to
the mutual circumferential position of the stator blades of adjacent stages. Similarly, the
influence of the mutual circumferential position of the rotor blades of adjacent stages
is not taken into account. At the same time, it is known [1–6] that optimization of the
blades number in the stator (and in the rotor) of adjacent stages and their mutual position

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
Lecture Notes in Mechanical Engineering, https://doi.org/10.1007/978-3-030-85233-7_74

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85233-7_74&domain=pdf
https://doi.org/10.1007/978-3-030-85233-7_74


628 I. A. Krivosheev et al.

allows increasing (by 1–2%) the efficiency of a compressor or turbine. In modern condi-
tions, this is a significant result. However, the methods used for analyzing the clocking
effect are either empirical or 3DCAD/CAE-modeling in a non-stationary mode, which
requires a lot of computational resources.

2 Proposed Solution

To analyze the possibility and feasibility of using the clocking effect [7–12] in the design
and assembly of compressors and turbines, the following technique is proposed.

1. 3DCAD/CAE-calculation of BM is carried out using a CAE-system (for example
Ansys CFX). For this, a sector with an angle ϕ along the flow part (FP) or the entire
FP is selected. In this case, in the compressor, the mass flow averaged values of the
total pressure recovery ratio σ are determined for IGV (inlet guide vane), RB (rotor
blade) and GV (guide vane). Accordingly, these indicators are determined in the
turbine for the NA (nozzle apparatus) and the RB. In this case, along any streamline,
the dependences of the change in the total pressure P∗ and the ideal pressure P∗

ID=
P∗
0(T

∗/T ∗
0 )

k
k−1 are plotted, along which the current value of the parameter σ = P∗

P∗
ID1

.

The value of σ for each blade row (BR) is determined by the expression σBR =
σi

σi−1
.Here the indicator σi−1 is for the section from the entrance to the BM to the

entrance to the given BR or stage, σi- for the section from the entrance to the BM to
the exit from the given BR or stage. In modern CAE systems (in the calculator) [13–
18], it is possible to display the average integral over the circumference and along
the height of the FP (flow path) of the entire BR value < σ > by area or by mass
flow rate (i.e., mass average—taking into account the current density distribution
around the circumference and along the height FP). In this case, averaging over the

flow rate (by mass) < σ > G is required. It is more correct to determine < σ
k−1
k >

G. It determines < T ∗
S > G. In this case, separately along the surfaces of the current

“shr”, “mid” and “hub”, it is possible to perform averaging in finite differences over
a circle in a simplified manner < σ > ≈(1/4)(σSS + σPS) + σC/2. Here, the value
of the parameter SS is along the blade suction side, σPS is along the blade pressure
side, and σC is along the flow core, it is assumed that the current density is the same
in the circumferential direction along the front of the grating. If in this way the mean
integral values in the sections “shr”, “mid” and “hub” are determined, then according
to the same scheme, it is possible to simplify the σ parameter over the FP height for
the entire blade row (for IGV, RB, GV, respectively) over all stages. In this case, the
efficiency of each blade row, stage, BM as a whole is determined by the formula
proposed by the authors, the value of the efficiency in the compressor η = 1 − (1 −
σ

k−1
k ) (cp T ∗

1 /HT + 1) in the turbine η = 1/[1 + (1- σ
k−1
k ) (cp T ∗

o /Lu-1)]. In this
case, for the BM as a whole σ =Pσi. Here σi—is the parameter value for the stages.
Compressor stage value is σ = σIGV

√
σwAG1σAG1 σwRB

√
σwAG2σAG2 σGV and

for the turbine stage is σ = σNA
√

σwAG1σAG1 σwRB.
2. According to the results of 3DCAD/CAE-modeling, along each flow surface, along

suction and pressure sides of every BR, trajectories and streamlines are identified
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(Fig. 1). At the same time, such streamlines are additionally constructed in the RB
for absolute motion, and in the GV, respectively, for relative motion. This allows
you to build “equivalent canals” (EC) (Figs. 2 and 3) using elements of the IBC type
(interblade canal).

Fig. 1 Change in total pressure P∗(blue) and ideal total pressure (red) P∗
ID = P∗

0 (T∗/T∗
1 )

k
k−1

along the stage flow path according to the results of 3DCAD/CAE simulation

Fig. 2 Scheme of an equivalent channel (EC) for a stage of a compressor cascade. a scheme of a
stage with an “equivalent channel”. b A diagram of an interblade and an “equivalent” channel in
the RB

3. Taking this into account, 3DCAD models of the EC for the rotor and stator of the
BM are formed. 3DCAD/CAE-modeling of the flow in stationary EC of the rotor
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Fig. 3 Scheme of the “equivalent” channel for the stator, composed of elements of the “IBC”
and EC type, allowing to analyze the flow in the compressor in absolute and relative motion
simultaneously

and stator is performed. In this case, two options are considered. For the stator EC,
options are considered with the best (optimal) mutual circumferential position of
the stator BR (IGV and GV—in the compressor, NA—in the turbine) and with their
worst mutual position. In this case, instead of the blades of the RB, curved surfaces
(boundaries) are installed in the EC of the rotor. Similarly, for the EC of the rotor,
options are considered with the best (optimal) mutual position of the BR of the
rotor (and the RB) and with their worst mutual circumferential position. Instead of
blades IGV and GV (in the compressor) and NA (in the turbine), curved surfaces
(boundaries) are installed in the rotor EC.

4. 3DCAD/CAE-modeling of the flow in stationary EC of the rotor and stator (with
the best and worst relative positions of the BR) allows determining the values of σ

for each BR in its composition. Accordingly, the results of simulation of flow in the
stationary stator compressor EC indicator values σ are determined for each GV and
IGV and the turbine for each NA in each such position.
From the expression proposed by the authors for the BR compressor σ ≈ π(Kλλ),
the value of the parameter is determinedKλ = √[(k + 1)/(k − 1)][1 − σ (k−1)/k ]/λ.
Here, λ is the reduced speed at the inlet to the compressor GV. For a turbine, the
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same indicator can be used, but for λ at the outlet from the NA or the traditionally
used indicator ϕ from the condition σ ≈ π(λ/ ϕ)/π(λ).
Similarly, based on the simulation results of the flow in the stationary EC of the
compressor and turbine rotor, the values of the parameter σw for the RB are deter-
mined for each such position. From the expression proposed by the authors for
the compressor BR σ ≈ π(Kλλ) the value of the parameter is determined Kλ =√[(k + 1)/(k − 1)][1 − σ (k−1)/k ]/λ [19–23]. Here, λ is the reduced speed at the
compressor inlet to the RB. For the turbine, the same parameter can be used, but for
λ at the outlet from the RB or the traditionally used indicator ϕ from the condition
σ≈π(λ/ϕ)/π(λ). In the case of the optimal relative position of the BR in the stator
and, accordingly, in the rotor, the corresponding values of the BRKλ less than a ϕ

are greater than at a non-optimal mutual circumferential position.
5. Using the values of the reduced speed at the inlet to the BR of the compressor and

at the outlet from the RB of the turbine (according to the results of 3DCAD/CAE-
modeling of the BR when the rotor rotates according to claim 1) and defined in
item 4. Indicators Kλ and ϕ, already for the case with rotor rotation, the values
of parameters σ of the BR are determined by the expressions σ ≈ π(Kλλ)or σ ≈
π(λ/ϕ)/π(λ)—for the turbine BR (and for the IGV in the compressor). This allows
using the expressions σ = Pσi to determine the efficiency values for the BM of the
optimal and non-optimal relative positions of the BR—in the rotor and in the stator,
respectively. These values are in the first case 1 … 2% higher than in the second.

6. Based on the simulation results, it is determined at what angle θ with respect to the
first blade row in the stator (and in the rotor) in the circumferential direction, the
following BRs should be displaced during assembly so that the efficiency of the BM
is maximized.When constructing the EC (Fig. 4), it is used that the distance between
the trajectories of the same particle in the circumferential direction in absolute and
relative motion�H = ∫ ds

ca
≈ �s

(ca)cp
, where�s is the interval along the BM axis (BR

width).A simplified construction of the trajectory of the flow core at ca≈const within
each BR, taking into account the rays at the entrance to each BR in absolute and rela-
tive motion, is shown in Fig. 5. Figure 6 shows how the boundaries (current surfaces
for the flow core) are constructed. It can be seen that the optimal mutual position of
the stator blades (and, accordingly, the rotor) is when the surfaces (boundaries) of
the flow core coincide. The worst mutual position of the stator BR (and accordingly
the rotor) is when the mixing is half a step. Due to the difference in the number of
blades Z, the equivalent channel is built not for one but for several IBC (interblade
channels) at the inlet (Figs. 5, 6). When calculating in Ansys, the equivalent channel
is built up gradually. First, for the first BR, σ and λ at the inlet are determined; for
them, Kλ is determined. Then a fragment of the equivalent channel for the next BR
(stator and rotor, respectively) is added. The total value of σ is determined. It is
divided by the same indicator for the equivalent channel (EC) in the previous form.
This gives the σ value for the added fragment.

In the given example, for a two-stage LPC, HT = cp(T ∗
2 − T ∗

1 ) = 115085 J/kg and

efficiency η∗ = 1 − (1 − σ
0,286
st )(cp T ∗

1 /HT + 1) = 0,84. With an optimized circumfer-
ential position of the rotor and stator BR in this two-stage compressor, the σ values are
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Fig. 4 Scheme for constructing an EC taking into account the flow paths in the compressor in
absolute and relative motion
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Fig. 5 Scheme for constructing an EC for a stator, taking into account the difference in the number
of blades Z (shown is the optimal relative position grids in the stator)

1.5% higher. Taking this into account, the obtained values for Kλ for the optimal and
non-optimal mutual positions of the stator BR (and, accordingly, the rotor) differ. The
values of λ at the inlet to each RB and GV during the rotation of the rotor (from the
usual 2D calculation or calculation in Ansys) are used to calculate the σ of all BRs and σ

for the compressor as a whole (for the optimal and non-optimal relative positions of the
BRs of the stator and, accordingly, the rotor) made it possible to determine the efficiency
of the compressor 0.85 and 0.84, respectively, for the optimal and non-optimal variant
of the relative circumferential position of the BR in the stator). This is the efficiency in
the design mode (at the calculated value at the input. This allows us to determine the
displacement (Fig. 7) of the curves η(ca) for each of the variants of the relative position
of the stator blades (and, accordingly, the rotor).

3 Conclusion

Thus, it has been shown that the proposed method for analyzing the possibility and
feasibility of using the clocking effect in the design and assembly of compressors and
turbines (including birotative ones) allows solving the problem with minimal resource
consumption for 3DCAD/CAE modeling. The proposed use of equivalent channels and
methods for determining the efficiency of turbines and compressors at the optimal and
non-optimal mutual circumferential position of the BR in the stator (and in the rotor)
allows increasing the degree of adequacy of the result obtained. This allows you to set



634 I. A. Krivosheev et al.

Fig. 6 Scheme of constructing an EC for a stator, taking into account the difference in the number
of blades Z (shown is a non-optimal relative position grids in the stator)

Fig. 7 Dependencies η (ca) for the optimal and non-optimal mutual position of the stator blades
(and, accordingly, the rotor)

the conditions for the relative position of the blade rows when assembling stators (and
rotor) of a compressor or turbine.
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Abstract. This article is devoted to the analysis of the smooth running of wheeled
suspensionless vehicles (WSV) in various operating conditions based on experi-
mental studies obtained by Scientific Research Tractor Institute (NATI) and other
research organizations. The graphs of the dependences of the root mean square
(RMS) vertical and horizontal accelerations are given for three levels of norms
according to the ISO 2631–1:1997 standard. It was revealed that the vibration-
protective properties of pneumatic tires are very low due to a narrow frequency
zone in width and a very steep resonance located in the low-frequency region. To
analyze the smooth running of WSV, the RMS-levels of the vibration accelera-
tions in 1/3-octave frequency bands for tractors YuMZ,MTZ-50, K-700, T-150 K,
and T-40 are given, as well as the experimental values of the natural frequencies
of their vertical oscillations. It was revealed that domestic wheeled tractors in all
considered operating conditions can perform resonant vibrations on pneumatic
tires. Therefore, the smooth running of domestic wheeled tractors is unsatisfac-
tory, RMS of the vertical accelerations of the skeletons of domestic tractors is up
to 4.5 times higher than the permissible level.

Keywords: Wheeled suspensionless vehicle · Operating conditions · Smooth
running · Vibration frequency

1 Introduction

Research by the authors [1–5] shows that wheeled suspensionless vehicles (WSV) have
a low running smoothness. Many potential built-in operating characteristics of these
vehicles (speed, efficiency, stability, controllability of movement, fuel efficiency) are not
fully realized in various operating conditions. When driving, these vehicles experience
significant vibrations, they swing and vibrations damp very slowly. Therefore, even
having sprung seats and driving at a speed lower than the design one, the operator’s
vibration load is not provided, both when performing basic technological operations
in the fields and when performing transport operations on the roads [6–11]. To reduce
the vibration, as well as to ensure traffic safety, the operator has to lower the vehicle’s
speed which worsens fuel efficiency and reduces productivity and efficiency of using
the vehicle. Vibrations of agricultural machinery working in the fields increase the tire
pressure on the soil,which reduces yields.With long-termexposure to vibration,machine
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operators often suffer from occupational diseases—spinal deformities, gastroptosia, etc.,
which reduces the prestige of their profession. It is noted in the study [12] that during
the transition to the first stage of increasing, the operating speeds of machine-tractor
aggregates (up to 6–9 km/h), the working conditions on the wheeled tractors MTZ-50,
T-40, T-74, etc., have significantly deteriorated, and tractor drivers could not fully realize
the capacity of these machines without harm to their health. Clinical examinations of
machine operators carried out by medical organizations have shown that about 50% of
machine operators suffer from diseases causally related to working with vehicles.

2 Analysis of the Smooth Running of Wheeled Suspensionless
Vehicles in Various Operating Conditions

In the study [13], it is noted that it is unacceptable to use vibration-hazardous machines
and perform work if the vibration acting on a person during an 8 h working day exceeds
the specified norms. Nowadays, root mean square (RMS) acceleration is a generally
accepted parameter for evaluating the smooth running of vehicles. It is measured in
absolute units (m/s2) and in relative units of decibels (dB). For the last variant, the
following dependency is used:

L = 20 lg
(
z̈RMS

/
z̈0

)
, (1)

where z̈0 = 0.000314 m/s2 is the acceleration of the sensitivity threshold.
For a more accurate assessment of the dependence of the permissible values of

vibration velocities and vibration accelerations on the vibration frequencies, the octave
bands are divided into 1/3-octave bands. For this purpose, the octave frequency range is
divided into three components, and the geometric mean values of each one-third octave
frequency band are rounded off.

The standard [14] gives the permissible values of vibration accelerations for the level
of maximum permissible tiredness, exceeding which is dangerous to health (with the
duration of 8 h vibration), because it leads to occupational diseases.

To obtain a given norm for the level of permissible operator tiredness which does not
lead to a decrease in labor productivity, the values of the norm for the level of maximum
permissible tiredness are reduced twice or by 6 dB. To obtain the norm of comfort
level that provides the ability to read, write, and eat while driving, the standard RMS
acceleration of the maximum permissible level of tiredness is reduced by 6.3 times or
by 16 dB. Currently, the norm of comfort level for WSV is desirable, but not applied,
due to the lack of technical capabilities to comply with it.

Data analysis from [14] shows that the most dangerous frequency band is from 4 to
8 Hz. The minimum acceleration value for the tiredness level is 0.315 m/s2 or 0.032 g.

Over time, exposure to vibration and human tiredness accumulates; therefore, if the
operator is exposed to the vibration of the same level with intervals during the working
day, then the total exposure time is determined as the sum of separate periods [15].

With the integral frequency assessment of WSV smooth running, the permissible
levels of vibration of the II level (ensuring productive work) are used with the duration
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of exposure during the working day (480 min): [z̈RMS] = 0.54 m/s2; [ẍRMS] = [
ÿRMS

]

= 0.38 m/s2 [13].
To determine the degree of permissible accelerations, [z̈T ] increases with a decrease

in the duration of exposure to vibrations T relative to 8 h, and it is convenient to use the
formula:

[z̈T ] = δ[z̈8h], (2)

where δ is the coefficient of permissible accelerations increases with a decrease in the
duration of exposure to vibrations starting from 8 h.

The dependence of the coefficient of permissible accelerations increases with a
decrease in the duration of exposure to vibrations starting from 8 h according to the
ISO 2631-1:1997 standard is shown in [16].

Since the only elements of WSV that protect its body from vibration (resulting
from wheel collisions on uneven roads) are pneumatic tires, then experimental studies
that reveal the features of its vibration-protective properties are of particular interest.
The study [2] contains vibration tests for a BELARUS tractor tire with a load of 700 kg
installed on a vibrating platform of a dynamic test stand [17, 18]. The stand drive allowed
the vibrating platform to perform harmonic vibrations with different frequencies in the
range of 1–5 Hz and an amplitude of 15 mm (Fig. 1a). As a result of wheel tests, the
amplitude-frequency characteristics (AFCs) of the load swing on the tire were obtained
at different initial air pressure in the tire (Fig. 1b).

Fig. 1 aView of the tire of the BELARUS tractor on the dynamic stand. b the frequency response
of the oscillations of a load weighing 700 kg on the tire at various pressures: 1—p0 = 0.1 MPa;
2—p0 = 0.15 MPa; 3—p0 = 0.20 MPa; 4—p0 = 0.26 MPa

Analysis of AFC of load swing on the tire (Fig. 1b) allows to draw the following
conclusions about the features of the vibration-protective properties of the pneumatic
tire:

• load swing on the tire when the vibration frequency of the vibration platform
approaches the resonance zone sharply increases (more than 10 times), the tire breaks
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away from the vibration platform during vibrations due to low damping properties in
the tire material and the lack of damping properties of compressed air inside the tire;

• the resonance zone is very narrow, its width is about 0.5 Hz, it depends little on the
pressure in the tire, and all the AFC are shifted to the right with pressure increasing;

• AFC displacement at pressure change is very small, for example, when the pressure
in the tire decreases by 2.6 times (from 0.26 to 0.10 MPa), the AFC shifts to the left
only by 8%, i.e., lowering the pressure in the tire to an acceptable level does not give
the necessary reduction in its rigidity and the natural vibration frequency of the WSV
body.

One more feature of the tire behavior, when tested on the test stand, is also noted in
the study [2]: the intensity of growth and the magnitude of the load swing on the tire
increase with pressure increasing in it. Therefore, to obtain the superresonance part of
the AFC at high pressure in the tire (0.20–0.26 MPa), they used the method of the fast
passage of the disturbance frequency corresponding to the resonance zone to exclude
the stand breakdown.

Thus, the vibration-protective properties of pneumatic tires are very low due to the
narrow width of the zone and very steep resonance; therefore, when analyzing WSV
smooth running, it is of interest to assess the probability of this phenomenon under
various operating conditions. To do this, we will compare the frequency effect of the
track irregularity with the natural frequencies of WSV body vibration on tires when
carrying out transport work on the roads and basic technological operations in the fields.

It is noted in the study [19] that the smooth running of domestic and foreign wheeled
tractors is unsatisfactory, since RMS of the vertical accelerations of domestic tractor
bodies is 0.25 g, i.e., 4.5 times higher than the permissible level. Foreignwheeled tractors
have an even lower smooth running. RMS of the vertical accelerations at their seats is
0.30 g, i.e., 5.5 times higher than the permissible level. These data are confirmed by the
results of vertical accelerations measurements of the serial seat and on the cabin floor of
MTZ-50, MTZ-52, MTZ-82, T-40, and T-150 K tractors, carried out at a speed of 10–
12 km/h on the same agricultural background [20]. The measurement results are shown
in Table 1. Data analysis in Table 1 indicates that for MTZ-50, MTZ-52, MTZ-82, T-40,
and T-150 K tractors, RMS acceleration on the seats is 15–25% higher than on the cabin
floor. The norms of operator’s vibration load are exceeded by 209.3–518.5%; therefore,
the time of permissible operation of these tractors is within 0.5–2.0 h (according to the
dependence of the coefficient of permissible accelerations increases with a decrease in
the duration of exposure to vibrations starting from 8 h according to the ISO 2631-1:1997
standard in [16]).

To determine the frequencies at which the levels of vertical RMS vibration acceler-
ations in 1/3-octave frequency bands exceed the norm, and to find the excess value, it is
convenient to use the AFC of tractors obtained in [21] (Fig. 2).

When receiving the AFC (Fig. 2a-e), measurements of vertical accelerations on the
serial seat and on the cabin floor were carried out in the process of performing the
following main technological operations: sowing winter crops (speed 12 km/h); disking
(6–8 km/h); plowing (8–10 km/h); driving on asphalt (speed 25 km/h).

Analysis of the diagrams in Fig. 2 shows that the experimental characteristics of
vertical vibrations obtained (both on the seat and on the body) have a prominent peak
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Table 1 Experimental data on vibration loading of wheeled tractors at a travel speed of 10 …
12 km/h on one agricultural agrophone

Tractor Vibration
measuring
point

RMS of
vertical
accelerations
σ, «g»

RMS of
vertical
accelerations
σ, m/s2

Excess of the
norm � =
(σ − σn)

/
σn,

%

Dynamism

factor K =
σseat

/
σbody

MTZ-50 seat 0.34 3.34 518.5 1.21

cabin floor 0.28 2.75 409.3

MTZ-52 seat 0.32 3.14 481.5 1.23

cabin floor 0.26 2.55 372.2

MTZ-82 seat 0.26 2.55 372.2 1.13

cabin floor 0.23 2.26 318.5

T-40 seat 0.25 2.45 353.7 1.25

cabin floor 0.20 1.96 263.0

T-150 K seat 0.21 2.06 281.5 1.23

cabin floor 0.17 1.67 209.3

caused by resonance for almost all tractors. YuMZ and MTZ-50 tractors have resonance
in the frequency range of 2.5–3.0 Hz. K-700 and T-150 K tractors have shock absorbers;
therefore, the resonance is in a lower frequency range of 1.8–2.0 Hz, respectively. T-40
tractor has two resonance peaks at frequencies of 2.5 Hz and 5.0 Hz, due to the presence
of a spring suspension on the front axle. It follows from Fig. 2f that the integral norm
of operator’s vibration load at MTZ-80 tractor by vertical vibrations (0.54 m/s2) when
carrying out transport work at speeds above 7.5 km/h is also not provided, and even is
exceeded at speeds above 14–16 km/h.

Figure 3 shows RMS of vibration accelerations on the tractor driver’s seat when
T-150 K tractor moves in various gears with the 1-PTS-9 semi-trailer on a field road.

Analysis of Fig. 3 shows that HTZ seat has higher vibration-protective properties
than the sprung seats of other manufacturers; however, the operator’s vibration load rate
(straight line 5) is not provided for this seat too in the low-frequency resonance zone, and
the deviation from the norm increases almost linearly with movement speed increasing.

The experimental and calculated values of the natural vibration frequencies of the
front and rear parts of wheeled tractors are given in (Table 2) [19].

Analysis of Table 2 shows that the calculated frequencies are lower than the experi-
mental ones. It happens due to the nonlinearity of the elastic characteristics of the tire.
To analyze the smooth running of the considered wheeled tractors, it is necessary to use
the experimental values of the natural vibration frequencies of their rear part on the tires
(since the cabin is located there), which are in the range of 2.89–3.43 Hz. The frequency
of the end of the resonance zone can be found by multiplying the value of the natural
frequencies by 1.41.
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Fig. 2 Experimental vertical vibration acceleration ofwheeled tractors. aYuMZ.bT-40.CK-700.
d T-150 K. eMTZ-50 (1—on the frame; 2—on the seat; 3—comfort level; 4—level of permissible
fatigue; 5—level of maximum permissible fatigue) f MTZ-80 (1, 2, 3—on the seat; 4, 5, 6—
on the floor of the cabin; 1, 4—movement with the I-PTS-4 semi-trailer; 2, 5—movement with
the mounted plow PN-3- 35; 3, 6—transport mode; 7—integral norm of vibration loading of the
operator): [z̈RMS] = 0.54 m/s2)

Data on the irregularities lengths in the study [22]were taken to obtain the frequencies
of the disturbing effect of a dirt road and various fields when WSV moved at different
speeds (Table 3).

To determine the presence and number of resonant modes of tractor movement in
Table 3, there are highlighted (in bold) values of the frequencies of the disturbing effect
of the dirt road and various fields, which are included in the resonance zone of the rear
suspension of the tractors (Table 2). As a result, it was found that in all considered
operating conditions, YuMZ, MTZ-50, MTZ-7 M, and T-40 domestic wheeled tractors
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Fig. 3 Root mean square values of vertical accelerations on the driver’s seat when the T-150 K
tractor moves in different gears with the 1-PTS-9 semi-trailer on a dirt road. a in 5th gear. b in 6th
gear. c in 7th gear. d in 8th gear; 1—HTZ seat; 2—seat by Bustrem; 3—serial seat; 4—Grammer
seat; 5—level of permissible fatigue

Table 2 Experimental data on vibration loading of wheeled tractors at a travel speed of 10 …
12 km/h on one agricultural agrophone

Tractor
brand

Springs
stiffness,
kgf/cm

Front suspension Rear suspension

Frequency, Hz

Calculated Experimental Difference,
%

Calculated Experimental Difference,
%

T-40 rel.
1962

600 3.9 4.1 5 2.9 3.27/4.6 11.3

∞ – – – 2.9 3.19/4.5 9.1

T-40 rel.
1963

600 4.21 4.51 6.7 3.02 3.43/4.8 11.6

MTZ-7M 1500 3.24 3.43 5.6 – – –

MTZ-50 580 2.74 2.9 5.5 2.6 3.02/4.3 13.9

MTZ-50 395
(experim.)

2.48 2.65 6.4 2.6 2.89/4.1 10

Note the frequency of the end of the resonance zone is indicated through a fraction

can make resonant vibrations on the rear tires when performing various works in the
following ranges of travel speeds:

• 12–30 km/h—when performing transport work on dirt roads;
• 5–7 km/h—when performing agricultural operations in the field for sugar beets;
• 5–9 km/h—when performing agricultural operations in the field for sunflowers;
• 6–12 km/—when performing agricultural operations in the field for potatoes;
• 8–15 km/h—when performing agricultural operations in the field for sweet corns.

K-700 and T-150 K tractors are not WSV since they have spring suspension. Sus-
pension complicates the design, but makes tractors more suitable for transport work
on dirt roads and agricultural operations in the fields, since they have a lower natural
frequency (in the range of 1.8–2.0 Hz). When performing transport work, they have res-
onant vibrations on dirt roads only when driving at low speed in the range of 9–12 km/h.
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Table 3 Experimental data on vibration loading of wheeled tractors at a travel speed of 10 …
12 km/h on one agricultural agrophone

Travel
speed,
km/h
(m/s)

Disturbance frequency, Hz

Soil background

Dirt road Sugar
beet
field

Sunflower
field

Potato
field

Corn
field

Cross-furrow
travel

Stubble of
spikes

4 (1.1) 0.55–1.1 2.4 1.8 1.57 1.2 3.14–3.66 7.2

5 (1.4) 0.7–1.4 3.1 2.3 2 1.5 4–4.7 9.4

6 (1.66) 0.8–1.7 3.7 2.8 2.4 1.85 4.7–5.5 11

7 (1.94) 0.97–1.9 4.3 3.2 2.8 2.16 5.5–6.48 12.5

8 (2.2) 1.1–2.2 4.9 3.7 3.17 2.47 6.3–7.4 14.8

9 (2.5) 1.25–2.5 5.5 4.16 3.57 2.77 7.14–8.33 16.5

12 (3.3) 1.6–3.3 7.4 5.5 4.7 3.7 9.5–11.1 22

15 (4.2) 02-Apr 9.3 7 6 4.7 Dec-14 28

30 (8.4) 04-Aug 18.6 14 12 9.4 24–28 56

45
(12.6)

06-Dec 27.9 21 18 14.1 36–42 84

Note the frequencies of the disturbing effect of a dirt road and various fields, included in the
resonance zone of the rear suspension of tractors, are shown in bold

Since transport work is performed at speeds 2–3 times higher, then resonant vibrations
will be unlikely, and the higher the speed, the lower the probability of resonance. When
performing agricultural operations in the fields, resonant vibrations of these tractors can
also occur only at speeds below 7 km/h, and at higher speeds, they are also unlikely.
However, the experience of operating and studying the smooth running of various vehi-
cles on various roads shows that the accelerations affecting the driver become bigger
with an increase in the driving speed and can exceed the standard values.

3 Conclusions

Analysis of the smooth running of WSV (YuMZ, MTZ-50, MTZ-7 M, T-40, K-700,
and T-150 K), which was based on experimental studies obtained by NATI and other
research organizations, showed the following:

• the vibration damping properties of tires are very low due to their narrow width and
very steep resonance;

• YUMZ, MTZ-50, MTZ-7 M, and T-40 domestic wheeled tractors can perform
resonant vibrations on tires in all considered operating conditions;

• the smooth runningofYuMZ,MTZ-50,MTZ-7M, andT-40domesticwheeled tractors
is unsatisfactory, and RMS of the vertical accelerations of domestic tractors bodies is
up to 4.5 times higher than the permissible level;
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• K-700 and T-150 K tractors are not WSV since they have a spring suspension,
which complicates the design, but makes themmore suitable for performing transport
operations on dirt roads and agricultural operations in the fields.
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Improvement of the Performance Properties
of the Wheel with a Pneumatic Tire Due
to the Internal Elastic Damping System
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Abstract. This article is devoted to improving the performance of a wheel with
a pneumatic tire due to the internal elastic damping system. Pneumatic tires have
low vibration resistance due to high rigidity and low damping. The solution to
this scientific problem is of great interest, especially for wheeled suspensionless
vehicles. The ways of increasing the vibration protective properties of pneumatic
tires are considered. The description of a wheel with an internal pneumatic elas-
tic damping system is presented. The principle of operation of a wheel with a
mechanism with negative stiffness is shown, its elastic characteristics are given,
including at elevated pressure. A formula for calculating the stiffness of the elastic
characteristic is obtained. On the basis of calculations, it has been proved that for
the proposed pneumatic wheel, the rigidity of the elastic characteristic decreases
2.28 times at a pressure suspended by 20%.

Keywords: Wheel · Pneumatic tire · Elastic characteristic ·Mechanism with
negative stiffness

1 Introduction

Pneumatic tires for suspensionless machines (SM) such as wheeled tractors, combines,
agricultural, road-building, and other specialmachines, are the only elements that protect
the frame from vibration, resulting from the interaction of wheels with irregularities
of fields and roads. However, pneumatic tires have low vibration protective properties
due to their high stiffness and poor damping [1–5]. Operating experience of SM [6–
11] and the studies carried out [12–20] show, that when performing transportation and
technological operations, SM have insufficient smoothness of the ride, because they
do not ensure compliance with the norms of vibration loading of the operator, even
when driving on low worn roads. Vibrations of agricultural machinery in the fields
increase the tire pressure on the soil, which reduces yields. Long-term vibration action
on machine operators causes occupational diseases, which reduces their quality of life
and the prestige of their profession. Due to the low vibration protective properties of tires,
SMmove at a low speed and create road congestions, which reduce their throughput, lead
to an increase in the risk of accidents and deterioration of the functioning of transport. In
this regard, an increase in the vibration protective properties of a wheel with a pneumatic
tire for SM due to an internal elastic damping system is of great interest.
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2 Ways to Increase the Vibration Properties of Tires

One of the ways to improve the vibration protective properties of a wheel with a pneu-
matic tire is to reduce the pressure in the tire to reduce its rigidity [21–28]. Figure 1 shows
the dependence of the resonance amplitudes of displacements and accelerations of the
rear part of the frame of the T-40 tractor on the stiffness of the tires of the driving wheels.
Analysis of Fig. 1 shows that a decrease in the tire stiffness of the driving wheels of
the T-40 tractor leads to a decrease in the resonance amplitudes of displacements (curve
1) and accelerations (curve 2). However, the range of change in tire stiffness with the
allowable change in tire pressure (shaded area) is very narrow.

Fig. 1 Dependences of the resonance amplitudes of displacements (curve 1) and accelerations
(curve 2) of the rear part of the frame of the T-40 tractor on the stiffness of the tires of the driving
wheels (the shaded area is the range of changes in tire stiffness with an allowable change in tire
pressure)

Thus, due to decrease in the pressure in the tires, it is impossible to solve the prob-
lem of increasing the vibration protective properties of wheels with a pneumatic tire.
Therefore, the authors of the article proposed another way to solve it.

On the basis of the patent [29], a wheel with an internal elastic damping system
(IEDS) was developed, with a mechanism with negative stiffness (MNS) [30] (Fig. 2).

A wheel with IEDS (Fig. 2) contains a rim 1 and a pneumatic tire 2, in the cavity of
which an elastic shell 3, which does not rotate relative to the car, is installed, truncated
in the lower part 4. It rests on the rim by means of rollers 5, fixed on it, and divides the
tire cavity into two cavities: A—shell cavity 3 and B—annular working cavity of the tire
2. In the lower part, the shell 4 has a lock 6, which facilitates its installation into the tire.

The elastic shell is a pneumatic damping system and has valves with orifice holes
7 through which cavities A and B communicate. In the lower part of the elastic shell, a
bracket 8 is fixed with two levers 9, which have rollers 10 at the ends, and a hydraulic
absorber 11 and rods 12 are hinged between the levers, forming a rhombic four-link
mechanism with the levers—a mechanism with negative stiffness (MNS). It presses the
rollers 10 to the side surfaces of the tire by means of a tension spring 13, connecting
the hinge between the rods 12 with a bracket 14, fixed to the shell. To reduce stresses at
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Fig. 2 Wheel with an internal elastic damping system (IEDS) containing a mechanism with neg-
ative stiffness (RF patent No. 179290): A—shell cavity; B—annular working cavity of the tire;
1—rim; 2—pneumatic tire; 3—elastic shell; 4—truncated part of the elastic shell; 5—rollers;
6—lock; 7—throttling hole; 8—bracket; 9—lever; 10—roller; 11—hydraulic shock absorber;
12—thrust; 13—tension spring; 14—bracket

the place of contact between the rollers 10 and the sidewalls of the tire 2, the working
surface of the rollers 10 is made in the form of a torus part and has a coating with a low
friction coefficient.

When the weight of the vehicle is applied to the wheel, the sidewalls of the tire 2
are deformed, forming concave surfaces inside the tire. When the wheel rolls, the rollers
10, pressed by the spring to the side surfaces of the tire, turn the shell together with the
tire. The rollers, being at the bottom, go into the deformed sidewalls of the tire under the
action of the spring and provide a stable holding of the shell in positionwith the truncated
part 4 downward when the wheel rolls. This is due to the fact that when deviating from
this position, the rollers 10 move into the zone of lesser deformation of the tire sidewalls
and tend to return to the area of maximum deformation.

To calculate the mechanism with negative stiffness, the design scheme, shown in
Fig. 3, was used.

The balance of forces in Fig. 3 implies

Fr sin γ = Fspr1 cos γ ; (1)

Frd = Fspr1e; (2)

Fr(d0 − z) = Fspr1(e0 + x); (3)

Fr(d0 − z) = (Fspr10 + kspr1z)(e0 + x); (4)

Fr0d0 = Fspr10e0, (5)
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Fig. 3 Design diagram of mechanism with negative stiffness: l—length of the lever on which
the roller is installed; γ—angle of inclination of the roller lever of length l relative to the x-axis;
x—axis along which the rollers expand; Fspr1—current force of the rollers expansion caused by
the tension spring; Fr—current force from the action of the roller on the inner surface of the tire;
d—vertical projection of the distance from point A of the roller action to the connection point of
the two roller arms in the current position; e—horizontal projection of the distance from point A
of the roller action to the point of connection of two roller arms in the current position

where z—axis along which the tension spring acts; Fspr10—static force of the rollers
expansion caused by the tension spring; Fr—static force from the action of the roller on
the inner surface of the tire; kspr1—stiffness of the tension spring; d0—vertical projection
of the distance from the point A of the roller action to the connection point of the two
roller arms in a static position; e0—horizontal projection of the distance from point A
of the roller action to the connection point of the two roller arms in a static position.

Let us set

d0 − z =
√
l2 − (e0 + x)2, (6)

z = d0 −
√
l2 − (e0 + x)2. (7)

Then, the force of the rollers can be determined by the formula

Fr = (Fspr10 + kspr1z)(e0 + x)

d0 − z
. (8)

The design scheme of the tire is presented in the formof a four-link hingemechanism,
inscribed in it (Fig. 4).

The balance of forces in Fig. 4 implies

Frb = Fc; (9)
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Fig. 4 Design diagram of the tire in the form of a four-link hinge mechanism inscribed in it: a—
vertical projection of the distance from point A of the roller action to the wheel rim in the current
position; b—vertical projection of the distance from point A of the roller action to the supporting
surface (or to the tread) in the current position; c—horizontal projection of the distance from point
A of the roller action to the vertical axis in the current position; y—vertical axis along which the
pneumatic tire is compressed; α, β—the angles of inclination of the sides of the hexagon of length
l1 and l2 relative to the x-axis; l1, l2—the lengths of the sides of the hexagon; Fspr2—current
wheel compression force caused by the air pressure in the tire under load; F—external load on
the tire; Fr—current force from the action of the roller on the inner surface of the tire

Fr(a0 − y1) = (Fspr2 − F)(c0 + x); (10)

Fr(a0 − y1) = (Fspr20 + kspr2y − F)(c0 + x); (11)

y = a0 + b0 −
√
l21 − (c0 + x)2 −

√
l22 − (c0 + x)2, (12)

where a0—vertical projection of the distance from point A of the roller action to the
wheel rim in a static position; b0—vertical projection of the distance from the point A
of the roller action to the supporting surface (or to the protector) in a static position;
c0—horizontal projection of the distance from point A of the roller action to the vertical
axis in a static position; Fspr20—static force of compression of the wheel caused by the
air pressure in the tire under load; Fr0—static force from the action of the roller on the
inner surface of the tire; kspr2—stiffness of the pneumatic tire in the current position.

After transformations, we get
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F = Fspr20 + kspr2y

−
(
Fspr10 + kspr1

(
d0 −

√
l2 − (e0 + x)2

))
(e0 + x)

(c0 + x)
√
l2 − (e0 + x)2

·
(
a0 − 2b0y − y2

2(a0 + b0 − y)

)

(13)

F(y) = Fspr10
a0e0
c0d0

+ kspr2y

−
(
Fspr10 + kspr1

(
d0 −

√
l2 − (e0 + x)2

))
(e0 + x)

(c0 + x)
√
l2 − (e0 + x)2

·
(
a0 − 2b0y − y2

2(a0 + b0 − y)

)
,

(14)

where x = √
l2 − (a0 − y)2 − d0.

The elastic characteristics of a wheel with IEDS and MNS are shown in Fig. 5.
Elastic characteristic 1 corresponds to a tire pressure of 1.8 atm., and elastic char-

acteristic 2 corresponds to a higher (by 20%) tire pressure. Both elastic characteristics
(Fig. 5) in the area of static deformation of the tire have a section of reduced stiffness:
1/ and 2/, respectively. Below the x-axis, the elastic characteristic of the MNS is plotted
for the standard tire pressure (curve 3) and increased pressure (curve 3/).

The stiffness of the linear elastic characteristic of a tire can be calculated by the
formula

ct = 10000π2
/

λst, (15)

where ct—stiffness of the tire; λst—reduced static deformation of the tire.
From Formula (15), it follows that the ratio of the stiffnesses of linear elastic char-

acteristics is inversely proportional to the ratio of their reduced static dips. Then, after
performing the measurements in Fig. 5 of reduced dips of elastic characteristic 2 with
and without a soft section, we get the ratio

λ
/
st/λst = 2.28 (16)

Thus, IEDS with MNS in the soft section reduces the stiffness of the elastic char-
acteristics of the tire by 2.28 times, and this result was obtained for a tire with a 20%
increased pressure, i.e., with less static deformation and rolling resistance.

3 Conclusions

Thus, the proposed wheel with IEDS allows to improve the following performance
properties of tires and SM:

• to increase the vibration protective properties of the tire by reducing the stiffness and
combined air and hydraulic damping, which improves the smoothness of the ride of
the SM;

• to reduce the rolling resistance of the tire, by reducing its static deformation, which
improves the fuel efficiency of the SM.
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Fig. 5 Elastic characteristics of the rear wheel of the T-40 tractor with IEDS and MNS: 1, 2—
elastic characteristics of the tire at standard (1.8 atm.) pressure and increased by 20% (2.16 atm.)
pressure; 1/, 2/—areas of reduced rigidity; 3, 3/—elastic characteristics of MNS; λst1 and λ/st1—
reduced static deformations of a classic tire; λst2 and λ/st2—reduced static deformations of the
tire with MNS; Pst—static load on the tire
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Abstract. An automated blocking of inter-axial or inter-wheel differentials elimi-
nates any chance of power circulation occurrence or additional loading of transmis-
sion units, which makes part service lives longer. To reduce the expenses which
multiply as the operation and maintenance stages of vehicle units and systems
approximate, it is necessary to take into account a whole set of driver’s influence
options, environmental influence, power, and chassis devices influences already
at the design of advanced structures. The simplest option of a discrete differen-
tial represents a self-blocking small friction differential equipped with a forced
manual blocking device. The conducted research allows speaking about a small
probability of power circulation under high aggregate resistance towards motion,
irregular distribution of weight, and rotation torque on the axes. Themost complex
cases of the drive-axle part loading are operatingmodes during winter at the action
of extremely low temperatures as well as the operation in summer and action of
high temperatures, dust, and other environmental factors.

Keywords: Drive axle · Differential · Blocking · Transmission oil · Winter
conditions · Operating temperature

1 Introduction

Assessment of the influence of external factors of operation of wheeled vehicles should
be based on a systematic approach. In particular, the main factors of the truck operating
mode should be taken into account:

• Blocking coefficient of differential mechanisms of drive axles. Its value is closely
related to the criteria for the operational properties of the car, which leads to a change
in operating efficiency in difficult conditions [1].

• Current gear oil temperature. A change in temperature can lead to a decrease in the
operational properties of the oil, which will lead to a reduction in the resource of parts
[2].

The application of a systematic approach allows taking into account the influence of
the following significant factors: control module, driver, power unit, transmission, road,
and environment. This technique allows us to establish new significant relationships in
the operational process of the drive axle [3–5]. The paper [6] proposed a classification for
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external influences in a system taking into account a third-party influence on the operation
conditions of a truck drive axle. In particular, the authors conducted bench tests of truck
units and obtained important experimental data facilitating the specification of the links
in the considered system. It is extremely important to evaluate the current condition
and the residual life of such components by means of on-board controls and continuous
monitoring of operating parameters [2].

The influence of the elements of the system of interaction of the car with the road
and the environment is complex and mutual [6].

• Increasing the cross-country ability of the car by blocking the differentials can lead
to additional loading of the transmission components [7]. This phenomenon is called
power circulation. Significant losses in a locked transmission occur when driving on
a road with a high grip coefficient.

• Untimely or improper replacement of gear oil can shorten the life of parts [6]. A
similar phenomenon will occur with deviations of the gaps or preliminary forces in
the joints when exposed to low temperatures. The most negative effect is to reduce
the stiffness of the main gear.

• The factor that complicates the operation of the system is the influence of the driver.
For example, abrupt engagement of the clutch leads to dynamic loading of the gearbox.
Increased torque can also be transmitted to the cardan gear. Untimely gear changes
can also have a negative impact on the operation of the drive axle. The drive-axle
control in automatic mode must be carried out taking into account these factors. [8].

• In summer, the drive-axle parts often fail due to the elevated oil temperature and poor
lubricating properties. Oil leakage through seals is also possible due to a significant
decrease in viscosity. In the winter time of operation, there is an increase in the
viscosity of the oil, which is the cause of large friction losses. It is necessary to take
into account the negative effect of snow cover on the road and on the surface of
transmission units. For example, see Fig. 1.

Fig. 1 a Transmission in winter operation. b Thermogram of transmission units
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2 Methods

The factor complicating the operation of a performance automated control system is a
driver’s influence. An automated blocking of inter-axial or inter-wheel differentials elim-
inates any chance of power circulation occurrence or additional loading of transmission
units which makes part service lives longer:

kbvar = Rz1ϕ1rd1 + Rz1f1rd1
Rz2ϕ2rd2 + Rz2f1rd2

(1)

kbvar—variable blocking coefficient; Rz1—vertical reaction on the lagging wheel; ϕ1—
traction coefficient on the lagging wheel; rd1—dynamic radius of the lagging wheel;
f1—rolling resistance coefficient on the lagging wheel; Rz2—vertical reaction on a run-
ning wheel; ϕ2—traction coefficient on the running wheel; rd2—dynamic radius of the
running wheel; f1—rolling resistance coefficient on the running wheel.

A possibility of forced manual blocking means an increase in the cost of a blocking
mechanism for an automated differential [10]. Additionally, untimely blocking can cause
significant expenses due to unscheduled repair and transmission part replacement.

To reduce the expenses which multiply as the operation and maintenance stages
of vehicle units and systems approximate, it is necessary to take into account a whole
set of driver’s influence options, environmental influence, power, and chassis devices
influences already at the design of advanced structures [11–15]. In this case, one shall
take a method of a mutual influence of weighty external and internal factors influencing
a vehicle as a research basis [1].

The information space of a control system of differential is determined by external
(environment, the road) and internal (engine, drive) objects of influence, each of which is
possible to characterize by final number of the factors. It is necessary to relate the factors
of the automobile, road, environments, duration, character, and amplitude of influence
and other factors to them.

The given factors are powerful in a various degrees depending on the influence of
a necessary degree of blocking of inter-wheel (inter-axial) contours and from influence
against each other. The part of such interrelations is investigated in a sufficient degree,
and some of them are groundless neglected. It also relates to the basic restrictions on size
of blocking influence for the basic (controllable) groups of the operational properties:

• On a difference of revolutions of wheels of one bridge, turn of a steering wheel, and
dynamic course of a suspension bracket (restriction for turn, sliding of wheels, branch
of wheels from a basic surface).

• On speed of the automobile, corners of a lateral withdrawal of trunks, turn of a steering
wheel, and condition of a road covering (restriction on a condition of safe passage of
turn on high speed).

• On speed and amplitude of change of redistribution of the twisting moments, turn of
a steering wheel, and condition of a road covering (restriction on a condition of safe
passage of turn on a slippery covering).

• On speed and amplitude of change of redistribution of the twistingmoments, influence
of an environment, and condition of a road covering (restriction of an opportunity of
an emergency).
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• On presence of the negative twisting moments on conducting wheels (restriction for
cases of braking, circulation of parasitic capacity).

• On size of the twisting moments on wheels, total forces of resistance and properties
of a basic surface (restriction on a condition of realization of passableness).

• On size and duration of action of the twisting moments on couplings, conditions
of work of coupling (differential), and influence of an environment (restriction on a
condition of maintenance of effective work of the mechanism of distribution).

The complexity of load redistribution by the road turn passing criteria consists in the
fact that a fast change of rotation torques only by the criteria of wheel rotation frequency
difference can induce significant change of the rotational capacity, while slow (smooth)
change of torques may be inefficient and lead to wheel slipping [9, 10]. Besides, the
intensity of such redistribution shall be connected with a specific motion mode and road
surface properties which can be additionally influenced by other factors, for example,
environmental influence [1]:

kcon ≤ Mres

Mgmax
kbcon (2)

kcon—turning criterion; Mres—bending moment; kbcon—rational blocking coefficient;
Mgmax—maximum friction moment of gear differential.

The simplest option of a discrete differential represents a self-blocking small friction
differential equipped with a forced manual blocking device [16]. This option is the most
cost-efficient as it is established that a sufficiently small internal friction provides for
passability virtually in all cases except for explicitly extreme situations.

The conducted research allows speaking about a small probability of power circu-
lation under high aggregate resistance towards motion, irregular distribution of weight,
and rotation torque on the axes [1, 5]:

Mz = 0.02
χirk

γpr(γ1/γ2 + 1)

− rk
(
Gaf + Ga sin αrk + 0, 5cxρvFv

2
ωrk + Gaδvrjrk/g

)γ1/γ2 − 1

γ1/γ2 + 1
(3)

Mz .—circulation moment; χi.—kinematic mismatch; rk—wheel radius; Ga—car
weight;f—rolling resistance coefficient; α—vehicle angle; cx—air resistance coeffi-
cient; ρv—air density;F—car frontal area; vω—air speed; δvr—rotational mass account-
ing factor; j—car acceleration; g—acceleration of gravity; γ1—coefficient of tangential
elasticity of the first bridge; γ2—coefficient of tangential elasticity of the second bridge;
γpr—reduced tangential elasticity coefficient.

Friction clutch with a program control provides for a fast and accurate change of
a friction torque but is a relatively complex and expensive mechanism. Besides, one
should take into account that a fact redistribution of rotation torques only by the criteria
of rotation frequency difference can cause a significant change in the vehicle cornering
ability, while slow redistribution can cause wheel slippage.
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The operation mode of a power plant and transmission unit also has a higher value
for anective estimation of a drive-axle technical state.

A relative time of gearbox operation at various transmissions defines the value of an
equivalent rotation torque transmitted by the main gearing and corresponding reactions
in the bearings. This problem has been quite widely covered in scientific papers [17–
24]. Suspension dynamic deflection causes the change of the angle between cardan drive
shafts and, correspondingly, influences the transmitted rotation torque. If the friction of
the wheel with the road is close to zero, it is necessary to fulfill the condition [1]:

{
Memaxitr ≤ Presrk
Mlag ≤ Gkiϕirk

(4)

Memax—maximum engine torque; itr—gear ratio from gearbox to wheels; Pres—total
force of resistance to movement; rk—wheel rolling radius;Mlag—lagging wheel torque;
Gki—vertical reaction on the wheel; ϕi—traction coefficient on the lagging wheel.

In this case, the maximum degree of blocking is found by the formula:

kbmax ≤ Gkiϕir2k Spr
Ik(ω0rk − vamin)va

(5)

Spr—length of area where grip is zero; Ik—moment of inertia of the wheel; ω0—differ-
ential housing speed; vamin—minimum steady car speed, va—current car speed.

A number of parameters of this model shall be specified in the basis of the
experimental research data [25]. For example, see Fig. 1.

Further, the authors are going to research the mechanical load influence and evaluate
the resulting action of operating conditions onto the wear extent and the main gearing
parts’ failure probability [26, 27].

Many regions of the Russian Federation (Russia) quite often need vehicle transporta-
tion under extremely low ambient temperatures [28, 29]. This problem has been quite
widely covered in technical papers [3, 5, 12, 20–23]. In addition, heating under starting
conditions does not provide for a rational temperature mode over the whole route [30].

The causes of failures and breakdowns should be sought in the unsatisfactory con-
dition of the parts of the main gear and differential, partially losing strength properties
during subcooling [25, 30].

Heating with the heat emitted by burned gases is an efficient and admissible way to
warm a vehicle, while it is moving as well. This method is applied for a local heating
of certain vehicle units and parts, for example, a damper body. However, a drive-axle
heating by thismethod seems to be a very complex process. In addition, it will be difficult
to automatically adjust an operating temperature. Oil level in the drive-axle crankcase
adjusted for rotation-induced spattering. The oil volume also has to be adjusted for
heating or cooling against the baseline.

Aside from these main parameters, it is imperative to take into account the location
of noise/vibration/heat sources in the adopted coordinates.
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3 Results and Discussion

The optimum distribution of capacity in an automobile drive represents a rather difficult
task. It is determined by a large number of external and internal factors influencing and
limiting the choice of the distributing units rational characteristics for construction, cost,
and other reasons [1]. Themost complex cases of the drive-axle part loading are operating
modes during winter at the action of extremely low temperatures as well as the operation
in summer and action of high temperatures, dust, and other environmental factors. In
both cases, the transmission oil operating condition is far from a proper one causing
a whole number of consequences. Apparently, reliable evaluation of the adjustments
made by the automatic transmission-process control system requires objective data on
the intensity of heat transfer in the drive-axle—environment system [2].

Let us enumerate the wheel drive cold start consequences related to inappropriate
condition of transmission oil:

• Significant dynamic loads on the parts and their possible damage caused by an
increased fragility and direct interaction of contact surfaces at the semi-dry friction
sections;

• Intensive wear of the parts due to high oil viscosity, improper oil mix and distribution
on the contact surfaces, oil film damage, and increase in friction forces because of
semi-dry friction sections’ occurrence;

• An increased fuel consumption caused by the increase of the motion resistance in the
drive, both due to additional hydraulic resistances of a more viscous oil and additional
mechanical resistances due to inappropriate lubrication anddecrease of themechanical
performance factor.
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Abstract. For analyzing dynamic characteristics and predicting the resource of
the turbomachine bladed disk, experimental and numerical researches are often
carried out in parallel. This paper presents numerical and experimental studies
of forced vibrations of the rotor’s blades with an intentional mistuning parameter
and considers the effects of the mistuning parameter on the vibrational behavior
of the bladed disk. With a small value of mistuning blades, we can significantly
increase amplitude, displacement or stresses of the bladed structures. This article
analyzes the effect of the intentional mistuning of an axial academic bladed disk
in order to reduce forced response. The finite element method (FEM) and other
program systems are chosen as the basic research methods in the article. In this
regard, the development of high-precisionmathematicalmodels basedon theFEM,
effective algorithm for studying the influence of the mistuning parameter of the
turbomachine rotor on their resource using sensitivity analysis is an urgent task.

Keywords: Dynamic · Turbomachine · Vibration · Intentional mistuning ·
Sensitivity

1 Introduction

Turbine rotors always work under difficult conditions (high temperature, high speed, gas
load) and must satisfy the strict standard for the level of resonant vibration frequencies.
The mistuning parameter of the rotor is one of the important factors which has a signif-
icant impact not only on the work level, but also on the durability of the entire design of
turbomachine. The reason for the mistuning parameter of the rotor depends on several
factors:

• technological tolerances in the production of blades or disks;
• changing damping between the blades or on the surfaces of bandage;
• non-uniform distribution of aerodynamic loads over the blades;
• heterogeneous characteristics of material of the blades, etc.
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One of the important directions in the study of vibrations of mistuned rotors is the
question about the effect of mistuning on the dynamic characteristics as well as on their
fatigue strength and durability. The effect of mistuning has been researched for a long
time in these works [1–17]. Bladed mistuning is small differences between the blades in
terms of mass, geometry, material, etc., which violate the cyclic symmetry of rotor. The
values of the mistuning parameter of the blades are determined in the form [18, 19]:

�fi = fj,i − f j

f j
(1)

where f j—the arithmetic mean of the fundamental frequencies; fj,i—the value of the
frequency jth mode blades, i = 1, …, N (N—the blade number). The degree mistuning
as a measure of the magnitude or severity mistuning in a given rotor is defined as:

Sk = 1

f j

√
√
√
√

1

N

N
∑

1

(

fi,j − f j
)2

(2)

A significant effect in the vibration of tuned system is an increase of the amplitude
and stresses compared to the ideal system. For a quantitative assessment the maximum
increase amplitude factor γ is introduced, which connects the maximum amplitude of
mistuned system with the maximum amplitude of tuned system

γ = umistuned(max)

utuned(max)
(3)

where amplitude is understood as the maximum displacement or maximum dynamic
stress during forced vibrations. The amplitude amplification factor substantially depends
on the degree of mistuning and the rule of mistuned distribution. In theoretical calcula-
tions Ewins simulates the influence of different distributions mistuning on the maximum
amplitude vibrations, which can vary from 130 to 210% [8–10]. Whitehead shows an
approach to estimating the maximum overshoot amplitude [11, 12]. He establishes the
following empirical relationship between maximum value of γ and blade number of
rotor (N):

γmax = 1

2

(

1 + √
N

)

(4)

Many numerical, experimental and theoretical studies show that problems of the
rotor’s mistuning have been known for a long time. From earlier works Ewins shows
the result of experimental studies of the vibrations in mistuned systems. From 2001 to
present time, Repetckii O.V., Beirow B., Kuehhorn A. and other authors have used the
finite element method (FEM) to analyze free vibrations of rotors with mistuning [4, 5,
13, 14, 20, 21]. Afterward, they analyzed the influence of the mistuning parameter on
the rotor’s resource of power and transport turbomachine using the program BLADIS
+ [2] and other programs.
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2 Numerical Research of Forced Vibration of the Bladed Disk
with Mistuning

Many studies by different authors have shown that the phenomenon of mistuning param-
eter can have a significant effect on the resource of power and transport turbine engines
due to the fact that during forced vibrations of turbomachine rotor with mistuning, the
amplitude and dynamic stresses can sharply increase. An academic bladed disk with 10
blades, which is manufactured at Brandenburg University of Technology, was chosen as
the object of study. The material of the bladed disk is Steel, Young’s modulus—2.1 ·105
MPa, density—7850 kg/m3, Poisson’s ratio—0.3. The general view of the rotor and
one sector is shown in Fig. 1a and b. Numerical studies in this work were carried out
using the ANSYS andABAQUS software packages and supported by experimental data.
Figure 1c shows a finite element model of one sector, which uses TET10 triangular finite
elements from the ANSYSWORKBENCH program, each having 3 degrees of freedom
in one node with a total of 2515 finite elements and 14,616 degrees of freedom. The
designated model was rigidly fixed to the rim of the disk.

Fig. 1 Academic bladed disk with 10 blades (blisk). a Full disk. b One sector. c Sector finite
element model

The natural frequency and vibrational mode represent dynamic properties of the
rotor’s blade and determine the oscillatory processes of the blades. Thus, the study of
natural frequencies and vibrational mode of the blades is an important task in the design
of the turbomachine. Figure 2 shows the types of low vibrational mode (mode 2) and
more high vibrational modes (modes 5, 7, 8, 10) of one sector. Figure 3 shows the
eigenvalue of the cyclic symmetry model (CSM) bladed disk for the first mode. The
calculation of natural frequencies of one sector with experimental data and obtained
results in the ANSYS and ABAQUS software packages are shown in Table 1.

The results of calculating forced vibrational characteristics of the academic bladed
disk with mistuning parameter under the impact of exciting load, at which there are
maximum value of amplitude displacement and stress depending on the frequency of
exciting force, shown in Figs. 4 and 5.
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Fig. 2 Vibrational modes of disk’s one sector

Fig. 3 Characterization by CSM lines of the bladed disk for the first mode

3 Experimental Research and Analysis of the Effects of Mistuning
with Appropriate Sensitivity

The values of mistuning are random values. Using experimental method to assess the
effect of mistuning on the dynamics of rotor is a difficult task because it is necessary
to analyze a large number of options for mistuning during the experiment. In these
cases, such numerical method as the Monte Carlo method can be used to study random
processes. Sensitivity functionhas been investigated to control and improve the efficiency
of mistuning. Some authors [2, 19] show that sensitivity analysis of the blades can help
determine the location of mistuning zone and be useful for the design of increased
reliability blades and new design of structures. Besides, sensitivity analysis allows one
to create effective model of mistuning and reduce stress level in the blade, and therefore,
increase its resource. An effective technique for analyzing the sensitivity blades of a
bladed disk to determine the locations of the mistuning zone with additional mass and
maximum effect on the dynamic response of the structure is considered in this work. The
sensitivity analysis of free and forced vibration blades is performed in work [2] (Fig. 6).
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Table 1 Natural frequencies of bladed disk’s one sector (Hz)

Modes Frequency in ABAQUS Frequency in ANSYS Experimental data

1 264.49 260.57 –

2 923.46 905.4 919.69

3 1361.5 1342.1 –

4 1958.0 1937.3 –

5 2857.1 2748.0 2752.50

6 3745.7 3689.0 –

7 4957.6 4510.5 4489.84

8 5422.9 4915.2 5319.30

9 5628.6 5348.2 –

10 7204.2 7036.2 6914.84

Fig. 4 The value of stress depending on the vibration frequency

Fig. 5 The value of amplitude displacement depending on the vibration frequency

The measurement system for analyzing excitation of disk vibration (laser scanning
vibrometer) is shown in Fig. 7a. The experimental setup of the laser scanning vibrometer
system consists of a bladed disk, control device, laser vibrometer, modal hammer, addi-
tional mass and foam pad [5]. Table 2 shows experimental calculation of the academic
bladed disk vibration frequencies.

At the next stage of the research, a block mistuning model No.1 with additional
mass 5.0 g is considered, which consists of 5 mistuning blocks (Fig. 7b). Here, one
group includes one tuned blade and one mistuned blade (with mass). Figure 8 shows
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Fig. 6 Sensitivity analysis for academic bladed disk

Fig. 7 a Experimental setup. b Block mistuning model No.1 with additional mass 5.0 g

Table 2 Experimental calculation of bladed disk’s vibration frequencies (Hz)

Blade number Mode 2 Mode 5 Mode 7 Mode 8 Mode 10

1 919.69 2752.50 4489.84 5319.30 6914.84

2 920.08 2756.72 4498.98 5324.61 6923.83

3 921.48 2757.34 4501.02 5328.91 6930.23

4 920.08 2753.98 4491.88 5322.27 6918.83

5 920.63 2757.50 4499.84 5327.11 6924.22

6 921.33 2756.41 4494.30 5326.48 6924.38

7 922.58 2758.44 4502.50 5329.69 6934.53

8 922.03 2758.52 4500.55 5330.00 6927.11

9 922.34 2759.14 4503.98 5332.97 6933.91

10 921.17 2757.27 4497.57 5328.35 6925.03

the values of mistuning of the blade’s vibration frequencies for the block mistuning
model No.1. The value of amplitude magnification was less than the blade’s maximum
displacement amplification depending on the blade number according to Whitehead
(γmax = 2.08), see Eq. (3).
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Fig. 8 The values of mistuning for the block mistuning model No.1

Figure 9 illustrates that almost the same maximum values of displacement ampli-
fication were obtained for all blades of the academic bladed disk during vibrational
modes 2 and 3, vibrational mode 8 has high maximum value of the bladed displacement
amplification γmax = 1.84 (reduces by 11.5% over the result of Whitehead’s maximum
displacement amplification). Themaximumbladed displacement amplification for vibra-
tional modes 1 and 4 (γmax = 1.41) shows that the most effective result is obtained for
the block mistuning model No.1 (reduces by 32.2%).

Fig. 9 The maximum displacement amplification for the block mistuning model No.1

4 Conclusions

This article presents the results of sensitivity analysis and optimal location mistuning
with additional mass for rotor blades. The information presented in this article shows
the main results of numerical and experimental researches of the effect of mistuning
parameter on the blade’s dynamic characteristics of the academic rotor, taking into
account the sensitivity analysis based on the FEM. Intentional mistuning is obtained
by optimizing the algorithms and implemented using small geometric changes in the
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blade with additional mass 5.0 g on the periphery bladed feather. The results of this
study show reliability and effectiveness using block intentional mistuning in bladed disk
model, which is reduced the maximum value of the displacement amplification of the
blade by 33%.
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Abstract. We have analyzed previously conducted studies on improving the fuel
efficiency of automobile and tractor diesels when idling with a disconnected part
of the cylinders by stopping the fuel supply to them as a result of closing the
intake and exhaust valves or without them closing. The well-known calculation
methods considered by us are based on the use of experimental characteristics and
empirical dependencies that are valid only for specific diesel engines and their
operating modes. At the same time, the calculated assessment of fuel efficiency
whendiesels operate in partialmodeswith some cylinders switched off by stopping
the fuel supply is carried out without experimental confirmation. The results of
such computational studies differ qualitatively from the results of experimental
studies. The paper proposes a method for evaluating fuel efficiency based on the
use of the load characteristic of a full-size diesel engine. This makes it possible to
calculate the indicator efficiency and hourly fuel consumption of a diesel engine
when it is running at idle with a part of the cylinders turned off. The results
are presented of experimental and computational studies of changes in the fuel
efficiency of a 4 × 10.5/12 diesel engine when operating in partial modes and at
idle, if some of the cylinders are disconnected by stopping the fuel supply with
simultaneous closing of the intake and exhaust valves, as well as without affecting
their drive, are presented.

Keywords: Cylinder · Shutdown · Fuel efficiency · Partial modes · Idling ·
Excess air · Indicator coefficient efficiency

1 Introduction

Diesel engines installed on agricultural or transport vehicles run at idle for a long time
during some operations in operation. Research has established [1–3] that as a percentage
of the total operating time in operation, diesel engines operate at idle: on transport
vehicles—15–30%; on agricultural machines-4 … 29%; on combine harvesters—5–
16%. At the same time, the diesel fuel consumption when operating at idle is from 7 to
17%, respectively, of the total fuel consumption. In this mode, the work obtained from
fuel combustion is spent on overcomingmechanical losses in the diesel engine. For these
purposes, require a small cyclic feed of fuel, the injection of which into the cylinder are
carried out at low pressures. This leads to a deterioration of the mixing and combustion
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processes and, as a result, a decrease in the indicator efficiency at high values of the
excess air coefficient [4–6].

If part-load mode or the idle speed requires changing the cycle fuel feed in [7–9]
it is recommended to organize the work of the diesel so that it was possible to turn off
the fuel supply to some cylinders when you decrease load and increase fuel delivery
by increasing the frequency of rotation of the crankshaft of diesel engine [10–12]. In
diesel locomotives, some sections of the fuel pump are switched off when running at
idle. A method for disconnecting part of the cylinders was developed, which was first
implemented in 1981 on engines with forced ignition of Cadillac cars [13]. Possible
ways to disable the cylinder of the engine is to stop the fuel supply to it, while closing
the gas distribution organs or without it.

The method of disconnecting a part of the cylinders has been successfully imple-
mented onmanymodern engines with forced ignition, since it reduces not only the losses
associated with throttling a fresh charge, and heat losses to the cylinder wall, but also
pumping losses, and also provides conditions for the operation of the lambda probe of
the electronic control unit. Thus, 4-cylinder TSI engine capacity of 1.4 L and an effec-
tive power output of 103 kW, part of a series of engines EA211 company Volkswagen,
equipped with an original system ACT (active cylinder technology) disable half of the
cylinders, reducing fuel consumption by the engine in the NEFZ cycle by 0.4 L per
100 km of mileage [14].

This system not only stops the fuel supply to the 2nd and 3rd cylinders and closes the
intake and exhaust valves in them in the range of crankshaft speeds of 1250…4000min-1
when the engine torque is limited to 85 N*m, but also eliminated sparking between the
spark plug electrodes in these cylinders.

On transport diesels and agricultural machinery diesels, the cylinder shutdown
method has not yet found practical application due to the complexity of its design in
the fuel supply system and gas distribution mechanism. However, the results of studies
[2–4] indicate the feasibility of its use.

Since these methods differ in the complexity of implementation, it is advisable to
make a reasonable choice of one of them to perform a comparative assessment of the fuel
efficiency of a diesel engine in full-size idling modes, as well as when the fuel supply to
a part of the cylinders stops while the intake and exhaust valves are closed, or to limit
only the fuel supply.

In [10–12], a computational and experimental method is proposed for evaluating
fuel efficiency when a part of the cylinders is disconnected based on an experimental
universal (combined, multi-parameter) map of a full-size engine for a specific operating
mode. This method is widely used for calculating changes in the specific effective fuel
consumption when a part of the cylinders is switched off by stopping the fuel supply
not only in automobile and tractor diesels [8–10], but also in four-stroke gasoline and
gas engines with forced ignition [11–13] in partial modes of their operation. It should
be noted that the results of computational studies [10] for 2H10.5/12 diesel using this
method contradict the results of experimental studies [7]. With regard to idle modes, it
is not possible to use the universal map represented by the lines of effective power and
specific effective fuel consumption [7, 8] to assess fuel efficiency and fuel consumption
when a part of the diesel cylinders is switched off [14].
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In [4–6], a method for determining diesel fuel consumption in idle mode when a part
of the cylinders is switched off is proposed, based on the assumptions that mechanical
losseswhen the fuel supply to some cylinders is stopped are constant, and the speed of the
crankshaft is also constant. In this case, the average indicator pressure in the combustion
cylinders increases in direct proportion to the ratio of the number of diesel cylinders to the
number of cylinders with fuel supply. For calculating fuel efficiency, it is recommended
[5, 6] to use the parabolic dependence of the relative value of the indicator efficiency as
a function of the relative middle indicator pressure. The coefficients in this relationship
are the experimental values of the maximum and minimum indicator efficiency at idle.
In their conclusions, the authors [5–7] note that in the absence of a maximum relative
indicator efficiency in this dependence, it is impossible to improve the fuel efficiency
of a diesel engine as a result of disabling some cylinders by stopping the fuel supply in
them. In this regard, we should note the works [3, 4], which found that the reduction
of hourly fuel consumption by the engine when the cylinder part is disconnected by
stopping the fuel supply while closing the valve timing at idle is not only due to the
increase in indicator efficiency, but also due to a decrease in mechanical losses.

The method proposed in [3, 4], as in [5–7], is based on the empirical dependence
of the indicator efficiency as a function of the average indicator pressure, obtained by
approximating experimental data from the results of tests of a full-size engine. However,
such dependencies are formal, valid for specific engines and their operating modes,
since it is known that the indicator efficiency is determined primarily by the excess air
coefficient, and the size middle indicator pressure is the ratio of the indicator efficiency
to the excess air coefficient.

2 Relevance of the Research Topic

Increasing the fuel efficiency of diesel engines when operating in partial modes is an
urgent task. The paper evaluates the fuel efficiency of a diesel engine at idle with the shut-
down of a part of the cylinders by stopping the fuel supply to themwith the simultaneous
closing of the intake and exhaust valves or without closing them.

3 Problem Statement and Research Method

Based on the analysis of studies on changes in fuel efficiency indicators when a part
of the cylinders is switched off in different ways at idle, we carry out an analytical
calculation and compare the calculated data with experimental results.

A reviewof studies on the fuel efficiency of diesel engineswhen a part of the cylinders
is switched off showed [14–16]:

• design and experimental studies were performed for known diesel engines with sig-
nificant restrictions on their operating modes; some results of design studies are not
confirmed by the results of motor tests [17];

• the basis for using the developed methods are experimental characteristics, empirical
dependencies, and other experimental data that are valid for specific diesel engines
and their operating modes.
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In order to reduce the complexity and increase the reliability of the results of com-
putational studies to assess the fuel efficiency of diesels with cylinders disconnected in
various ways, it is necessary to develop a methodology based on the use of a minimum
volume of test results for a full-size engine, with the following assumptions:

• mechanical losses are determined only by the speed of the crankshaft;
• there is no unevenness in the indicator specific cycle operation for cylinders with fuel
supply;

• the distribution of fresh charge across the cylinders of the engine, regardless ofwhether
there is a fuel supply in them, with or without closing the gas distribution organs, is
uniform;

• the degree towhich the cylinder is filledwith fresh charge (cycle feed) does not depend
on the load at a constant speed of the crankshaft (filling coefficient ηv = cons).

From the first assumption, it follows that the work of mechanical losses of the engine
with disconnected cylinders, equal to the sum of the work of mechanical losses of the
cylinders with the fuel supply and disconnected cylinders, is formalized by the equation
[18]

pm,i−zVh(i − z) = pm,iVh(i − z) + pm,iVhzkm, (1)

where pm,i, pm,i−z—the average pressure mechanical losses of the full-sized engine
with the number of cylinders i and engine partially disabled the cylinders number z;
Vh—cylinder capacity; km—coefficient of reduction ofmechanical losses in the disabled
cylinder.

In General, mechanical losses per cylinder are reduced when the cylinder is switched
off due to reduced power to drive the fuel pump and gas distribution organs and transfer
air when the intake and exhaust valves are closed. Assuming that the total share of these
losses is δm [14, 19, 20] in the power of mechanical losses, the coefficient km will be
equal to

km = 1− δm. (2)

Then the average pressure of mechanical losses of the engine with disconnected
cylinders in the amount of z, taking into account (1) and (2), is equal to

pm,i−z = pm,i

(
i − zδm
i − z

)
. (3)

From the second assumption and equality of works indicated and mechanical losses
at a constant frequency of crankshaft rotation, just for idle speed of the engine, taking
into account (3) we get the following dependence of relative changes of average indicator
pressure engine for full-size and disabled z cylinders [14, 21]

pi,i−z
/
pi,i = (i − zδm)/(i − z), (4)

where pi,i and pi,i−z are the average indicator pressures of engines: full-size and with z
cylinders disconnected.
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For a special case, corresponding to the disconnection of a part of the cylinders only
by cutting off the fuel supply, from (4) at δm = 0 follows

pi,i−z
/
pi,i = i

/
(i − z) (5)

In order to establish the relationship between changes in the average indicator pres-
sure and the indicator efficiency of the engine when some cylinders are turned off, we
consider the well-known formula for the average indicator pressure pi [18]

pi = (Huηiηvρ0)
/
(l0α), (6)

where Hu is the lowest heat of combustion of the fuel; ηi is the indicator efficiency;
ηv is the filling coefficient; ρ0 is the intake air density; l0 is the theoretically necessary
amount of air sufficient for the complete combustion of 1 kg of fuel and calculated from
stoichiometric ratios; α is the excess air coefficient.

Taking into account Formula (6), the third and fourth assumptions, and the condition
ρ0 = const, we obtain that the relative change in the average indicator pressure with a
decrease in the number of cylinders with fuel supply determined by the relative change
in the ratio of the indicator efficiency ηi to the excess air coefficient α:

pi,i−z
/
pi,i = (ηi,i−z/αi−z)

/
(ηi,i/αi), (7)

where αi and αi-z are the excess air coefficients of a full-size engine (with the number
of cylinders i) and an engine with disconnected cylinders (with the number of cylinders
i–z), respectively.

According to the experimental dependence of ηi/α from the excess air ratio set
according to the results of testing of the engine 4Q10,5/12, the relative change in the
relationship ηi/αwhen the load changes and engine speed and, consequently, the relative
change of the average indicator pressure when you disconnect a part of cylinders is
approximated by a function [19, 20]

pi,i−z
/
pi,i = α

1− 1
αi

i

/
α
1− 1

αi−z
i−z . (8)

Using (7) and (8) for known values of αi and αi-z is defined as

ηi,i−z
/
ηi,i = α

1
αi−z
i−z

/
α

1
αi
i . (9)

The relative change in hourly fuel consumption is calculated using the formula

Gt,i−z

Gt,i
= ηi,i

ηi,i−z

(
1− zδm

i

)
(10)

For a special case, the corresponding disconnection of a part of the cylinders only
by stopping the fuel supply at δm = 0 from (9) follows

Gt,i−z
/
Gt,i = ηi,i

/
ηi,i−z. (11)
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The joint solution of Eqs. (4) or (5), (8), (9), (10) or (11) allows you to evaluate
the fuel efficiency of a diesel engine by the value of the relative change in the hourly
flow rate when a part of the cylinders is switched off in different ways at idle for known
values ηi, αi, δm.

Experimental studies of the fuel efficiency of diesel when the fuel supply to a part
of the cylinders is stopped were conducted in the engine laboratory of the Department
of “Heat engines and power plants” of the VlSU.

During bench tests of the 4ch10,5/12 air-cooled diesel engine, the load characteristics
were removed for the crankshaft rotation speeds n = 1100, 1300, 1500 min-1 in the
effective power range 0–12 kW for a full-size diesel engine, as well as when one and two
cylinders were switched off. During bench tests, mechanical losses were also determined
by the engine cranking the crankshaft.

Stopping the fuel supply to the disconnected cylinderswas provided bydisconnecting
the discharge pipeline from the nozzle and connecting it to the measuring tank for
determining fuel consumption by weight.

4 Results of Experimental Studies

Based on the results of experimental studies, it can be concluded that an increase in
the number of disconnected cylinders by stopping fuel supply in the studied range of
rotation speeds and loads causes an increase in the specific effective fuel consumption
ge (see Formulas (9–10)). This is due to a reduction in the excess air ratio due to an
increase in the cycle fuel feed and a corresponding decrease in the indicator efficiency.
In this case, the air flow rate Gv diesel does not depend on the number of disconnected
cylinders for n = const (Fig. 1, curve 4).

Fig. 1 Load characteristic of the 4h10,5/12 diesel engine at the speed of the crankshaft n =
1500 min−1: 1-full-size diesel engine; 2-one cylinder is disconnected (z = 1); 3-z = 2; 4-air
consumption GV , kg/h

The change in the indicated efficiency at idle ηi,i−z/ηi,i depending on the number of
disconnected cylinders z by stopping the fuel supply is shown in Fig. 2, from which it
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follows that an increase in the number of disconnected cylinders z leads to an increase
in the indicated efficiency due to improved fuel atomization due when the cyclic fuel
supply is increasing.

Fig. 2 Change in the indicator efficiency of a diesel engine at a speed of rotation of the crankshaft
n = 1500 min-1 at idle: 1-full-size diesel engine, experiment; 2–1 cylinder disabled (z = 1),
experiment, δm = 0; 3-z = 1, calculation, δm = 0; 4-z = 1, calculation of δm = 0.14; 5-z = 2,
experiment, δm = 0; 6-z = 2, calculation of δm = 0; 7-z = 2, calculation of δm = 0.14

The initial data for comparative calculation estimation of diesel fuel efficiency indi-
cators at idle when a part of the cylinders is disconnected was formed using various
methods based on the load characteristics of a full-size engine. The average pressure
of mechanical losses for calculating indicator indicators was determined based on the
dependence obtained by approximating experimental data pm,i = 0, 111 = 0, 0158cp,
where cp is the average piston speed.

Figure 3 shows the change in the attitude of Ni/α from α, which with sufficient
accuracy in the range of α = 1,4…7 and n = 1100…1500 min-1 describes the above
dependence (9).

The selection of the coefficient of reduction ofmechanical losses in the disconnecting
cylinder was made on the basis of the distribution of mechanical losses in each systems
of diesel 4 CH 10,5/12 [14]. There are also experimental data on mechanical losses
determined by the method of cold cranking the crankshaft.

The calculated change in the relative hourly fuel consumption of a diesel engine
when a part of the cylinders is switched off in different ways is shown in Fig. 4. the
Results obtained indicate a significant reduction in fuel consumption at idle when two
cylinders in diesel 4CH10.5/12 are switched off by stopping the fuel supply to them
while simultaneously closing the gas distribution organs.

According to [3, 4], the relative value of pumping losses for the D-240 diesel engine
is 14%. Taking into account the method of stopping the fuel supply to the disconnected
cylinders, for example, using special devices [4, 21], and relatively insignificant losses
on the fuel pump drive, their influence on mechanical losses when disconnecting a part
of the cylinders can be ignored.

The latter also applies to the reduction of mechanical losses on the drive of the gas
distribution mechanism, due to the lack of a drive of the gas distribution organs in the
disconnected cylinders of the engine. Therefore, the calculations took δm = 0.14.
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Fig. 3 Dependence of ηi/α on the excess air coefficient of diesel 4CH10,5/12 in the range of
crankshaft speeds 1100…1500 min−1: �—n = = 1100 min−1; �—n = 1100 min−1 (z = 1—
one cylinder is disabled);◯—n= 1100min−1 (z= 2);×—n= 1300min−1;▬—n= 1300min−1

(z= 1);+—n= 1300min−1 (z= 2);�—n= 1500min−1; -—n= 1500min−1 (z= 1);♦—n=
1500 min−1 (z = 2)

Fig. 4 Relative change inhourly fuel consumption at the speedof the crankshaftn=1500min−1 at
idle when a part of the cylinders is disconnected: 1-one cylinder is disconnected z= 1, experiment,
δm = 0; 2-z = 1, calculation, δm = 0; 3-z = 1, calculation, δm = 0.14; 4-z = 1, calculation, δm =
0; 5-z = 2, calculation, δm = 0; 6-z = 2, calculation, δm = 0.14

A comparison of the results of calculated and experimental studies (Fig. 2) shows
their satisfactory convergence, as well as the absence of a noticeable effect of the method
why cylinders become disconnected on the change in the indicator efficiency of the diesel
engine when it is running at idle.

5 Conclusions

The research results allow us to draw the following conclusions:
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1. The proposed method for evaluating the fuel efficiency of a diesel engine with the
shutdown of some cylinders at idle is based on experimental data determined from
the standard load characteristics of a full-size engine.

2. The determination of changes in the indicator indicators of transport diesels at partial
modes and idle speeds, including with the disconnection of part of the cylinders,
should be carried out according to the experimental dependence of the ratio ηi/α

of the indicator efficiency to the excess air coefficient, depending on the excess air
coefficient α

3. It is established that when the fuel supply to a part of the cylinders is discontinued
for a 4CH10,5/12 diesel engine (in the amount of up to z = 2), then in the range of
crankshaft speeds n= 1100…1500min−1 and loadsNe = 2…12 kW, fuel efficiency
deteriorates, and at idle slightly improves.

4. It is determined that in idle mode, the method of disconnecting a part of the
cylinders of the 4CH10.5/12 diesel in the frequency range of the crankshaft n =
1100…1500 min−1 does not have a noticeable effect on the change in the indica-
tor efficiency. The greatest possible reduction in hourly fuel consumption in these
modes is provided when the cylinder parts are switched off by stopping the fuel
supply and simultaneously closing the intake and exhaust valves by reducing the
power of mechanical losses and is about 13% when two cylinders are switched off.
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Abstract. In real designs of impellers, the blades differ in size and shape from
each other within the tolerances for their manufacture. These differences are called
mistuning and, as numerous studies have shown, can have a significant impact on
the values of the vibration frequencies, their shape, as well as on the level of
dynamic stresses in the blade material. The article presents the developed mathe-
matical models of impeller vibration withmistuning and the results of calculations
of free and forced vibration of a real impeller in the developedOcs_Rotor software
package in comparisonwith the experiment, as well as the calculation of its fatigue
life in the ANSYS software package. The results of the calculations are in good
agreement with the experimental data. Recommendations have been developed
for the distribution of blades with a mistuning along the rim of the impeller in
order to increase its fatigue life.

Keywords: Turbomachine · Impeller · Vibration · Mistuning · Fatigue life

1 Introduction

The impellers of aviation gas turbine engines operate under high static and dynamic
loads: These are centrifugal forces at high temperatures, as well as large variable loads
from gas flow pulsations, leading to fluctuations. During vibrations, the dynamic stresses
that occur in the blade material can reach significant values, which negatively affects the
strength and durability of the blades.

When designing the impellers of aircraft gas turbine engines, they are usually mod-
eled as cyclically symmetric systems. However, the derangement of the parameters,
which is inevitably present in the design of a real wheel as a result of imperfect man-
ufacturing technology, can have a significant impact on the vibrations, stress state and
durability of the impeller. So, the disorder can cause such a harmful phenomenon as the
localization of vibrations, in which the amplitude of vibrations of one or more blades in
the wheel increases significantly.
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The literature coverage of the problem of mistuning began with the work [1]. In it,
Whitehead describes this effect by using the coefficient of maximum increase in the
amplitude of vibrations as a function of the number of blades in bladed disk N:

γ = umax(mistuned)

umax(tuned)
= 1

2

(
1 + √

N
)
, (1)

where γ is the coefficient of the maximum increase in the amplitude; umax(mistuned)—
the maximum amplitude of vibrations of the bladed disk with mistuning; umax(tuned)—
maximum vibration amplitude of the impellers without mistuning;N− number of blades
in bladed disk. The mistuning effect was studied in [2–20].

This article presents mathematical models for vibration analysis of the impellers
of aircraft gas turbine engines. The results of calculations of natural vibrations (modal
analysis) of the impeller, its forced vibrations and fatigue life, performed in the developed
Ocs_Rotor program and in the ANSYS package, are also presented.

2 The Calculation of Free Vibration of the Impeller Without
Mistuning

The equation of free vibrations, which can be used to find the eigenvalues for a cyclically
symmetric system without mistuning, has the form:

M δ̈ + Kδ = O, (2)

while

δ = δ0 cos(ωt − β), (3)

whereM—mass matrix;K—stiffness matrix; δ—node accelerations; δ—node displace-
ments; δ0—amplitudes; ω—circular frequency; β—oscillation phase.

After the transformations, we get:
(
K − ω2M

)
δ0 = 0. (4)

The general view of the impeller and the results of calculations of the first forms of
impeller vibrations without mistuning in accordance with this algorithm are shown in
Fig. 1.

3 The Calculation of Free Vibration of the Impeller with Mistuning

The mistuning was simulated by adding additional masses to the blades (Fig. 2). Table
1 shows the values of the additional masses attached to the blades.

The results of calculating the frequencies in comparison with the experiment are
shown in Table 2. The results of the calculation in the developed Ocs_Rotor program
are in good agreement with the experimental data.
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Fig. 1 General view of the impeller and free vibration modes without mistuning

Fig. 2 Impeller with additional masses

Table 1 Values of additional masses m

Blade number m (kg) Blade number m (kg) Blade number m (kg)

1 0.001251440 11 0.001451640 21 0.001356856

2 0.001302147 12 0.001302100 22 0.001125158

3 0.000025486 13 0.000065488 23 0.000085489

4 0.001102156 14 0.001502634 24 0.001402132

5 0.001305234 15 0.001600680 25 0.001202183

6 0.001205214 16 0.001166480 26 0.001102121

7 0.000802923 17 0.000735542 27 0.001302524

8 0.001100598 18 0.001553548 28 0.000356542

9 0.001302003 19 0.001135789 29 0.001205558

10 0.001202100 20 0.001257365 21 0.001356856



Numerical Analysis of Dynamics and Fatigue Life of the Turbomachine … 685

Table 2 Results of calculating the eigenfrequencies of the blades with mistuning

No. of blade Mode 1 (Hz) Mode 2 (Hz) Mode 3 (Hz)

Exp Ocs Exp Ocs Exp Ocs

1 403.8 416.3 1255 1304.5 1766 1843.3

2 404.4 416.3 1256.4 1305.5 1767 1843.3

3 405 416.4 1257.3 1305.5 1768 1843.3

4 403.7 416.4 1254.7 1307.3 1766.6 1843.5

5 403 416.4 1251.9 1307.3 1765.6 1843.5

6 403 416.4 1251.8 1308.6 1764.6 1844

7 403.4 416.6 1252.8 1308.6 1763.8 1844

8 404.5 416.6 1255.8 1309.4 1766.6 1844.5

9 405 416.7 1256.1 1309.4 1766.3 1844.5

10 404.5 416.8 1256.8 1310.2 1766.7 1844.8

11 404 416.8 1254.6 1310.2 1764.5 1844.8

12 404.8 417.3 1256.7 1311.1 1769.2 1845

13 403.1 417.4 1252 1311.1 1764.9 1845

14 402.6 417.9 1250.3 1312.1 1764.6 1845.1

15 403.5 417.9 1252.9 1312.2 1765.5 1845.1

16 404.4 418.5 1254.8 1313.2 1765.4 1845.2

17 405 418.5 1256.6 1313.2 1766.7 1845.2

18 404.5 419.1 1256 1314.2 1766.6 1845.3

19 403.7 419.1 1254 1314.2 1767.5 1845.3

20 403 419.5 1251 1315.2 1766.6 1845.4

21 403.7 419.5 1253.4 1315.2 1766.9 1845.4

22 405.3 419.9 1256.8 1315.9 1768.5 1845.5

23 404.8 419.9 1256.4 1315.9 1768.3 1845.5

24 404.2 420.2 1255 1316.5 1767.2 1845.6

25 404 420.2 1254 1316.5 1765.9 1845.6

26 402.4 420.3 1250.6 1316.9 1761.4 1845.6

27 402.6 420.3 1250.4 1316.9 1760.4 1845.6

28 402.3 420.4 1250.2 1317.1 1760.1 1845.7

29 402.8 420.4 1252.4 1317.1 1761.3 1845.7

The value of mistuning was determined in accordance with the formula:

�fr,n =
(
f 2r,n − f 2r,0

)

f 2r,0
, (5)
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where f 2r,n is the natural frequency of the nth blade, f 2r,0 is the natural frequency of the
tuned blade.

A block diagram of the algorithm for determining the values of mistuning when the
mass of the blades changes is shown in Fig. 3.

Fig. 3 Block diagram of the algorithm for determining the values of the blade mistuning

The values of the mistuning of the blades in the disk, calculated by the (5), are shown
in the graph of Fig. 4.

4 Calculation of Forced Vibrations of the Impeller with Mistuning

The excitation of forced vibrations of the blades was carried out through 20 nozzle
blades. The variable force was determined using a Fourier series:

P(t) = L0(1 + 0.5 cos ϕ + 0.025 cos 2ϕ), (6)

where L0 is the static component of the load [5].
The results of the calculation of stresses under forced vibrations of the mistuned

impeller are shown in Fig. 5.

5 Calculating the Fatigue Life of the Impeller

The next step of the researchwas to calculate the fatigue life of the impeller with different
variants of mistuning. The calculation was carried out in the ANSYS software package.
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Fig. 4 Values of blade mistuning for some modes

Fig. 5 Stresses under forced vibrations of the mistuned impeller

Mistuning was modeled by attaching additional masses to the periphery of the blades.
Three variants of the distribution of additional masses were investigated:

• Variant 1: Masses were attached to the periphery of all the blades in accordance with
Table 1.

• Variant 2: Same masses (0.00211 kg) were attached to the periphery of 28 blades. The
29th blade was without additional mass.

• Variant 3: Same masses (0.005 kg) were attached to the periphery of 28 blades. The
29th blade was without additional mass.
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The results of calculating the fatigue life of the impeller are shown in Fig. 6 and in
Table 3.

Fig. 6 Results of impeller fatigue life calculating

Table 3 Results of impeller fatigue life calculating

Mode
number

Variant 1 Variant 2 Variant 3

Natural frequency, Hz

FEM Exp FEM Exp FEM Exp

1 416.3864 403.8574 403.3854 397.8125 410.3864 402.9375

2 1304.5584 1255.0780 1296.5417 1261.000 1300.2214 1252.6875

3 1843.3258 1766.0640 1803.3784 1766.3125 1826.6854 1765.6750

Fatigue
life,
hour

1.7525E + 5 1.6503E + 5 1.2402E + 5

As the results show, the bladed disk with additional masses attached to all the blades
has the greatest fatigue life (variant 1). The decrease in fatigue life occurs with an
increase in the mass value and in cases where there is a large discrepancy in the mass of
the adjacent blades (variants 2 and 3).
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Fatigue Crack Growth Estimation in Low-Alloy
Steel Under Random Loading in Middle Section

of Fatigue Diagram

A. N. Savkin, A. A. Sedov, and K. A. Badikov(B)

Volgograd State Technical University (VSTU), 28, Lenina St, Volgograd 400005, Russian
Federation

Abstract. The fatigue crack growth kinetics were studied under regular and irreg-
ular cyclic loading with different asymmetry ratios, as well as spectral loading
typical for the operation of various structural objects, in the middle section of
the fatigue crack growth diagram on C(T) type specimens cut from low-alloy
steel used in the automotive industry. The R-ratio of different levels influence
and irregular loading character on the fatigue crack growth duration at different
values of maximum loading is shown. A model of the crack growth duration is
proposed on the basis of considering the “crack closure,” and for irregular cyclic
loading, in addition, the character of variable amplitude loading with its reduction
to an equivalent regular loading. This made it possible to reduce the fatigue crack
growth diagrams group with different asymmetry ratios to one equivalent curve.
The forecasting of the fatigue crack growth duration was carried out by the cyclic
calculationmethod (“cycle-by-cycle”) and by the proposed empirical dependence.

Keywords: Regular and irregular cyclic loading · Low-alloy steel · Crack
growth life model

1 Introduction

While in operation, vehicles experience variable loads from various types of road sur-
faces, maneuvering during movement, changes in temperature conditions, impact action
in the obstacle crossing process. It leads to fatigue damage accumulation in the load-
bearing design elements, leading to the fatigue cracks growth. Microcracks are formed
in stress raiser of a part, and it is often difficult to detect themwithout special equipment.
Gradually, this process takes on the character of an avalanche effect, and the part may
be destroyed.

To prevent such a scenario, it is necessary, knowing where such fatigue cracks can
occur, to check the maintenance inspection to detect them. To establish the examination
of such rates, it is necessary to know the crack growth kinetics so that the emerging crack
can be detect before its critical growth.

In the suggested work, on the low-alloy steel specimens used in the automotive
components production, and the fatigue crack kinetics growth analysis under regular
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and irregular loading is carried out, considering the effect on of different asymmetry
ratio R and maximum loading Pmax. Irregular loading is modeled based on standard
random spectra using in the engineering design of automotive load-bearing structural
elements.

2 Material, Research Technique

The compact specimens 60 × 62.5 × 5 mm in size with an edge crack are investigated,
cut from low-alloy steel, close to the analog Russian steel—09G2. This alloy is used in
the automotive industry, concretely for themanufacture of front suspension for passenger
cars [1–5].

The thickness of this material specimen is 5 mm that give it possible to assert that
the fatigue crack propagation under a plane stress condition. The drawing is shown in
Fig. 1.

Fig. 1 Geometry of test specimen

Chemical composition of the alloy % (mass): Fe 98.7; C 0.078; Cr 0.1; Cu 0.016;
Mn 0.96; Nb 0.04; Si 0.1; Ti 0.016; Al 0.036. Mechanical properties of alloy: ultimate
strength σ u = 496MPa, conditional yield strength σ y = 345MPa,modulus of elongation
E = 210 GPa.

Experimental studies were carried out using specialized software MTL-32, controls
the test under load control mode. VAFCP (Variable Amplitude Fatigue Crack Propa-
gation) software, which allows testing under various loading conditions in automatic
mode, including loading level control to provide a set value of K, as well as automatic
recording of the crack length and other test results. The compliance method was used to
measure crack length, using the BISS Bi-06–201 Crack Opening Displacement (COD)
gauge, which measures distance between edges of the specimen. The tests were carried
out in air under normal ambient conditions, and the frequency of themain type of loading
was 10 Hz. The test procedure conforms to the specification of ASTM E 647–08. The
crack growth kinetics were recorded depending on the number of cycles during the test.
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The crack resistance testing program consists of testing at constant amplitude (CAL)
and variable amplitude loading (VAL) with different asymmetry ratio R from 0 to 0.75
and amaximum load of 3.5–7 kN. For variable amplitude tests, spectra of a quasi-random
nature are formed on the basis of standard loading spectra typical for variable loading
of various technical objects and contractual elements [6–10]. Figure 2 shows examples
of normalized loading spectra.

Fig. 2 Examples of selection from normalized loading spectrums: a—SAESUS; b—SAE-
TRANS; c—SAEBRACKET

SAESUS, SAEBRACKET, SAETRANS spectra—shortened load front suspension
spectrums, brake gear and transmission of a passenger car. Model spectra A and C are
formed on the basis of an autocorrelation approach for the Rayleigh distribution, which
is most typical for failures of technical objects and constructions fatigue-prone and wear
[11–13]. The test schedule is shown in Table 1. Before testing, the fatigue crack was
performed by precraking to a value of a0 = 15 mm under constant amplitude loading
with a nominal load at R = 0, P = 0.6·Pmax from the subsequent test. The critical size,
of the crack length corresponding to the specimen failure at the provided tests, is acr =
31–34 mm.

3 Research Results

Figure 3 shows the test results (Fig. 3a). Based on the dependences of the crack growth
kinetics a-lgN, obtained using a crack opening displacement gauge, the testing machine
software automatically estimates the growth rate da/dN and the amplitude of the stress
intensity factor (SIF) �K at the crack mouth. These results make it possible to plot the
fatigue diagrams. Item numbers in Fig. 3 correspond to those numbers in Table 1.

Test results at different types of loading and different values of the asymmetry ratio
of the loading block R = 0–0.75 show that all fatigue diagram curves have tendency to
parallelism in logarithmical coordinates (lg(da/dN)-lg(�K)). Comparison of tests under
constant amplitude loading is carried out with the same Pmax but different R, and show
that an asymmetry ratio increasing leads to an increase in crack growth life, because of
a decrease in the range of the �K. In Fig. 3a, it can be seen that at a constant Pmax = 5
kN and R ≤ 0.5 for a given material, the rate hardly exceeds 300 thousand cycles, and
at R ≥ 0.7 the durability essentially increases to million cycles.



Fatigue Crack Growth Estimation in Low-Alloy Steel Under Random … 693

Table 1 Test schedule

Loading Pmax,
kN

R V K NEXP
million
cycles

NVAL,
million
cycles

NCYC,
million
cycles

Position
in Fig. 3

CAL 5 0 1 1 0.080 - 0.063 1

5 0.1 1 1 0.062 - 0.073 2

5 0.3 1 1 0.118 - 0.112 3

5 0.5 1 1 0.310 - 0.235 4

5 0.7 1 1 1.090 - 0.911 5

5 0.75 1 1 1.701 - 1.553 6

SAETRANS 3.5 0.1 0.381 20 5.300 4.815 7.258 7

5 0 0.381 20 1.770 1.821 1.733 8

7 0.1 0.381 20 0.553 0.616 0.627 9

SAEBRACKET 3.5 0.1 0.401 18 3.404 4.319 6.068 10

5 0 0.401 18 1.277 1.633 1.450 11

7 0.1 0.401 18 0.488 0.522 0.525 12

SAESUS 3.5 0.1 0.277 32 14.317 8.474 6.289 13

5 0 0.277 32 5.325 3.204 5.281 14

7 0.1 0.277 32 1.957 1.083 1.907 15

Spectrum A 7 0.1 0.391 19 0.641 0.583 0.573 16

Spectrum C 7 0.1 0.296 30 1.523 0.977 1.512 17

Fig.3 Curves of crack growth (a), experimental (b) and effective SIF (c)

The asymmetry ratio is also influencing on the fatigue diagram position. In Fig. 3b,
it is clearly seen that at increase asymmetry ratio, the curves from 1 to 6 are located
lower and more to the left. At a constant value Pmax and regular loading, the range of
coefficient �K decreases and the duration of crack growth increases. Growth curves
and KDFC 5 and 6 in Fig. 3 correspond to tests at asymmetry of 0.7 and 0.75. It is
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assumed that at such asymmetries R, the crack closure effect is not observed [14–16],
which effects on the crack growth kinetics.

The difference between variable and constant amplitude loading is estimated with
measuring of irregularity (completeness). The loading completeness ratio V for the
presented tests is shown in Table 1, for constant amplitude loading the completeness
ratio is equal to one.

V =
[
1

νb

[
νb∑
i=1

νai

(
�Pai

Pmax

)n
]] 1

n

(1)

where vb, va—number of cycles of the sample and block of variable loading with load
�Pai;�Pai/Pmax—is the normalized i loading amplitude. This approach corresponds
to the replacement of variable amplitude loading with equivalent constant ones, corre-
sponding to irregular random loading in terms of the damaged ability. The calculated
V ratio is shown in Table 1. It is clearly seen from the position of the initial part of
fatigue diagram for different spectra, where, at a decrease V ratio in the SAESUS spec-
trum, fatigue diagram settle regardless of R and Pmax that crack growth life reduces, but
retains parallelism in these coordinates, as and fatigue diagrams at CAL. On the fatigue
diagram, position of VAL is influenced by the value of the maximum load Pmax. At the
increase the load from 3.5 to 7 kN and maintaining a low asymmetry R = 0–0.1, the
fatigue diagram curves shift toward the region of increased crack growth rates. This is
clearly seen in the SAESUS spectrum (13–15 curves) and the SAETRANS spectrum
(7–9 curves).

Analytical fatigue diagram curves in the middle zone are described by the Paris
equation [5]:

da

aN
= C · �Kn (2)

where da/dN is the crack growth rate during the loading cycle; �K is the range of
SIF; C and n are empirically determined coefficients that are the cyclic crack resistance
characteristics of the material. In the present work, for the steel under study, the values
C = 5·10–14 and n = 3.5 are obtained to estimate the speed da/dN (mm / cycle) and �K
in MPa

√
mm.

Because the position of the fatigue diagram curves at CAL block (Fig. 3b) signifi-
cantly depends on the asymmetry ratio R, and the position of the curves at VAL, accept
asymmetry, is influenced by the irregularity ratio V; therefore, in this article, the app-
roach of the effective SIF ΔKeff is used, which makes it possible to approximate these
curves to a single curve specific at R = 0, which is shown in Fig. 3c.

To consider the phenomenon of “crack closure” [17–21], which occurs when the
cycle asymmetry ratio R is less than 0.6–0.7, and which reduces the crack growth rate
by reducing the range �K, the parameter U is introduced to describe crack closure with
an asymmetry of 0.1 ≤ R ≤ 0.7 for steels according to the equation in the form of a
polynomial dependence:

U = 0.57 + 0.16 · R + 0.53 · R2 − 0.43 · R3 − 2.58 · R4 + 6.15 · R5 − 3.13 · R6 (3)
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Thus, in our calculation, the effective SIF at the crack mouth for different types of
loading is taken as:

�Keff = �K · U · V (4)

In this expression, the effect of “crack closure” and the loading cycle asymmetry on
the crack growth rate is estimated through the asymmetry ratio R.

4 Results and Discussion

The crack propagation process largely depends on the sequence of loads, which is ran-
dom. So, the prediction of crack growth is carried out by integration, by the cycle-by-
cycle method in the order of the cycles in a random process, starting from the minimum
crack length, at which its detection is possible, according to the formula:

NCYC =
acr∫
a0

1

C · �Kn
eff

(5)

whereNCYC—estimated of crack growth life under CAL and VAL by the cycle-by-cycle
method; �Keff—the effective SIF, determined by Eq. (4); a0; acr—initial and critical
crack length.

Another approach for estimating of crack growth life at VAL NVAL is based on the
proposal to consider the crack growth kinetics on the basis of its growth at CAL NCAL
and taking into account the nature of variable loading through the irregularity coefficient
V at the same force parameters Pmax and R without taking into account the interaction
of amplitudes in the loading spectrum (6):

NVAL = NCAL · K
K = 10(1+A lg n)·(1−V )

(6)

whereA—scalingparameter equal to 2 for the studied steel,K—thecoefficient of increas-
ing the fatigue crack growth life at VAL compared to CAL with the same loading
parameters Pmax and R.

The calculation results using the methods describe above are shown in Fig. 4 in the
form of the calculated values dependence NCYC or NVAL from the experimental NEXP.
Comparison of the durability gives good enough agreement between the calculated and
experimental data [9, 10].

5 Conclusions

Thus, it has been established that the growth rate and the position of curves on fatigue
diagram under VAL are influenced not only by the asymmetry ratio R, as in the case of
CAL, but also by the irregularity ratio V, which takes into account the irregularity of
random loading.
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Fig. 4 Calculation of the crack growth life by the cycle method a and by formula (6) b in
comparison with the experiment

The cycle-by-cycle method for predicting the fatigue crack life in steels, considering
the effective SIF, show a high convergence of the calculated and experimental values,
as well as the approach based on the use of an equivalent constant amplitude loading to
predict irregular loading. The correlation coefficient for the first and second methods is
r2 = 0.99 and r2 = 0.91, respectively.
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Mathematical Simulation of Car Dynamics
with Account of Air Conditioning System
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Abstract. Arefined simulationdynamicmodel of a car has beendeveloped,which
takes into account the influence of the air conditioning system on the process
of car functioning. This model allows making joint research and calculations
for the engine and the car both in steady-state and non-steady-state modes. The
refined simulation dynamic model is based on the theory of bond graphs, which
is the basis of many high-level CAE products used in the aviation industry, heavy
machine building and robotics. The change in the state of the working fluid in
the intake manifold and in each cylinder is described by the differential equations
of the laws of mass and energy conservation. These equations are supplemented
by known dependencies for determining the indicators related to the working
fluid, gas exchange, combustion and heat exchange processes. The developed
software allows establishing the regularities of the influence of the air conditioning
system on the traction and speed indicators and fuel efficiency of cars, to select
the refrigeration compressor and other elements of the air conditioning system to
the vehicle based on its structural features and operating conditions. The dynamic
simulation car model is designed in view of the air conditioning system. It can
be used for research and design calculations related to assessing influence of the
applied air conditioning system on the dynamic characteristic of the car. The
results of the car dynamics simulation when the air conditioning compressor is
being turned on/off are presented.

Keywords: Car · Air conditioning system · Simulation dynamic model

1 Introduction

Contemporary theoretical research is characterized by the extensive use of simulation
models to reproduce the functioning of complex dynamical systems. In particular, com-
putational experiments in the development of new and refinement of the existing struc-
tures of vehicles can be conducted using a simulation car which takes into account the
most significant interconnections between its elements [1–13]. Simulation is evolving
now. The models become more detailed and natural. At the same time, computational
model experiments can be an alternative to full-scale tests.
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2 Development of a Dynamic Car Simulation Model

The purpose of this research work is to develop and study a refined dynamic model of the
car, which takes into account the influence of the air conditioning system on the process
of car functioning. The compressor of the operating air conditioning system consumes
approximately 5–10% of the generated power of the car engine which significantly
affects the dynamic characteristics of the car and the safety of its operation.

The refined simulation dynamicmodel is based on the theory of bond graphs [11–14],
which is fundamental to many high-level CAE products used in the aviation industry,
heavy engineering and robotics.

Bond graphs are characterized by clarity and relative simplicity of providing system
information. Bond graphs are based on the analysis of power flows transmitted in tech-
nical systems. In bond graphs theory, energy effects take the main part in any process
except for the informational one. The value of these effects is determined by the prop-
erties of the both interacting systems. In addition, the transmitted power flow is always
defined by the product of two model values, called fundamental (current and voltage
for electrical, force and speed for mechanical, pressure and volume flow for hydraulic,
specific exergy and mass flow for gas systems), one of which is determined by the first
system, and another—by the second.

The car bond graphs are based on the process of power exchange of the various car
subsystems with the environment and with each other. We get a model of the system
as a whole by connecting the models of subsystems with the relevant connections. If
necessary, the model may become more complex to account for important physical
effects. The causality of each added element is defined, and the value of added effects
is assessed.

Bond graphs of individual elements and, therefore, of the whole system are detailed,
indicating:

• The direction of the transmitted power flow (marked with a semi-arrow);
• An argument, i.e. an independent input value for the element, and a function, i.e. a
dependent output in the transmitted power flow. This action is done for establishing
the causality of the graph. It is marked with a bar on the bond. It means that the power
flow depends on the properties of the interacting elements (systems). Moreover, one
of the fundamental parameters that define the flow of power or energy is set by the
first element and is the output for it, and the other is the second element and the input
for the first one.

Showing the direction of the power flow and causality on the graph allows making
a consistent description of the individual system elements.

Thus, the elements of bond graphs are the simplest devices that implement the opera-
tions of accumulation, dissipation, transformation and transfer of power, i.e. power basic
links.

Figure 1 shows a generalized bond graph [11–13] of a car.
The common notation was used during the graph building, in particular: Se—force

source; R—scattering element reflecting energy losses; I, C—accumulating inductive
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Fig. 1 Generalized bond graph of a car

and capacitive elements, respectively; TF—transforming element; MSe, MR, MTF—
modulating elements (elements with varying characteristics); 1—general flow node,
0—general force node. The characteristics of the energy base units included in the graph
are shown in Table 1.

Table 1 Characteristics of energy base units

Energy base units Name of the unit (node) of the car

Se1, MR2, I3 Engine

MR5, MTF7 Clutch disc

R24,C25 Torsional vibration dampener

TF8,I9,R10 Gear box, gimbal and main gear

MSe26, (MSe28) Brake mechanisms of driving (driven wheels)

I12,MR13, TF15 (I21,MR20,TF19) Driving (driven) wheels

I16,MR17 Car body

The air conditioning system is an integral part of the MR2 element. It is a dissipating
element that reflects energy losses in a car internal combustion engine (ICE).

The mathematical description of a car with a four-cylinder internal combustion
engine and a manual transmission includes fifteen ordinary differential equations
[11–13], of which twelve equations describe the process of engine operation.

In particular, the change in the state of the working fluid in the intake manifold
and in each cylinder is described by differential equations of the laws of conservation
of mass and energy [11, 15, 16], which are supplemented by known dependencies for
determining indicators related to the working fluid, gas exchange, combustion and heat
exchange processes.

The angular velocity and angle of rotation of the crankshaft are determined from the
differential equations of the piston and crankshaft motion [11, 17].

The known dependencies of the car theory are used to make a mathematical descrip-
tion for the operation of the transmission units (clutch, gearbox), driving and driven
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wheels [18]. The operation of the torsional vibration damper is described by two differ-
ential equations. The speed of car motion when the clutch is turned off is determined by
the differential equation of car motion [11].

A multicyclic calculation of the car transient state is made by this model, and the
steady state is considered as a special case of the transient state. Thus, the model allows
conducting calculations both for car static and dynamic characteristics.

This model is open, so it is possible to connect models of processes, occurring in
specific car systems.

The design and operational parameters of the VAZ 21,114 car are used as initial data
for mathematical simulation.

The compressor DY5V16 with a variable cylinder volume is used as an example of
the air conditioning system [19–21].

Compressor characteristics:

• The volume of cylinders, 10−160 cm3;
• Number of cylinders, 5;
• DC voltage, 12 V;
• Refrigerant, R134a;
• Lubricating oil, PAG 100, PAG 150, PB 100;
• Oil volume, 150 cm3;
• Maximum permissible speed of the compressor shaft rotation, 8000 rpm;
• Maximum continuous rotation speed of the compressor shaft, 6500 rpm;
• cooling capacity Q0, from 3.8 to 9.6 kW;
• Power consumption N, from 3.3 to 7.0 kW at the speed of rotation of the compressor
shaft, 1000–3000 rpm.

The calculation of cooling capacity (Q0, kW) and power consumption (N, kW) is
made using the equations:

Qo = 5, 8
( n
2000 + 0, 5

) − 2,
N = 3, 7

( n
2000 + 0, 5

) − 0, 4,
n is the rotation speed of the compressor shaft, rpm.

3 Mathematical Model Testing

Figures 2, 3 and 4 show the main results of simulating the process of car motion with the
air conditioning system being turned off/on. The car acceleration was carried out with a
sequential gear switching on (from the first to the fourth one). The air conditioner was
turned on at the 20th second. At the same time, the fuel supply characteristic and the
gearshift algorithm were unchanged for the two calculation options.

4 Conclusion

Thus, the use of bond graphs for mathematical simulation of car dynamics allows:

• Revealing the structural features of a complex dynamic system;
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Fig. 2 Graphs of the change in the crankshaft rotation frequency in the internal combustion engine
with the air conditioning system turned on and off

Fig. 3 Graphs of changes in the effective power of the car engine

Fig. 4 Graphs of speed changes the air conditioning system turned on and off

• Determining the cause-and-effect relations that establish the input–output for specific
elements of the car and the car as a whole system;
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• Implementing a unified approach to the formulation of conditions at the boundaries
of interacting car subsystems to jointly apply existing mathematical models in car
design systems.

The results presented in Figs. 2, 3 and 4 allow us to draw a conclusion about the
wide possibilities of the developed model for describing the joint operation of the car
and the air conditioning system in real operating conditions.

The developed software allows setting the regularities of the impact the air con-
ditioning system has on the traction and speed indicators and car fuel efficiency. The
mathematical description and software also allow selecting the refrigeration compressor
and other elements of the conditioning system for the vehicle based on its design features
and operating conditions. A simulation dynamic model of the car developed with the air
conditioning system can be used in research conduct and design calculations related to
the assessment of the influence the condition systems have on the dynamic car figures.
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Determination of the Hydrodynamic Vibration
Frequencies in the Main Pump Pipings
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Abstract. Oscillations of pump pipings can be caused by both hydrodynamic
reasons and vortex formation at local resistances and resonance with the natural
frequencies of the piping. In some cases, the vibration of pipelines exceeds the
permissible norms by 1.5–2 times. The range of vibration frequencies of a hydro-
dynamic nature directly depends on the flow rate of the working medium. As the
latter decreases, the range also decreases. In any elbow of the pipeline, with a
sufficient flow rate of the liquid, vortex formation occurs, which is the cause of
forced vibrations. The article is devoted to experimental studies of the dependence
of the vortex formation frequencies on the local resistances of the pump pipings
of the main pumping units on the mode of their operation and to the determination
of the possibility of predicting such phenomena. At the same time, the values of
the Strouhal number characterizing hydrodynamic phenomena in unsteady flow
regimes for the flow of liquids in local resistances of pipelines have been studied
very little.

Keywords: Vibration · Vortex formation · Hydrodynamics · Process pipelines ·
Pump piping · Strouhal number

1 Introduction

Vibration of pumping units is one of the most important reasons for their failures.
Swirling flow arising in the pump piping affects its operation. If the range of excitation
frequencies of vortex formation in the pipeline coincides with the excitation frequencies
of the pump, it will be possible to observe a beat—a process of increasing the ampli-
tude of stationary harmonic oscillations [1, 2]. In some cases, the vibration of pipelines
exceeds the permissible norms by 1.5–2 times and, being transmitted to the pumping
unit, can serve as one of the most important reasons for its increased vibration [2–6].

Determination of the conditions for the occurrence and the possibility of predicting
the hydrodynamic vibration of pipelines for piping of pumping units is an urgent task
for pipeline transportation of oil and oil products.

2 Experimental Study of Vortex Formation Frequencies
for Vibrations Arising in the Pipe Bend

Themain causes of vibration in a pipeline are of a hydrodynamic nature. In bent pipelines,
bends, tees due to a change in the flow velocity vector, centrifugal forces arise, directed
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A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
Lecture Notes in Mechanical Engineering, https://doi.org/10.1007/978-3-030-85233-7_83

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85233-7_83&domain=pdf
https://doi.org/10.1007/978-3-030-85233-7_83


706 A. P. Tokarev et al.

from the center of curvature to the outer wall of the pipeline. This process is accompanied
by an increase in pressure at the outer wall and a decrease on the inner one, which leads
to a diffuser effect near the inner wall and a confusor effect near the outer one (when
passing from a curved section to a straight one, the opposite picture is observed, Fig. 1).
The appearance of centrifugal forces and the presence of a boundary layer at the walls
explains the appearance of a secondary cross-flow in a bent pipe, i.e., the formation of
a paired vortex, which is superimposed on the main flow, parallel to the channel axis,
and gives the lines a helical shape [7–9]. This effect is accompanied by the appearance
of an impulse of force on the body, which leads to the formation of vibration, as well as
noise.

Fig. 1 Paired vortex in the pipe bend: a—longitudinal section; b—cross section (rectangular
channel); c—cross section (round pipe)

The object of research (Fig. 2) for analyzing the hydrodynamic causes of vibration
for vortex formation is a section of a pipeline with a diameter of 108 mm and a wall
thickness of 3.5 mm with a bend with a 90° rotation angle. To study the emerging
vibration, the water supply Q in the pipeline was varied from 165 to 15 m3/h with a step
of 15 m3/h. The vibration analyzer “Diana-8” was used as a device, and the software
“Atlant” was used for data processing. Before the turn, the section has a length of 4.4 m
and the pipeline is freely fixed at the ends. This leads to additional noise on the readings.
At the same time, the site is in almost complete isolation from vibrations caused by a
running pump. Analysis of hydrodynamic vibrations is reduced to the analysis of vortex
formation, since it is the main cause of vibrations in this case. The most important in
this case will be the readings from horizontal sensors 1 and 2 (Fig. 2), since the vortex
is observed precisely in these places in the fluid flow, which is confirmed by works [2,
3, 9]. Consider the results of the experiment using the example of flow rate of 165 m3/h
(Fig. 3).

For all the measurements carried out according to the obtained peak values for ver-
tically located sensors, three values of the natural frequencies of the pipeline vibrations
can be distinguished, which are repeated regardless of the pipeline supply: 11.921 Hz,
28.610 Hz and 59.604 Hz.

In general, with a decrease in supply, the frequency range becomes narrower and
smaller in value (the first range is in the range of 16.7–47.7 Hz), which indicates the
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Fig. 2 Location of vibration sensors at the experimental site

hydrodynamic frequencies in the pipeline. This range also includes two natural frequen-
cies of 11.921 Hz and 28.610 Hz, which have a significant effect on the amplitude of
oscillations.

3 Dependence of the Frequencies of Hydrodynamic Vibration
in Process Pipelines from the Flow and Pipeline Parameters

It is known that the frequencies of vortex formation depend on the velocity υ of the
liquid and the diameter of the pipeline D. Based on the experimental data, in the first
approximation, we find the Strouhal number Sh, which characterizes the process of the
arising vibration:

Sh = f · D
υ

= f · π · D3

4 · Q = 11.921 · 3.14 · 0.1013 · 3600
4 · 165 = 0.210 (1)

where f is the frequency of vortex formation, Hz.
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Fig. 3 Obtained results ofmeasurements of vibration velocity atQ= 165m3/h from, a first sensor
and, b second sensor

Reynolds number:

Re = υ · D
ν

= 4 · Q
π · D · ν = 4 · 165

3600 · 3.14 · 0.101 · 1 · 10−6 = 578083 (2)

where ν is the kinematic coefficient of viscosity of the working fluid.
The resulting range of Strouhal numbers depending on theReynolds number is shown

in Fig. 4.

4 Determination of the Probable Vibration Frequencies
of the Pump Pipings of the Main Pumping Unit NM 10,000–210

To project the obtained results to the main pump pipings, we will find the characteristic
parameters of the process under consideration—theReynolds numberwithin theworking
area of the pumping unit NM 10,000–210 and the Strouhal number.

To find the possible frequencies of vortex formation, we will take the following: the
nominal diameter of the pipeline is 900 mm, the viscosity of the pumped oil is ν =
35·10–6 m2/s. Using Eq. 2 let’s find the Reynolds numbers in the pump working area,
which, according to [10], is in the range of 7500–11,000 m3/h:

at Q = 7500 m3/h, Re = 84,211,
at Q = 11,000 m3/h, Re = 123,510.
According to the data obtained as a result of the experiment (Fig. 4), in the obtained

range of Reynolds numbers, the Strouhal number is between 1.3 and 4.1.
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Fig. 4 Dependence of the Strouhal number on the Reynolds number

To find the possible frequencies of vortex formation for pipings of NM 10,000–210,
we will find the Sh in the frequency range from 2.384 to 50.000 Hz (Table 1). The
characteristic frequencies of vortex formation are highlighted.

It can be seen from the table that the characteristic frequencies of vortex formation
in the piping of the pump NM 10,000–210 will lie in the range of 4.768–23.842 Hz.

5 Summary

The hydrodynamic causes of vibration in the pipeline are currently poorly studied. This
is a vast area that requires research, since the range of their frequencies may be within
the range of frequencies of disturbing forces, the source of which is the pumping-power
unit. In this case, beating of both the pumping and power plant and the pipeline in the
supports may occur, since this is a mutually communicating system.

For the pipings of the main pump HM 10,000–210, the Strouhal number at the
Reynolds number from 84,000 to 123,500 is in the range from 1.3 to 4.1, the assumed
range of excitation frequencies of vortex formation lies in the range of 4.768–23.842 Hz
(depending on the fluid flow rate).
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Table 1 Results of finding possible vortex formation frequencies for pipings of NM 10,000–210

Q, m3/h 7500 8000 8500 9000 9500 10000 10500 11000
Re 84211 89826 95440 101054 106668 112282 117896 123510
f, Hz Sh
2,384 0,655 0,614 0,578 0,546 0,517 0,491 0,468 0,447
4,768 1,310 1,228 1,156 1,092 1,035 0,983 0,936 0,893
7,153 1,966 1,843 1,735 1,638 1,552 1,474 1,404 1,340
9,537 2,621 2,457 2,313 2,184 2,069 1,966 1,872 1,787

11,921 3,276 3,071 2,891 2,730 2,586 2,457 2,340 2,234
14,305 3,931 3,686 3,469 3,276 3,104 2,949 2,808 2,681
16,689 4,587 3,985 4,047 3,822 3,621 3,440 3,276 3,127
19,074 5,242 4,914 4,625 4,068 4,088 3,931 3,744 3,574
21,458 5,897 5,529 5,203 4,914 4,656 4,090 4,102 4,021
23,842 6,552 6,143 5,782 5,460 5,173 4,914 4,680 4,108
26,226 7,208 6,757 6,360 6,006 5,690 5,406 5,148 4,914
28,610 7,863 7,371 6,938 6,552 6,208 5,897 5,616 5,361
30,994 8,518 7,986 7,516 7,098 6,725 6,389 6,084 5,808
33,379 9,173 8,600 8,094 7,644 7,242 6,880 6,552 6,255
35,763 9,829 9,214 8,672 8,190 7,759 7,371 7,020 6,701
38,147 10,484 9,829 9,250 8,737 8,277 7,863 7,488 7,148
40,531 11,139 10,443 9,829 9,283 8,794 8,354 7,956 7,595
45,300 12,450 11,671 10,985 10,375 9,829 9,337 8,893 8,488
47,684 13,105 12,286 11,563 10,921 10,346 9,829 9,361 8,935
50,000 13,760 12,900 12,141 11,467 10,863 10,320 9,829 9,382
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Abstract. The foundations of the theory of experiment play a large role in the
modern world. An experiment is a procedure for choosing the number and condi-
tions for conducting experiments necessary and sufficient for solving the problem
with the required accuracy. Along with the control of products, it is often nec-
essary to control the parameters of technological processes. This task can solved
by testing statistical hypotheses. However, the greatest effect can achieved not
by controlling the quality parameters, but by such an organization of production
processes in which the products are not be discarded. The task of the experiment
is to establish the minimum required number of experiments and the conditions
for their conduct, the choice of methods for mathematical processing of results
and decision-making. The object of study must be managed and must meet the
requirements of reproducibility. The article discusses the use of methods of math-
ematical planning of the experiment on the example of asphalt mix. Strength is
selected as the optimization parameter.

Keywords: Experiment · Experiment planning · Asphalt concrete mix · Strength

1 Introduction

Since its inception, science is looking for ways to learn the laws of the world. Making
one discovery after another, scientists climb higher and higher up the ladder of knowl-
edge, erasing the boundary of uncertainty and entering new frontiers of science. This
path is through experiment. By consciously limiting the infinite diversity of nature to
the artificial framework of scientific experience, we turn it into a picture of the world
understandable for the human mind.

Experiment as a scientific research is the form in which and through which science
exists and develops. The experiment requires careful preparation before conducting it.
In biomedical research, the planning of the experimental part of research is particu-
larly important because of the wide variability of properties characteristic of biological
objects. This feature is a major cause of difficulty in interpreting results, which can vary
significantly from experience to experience.

Statistical problems justify the need to choose an experimental scheme that would
minimize the effect of variability on a scientist’s conclusions. Therefore, the goal of
experiment planning is to create a scheme that is necessary to obtain asmuch information
as possible at the lowest cost to complete the study. More precisely, experiment planning
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can be defined as a procedure for choosing the number and conditions for conducting
experiments that are necessary and sufficient to solve the problem with the required
accuracy.

The problem of planning the experiment involved many scientists [1–10].
Thus, experiment planning is a procedure for choosing the number and conditions

for conducting experiments that are necessary and sufficient to solve the problem with
the required accuracy. In this case, the following is significant:

• Striving to minimize the total number of experiments;
• Simultaneous variation of all variables determining the process according to special
algorithms;

• The use of amathematical apparatus that formalizesmany actions of the experimenter;
• The choice of a clear strategy to obtain adequate data and make informed decisions
after each series of experiments.

Consider the use of experimental design on the example of the design of asphalt
concrete mix.

When planning an experiment, the choice of the optimization parameter is decisive.
When choosing an optimization parameter, it is necessary to take into account a

number of requirements [11–15]:

1. The optimization parameter must be quantitative, set by a number. The set of val-
ues that an optimization parameter can take is called its scope. Definitions can be
continuous and discrete, limited and unlimited.

2. The optimization parameter must be a single number. In most cases, this is obtained
naturally, as the registration of the instrument reading. More often, it is necessary to
make some calculations.

3. Uniqueness in a statistical sense. The set of values of the factors should correspond
to one with the accuracy of the experiment parameter value.

4. The effectiveness of the evaluation system. To successfully achieve the goal of the
study, it is necessary that the optimization parameter evaluate the efficiencyof the sys-
tem in a pre-selected sense. This requirement is themain, determining the correctness
of the formulation of the problem.

5. The effectiveness of the parameter optimization in a statistical sense. In fact,
this requirement is reduced to the choice of the optimization parameter, which is
determined with the greatest possible accuracy.

6. The next requirement for the optimization parameter is the requirement of universal-
ity or completeness. The universality of the optimization parameter is understood as
its ability to comprehensively characterize an object. In particular, the technological
parameters of optimization are not universal enough: They do not take into account
the economy.

7. The optimization parameter should have a physical meaning, be simple and easily
calculated.

To select the most significant optimization parameters at the stage of preliminary
study of the object of studywith the formalization of a priori information, we can conduct
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a psychological experiment, consisting in the objective processing of data obtained as a
result of a survey of experts or as a result of studies published in the literature. This kind
of experiment allows us to design the object of study more correctly, accept or reject
some preliminary hypotheses, correctly select the parameters for the subsequent active
experiment, justifiably excluding some of them from further consideration.

2 Methods

The number of factors is large, so we use an a priori ranking of factors, since it is
necessary to select the most important from a large number of factors. This method
consists in evaluating each factor by assigning it a certain rank. Moreover, the factors
are ranked in descending order of their contribution. The prior method is based on the
expert method [16].

First, the sum of the ranks is determined by factors

(
n∑
1
aij

)
and then the difference

(�i) between the sum of each factor and the average sum of ranks and the sum of squared
deviations (s) (Eqs. 1 and 2):

�i =
n∑
1

aij −
∑m

1
∑n

1 aij
m

=
n∑
1

aij − T , (1)

S =
m∑
1

(�i)2 (2)

where aij—is the rank of each ith factor of the jth explorer;
n—is the number of researchers;
m—is the number of factors;
T—the average sum of ranks.
The consistency of expert opinion is checked by Eq. 3.

ω = 12S

m2
(
k3 − k

) − m
∑m

1 Tj
, (3)

The hypothesis of the consent of the researchers can be accepted if, for a given
number of degrees of freedom, the tabular χ2 value is less than the calculated value for
the 5% level (Eq. 4).

χ2 = 12S

mk(k + 1) − 1
k−1

∑m
1 Tj

(4)

The coefficient of pair correlation is calculated by Eq. 5 [17]

rxy = xy − xy

S(x)S(y)
, (5)
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The assessment of the significance of the pair correlation coefficient is carried out
using student’s criterion (Eq. 6).

tcalc = rxy

√
n − 2√
1 − r2xy

, (6)

The regression equation is a form of static relationship between variables (Eq. 7)
[18].

y = b0 + b1x1 + b2x2 + b3x3 + . . . + bnxn, (7)

Parameter b is the regression coefficient. It shows how much the value of feature
y changes when x changes by one. The value and sign of the coefficient indicates the
contribution of this factor to the overall result in the transition from zero to the upper or
lower level of the factor.

Coefficients of the regression equation are calculated by Eq. 8–9 [19, 20]:

b0 =
∑

y
∑

x2 − ∑
xy

∑
x

n
∑

x2 − (∑
x
)2 , (8)

b1 = n
∑

xy − ∑
x
∑

y

n
∑

x2 − (∑
x
)2 , (9)

The uniformity of the dispersion is checked by Eq. 10.

S2B =
∑

y2 − ( 1
n

)(∑
y
)2

n − 1
, (10)

The adequacy of the model is checked by Eq. 11–12.

S2a =
∑(

y − ŷ
)2

n − 2
, (11)

F = S2

S2,B
(12)

The model is considered adequate if Fcalc < Ftabl.
Testing the significance of the coefficients is carried out by the criterion of Student

(Eq. 13).

t =
∣∣bj∣∣
S{y}

(13)

The coefficient is considered significant if it is greater than the table value of the
student’s criterion.Fcalc < Ftabl.
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3 Results

Four specialists (m = 4) were interviewed during the preliminary study of reinforced
concrete. These surveys were used for a priori ranking of parameters in order to identify
the most significant of them. The survey was conducted using a questionnaire con-
taining seven parameters: (x1-shear stability, x2-shear adhesion, x3-crack resistance,
x4-compressive strength, x5-porosity, x6-water resistance, x7-water saturation), which
had to be ranked according to the degree of their influence on asphalt concrete.

The main quality indicator of asphalt concrete mix compressive strength was chosen
as an optimization parameter. When optimizing this indicator, the most important task
is solved, the competitiveness of products in the market.

The strength of concrete is influenced by a number of factors:

• Quality of preparation of asphalt concrete mix;
• Observance of a temperature mode;
• Quality of asphalt concrete mix laying;
• Compliance with the recommendations according to the scheme of sealing rollers.

We construct an average chart of ranks for the factors under consideration (Table 1).

Table 1 Rank matrix

Researchers, m Factors (k = 7) Tj

x1 x2 x3 x4 x5 x6 x7

1 4 2 5 7 2 2 7 30

2 3 1 3 7 3 1 5 30

3 5 2 5 7 2 3 6 12

4 5 4 5 7 3 3 7 18

m∑
1
aj

17 9 18 28 10 9 25
∑

Tj = 90

�j 0.4 −7.6 1.4 11.4 −6.6 −7.6 8.4

(�j)2 0.16 57.76 1.96 129.96 43.56 57.76 70.56 S = 361.72

Let us estimate the degree of consistency of opinions of all researchers using the
concordance coefficient ω by Eq. 3:

ω = 12 · 361.72
42 · (

73 − 7
) − 4 · 90 = 0.87

Estimate the significance of the coefficient of concordance by Eq. 4.

χ2 = 12 · 361.72
4 · 7(7 + 1) − 1

7−190
= 20.8



Mathematical Planning of the Experiment in Product Design 717

Due to the fact that the tabular value of theχ2 criterion is less than the calculated one,
it can be stated with a 95% confidence level that the researchers’ opinion on the degree
of influence of factors is consistent in accordance with the concordance coefficient ω =
0.87. This allows us to construct an average rank chart for the factors under consideration
(Fig. 1).

Fig. 1 Rank chart

The diagram shows that the distribution is uniform, the decrease is non-monotonic.
The factors X4 and X7 are significant because they stand out most in the constructed
diagram.

The main factors affecting the water saturation of the samples is strength. Thus, it is
advisable to determine the dependence of water saturation (x, %) on strength (y, MPa),
which will allow us to find the optimum strength. Baseline data are presented in Table
2.

To establish the relationship between the variables being studied, we calculate the
pair correlation coefficient.

rxy = 13069.857 − 62.571 · 208.714
2.195 · 4.861 = 0.966

We will assess the significance of the pair correlation coefficient using student’s
criterion.

tcalc = 0.966 ·
√
5√

1 − 0.9662
= 8.356

Let us compare the obtained value with the critical value of the t-criterion, which is
determined by the student’s distribution table, the significance level α = 0.05 and the
degrees of freedom k = 5; we find tcrit:

tcrit(n − m − 1;α/2) = (5; 0.025) = 2.571

Because ttabl = 8.356 and tcalc > ttabl, the correlation coefficient is significant.
Make a regression equation. To do this, we find the coefficients of the regression

Eq. 8:

b0 = 1461 · 27440 − 91489 · 438
7 · 27440 − (438)2

= 74.82
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Table 2 Experimental results

№ x y x2 y2 xy

1 63 211 3969 44
521

13 293

2 63 209 3969 43
681

13 167

3 58 200 3364 40
000

11 600

4 65 215 4225 46
225

13 975

5 65 214 4225 45
796

13 910

6 62 207 3844 42
849

12 834

7 62 205 3844 42
025

12 710

∑
438 1461 27 440 305

097
91 489

b1 = 7 · 91489 − 438 · 1461
7 · 27440 − (438)2

= 2.14

The regression equation will be as follows:

y = 74.82 + 2.14x

Using the coefficients, we can find out the strength of the influence of factors. The
greater the magnitude of the coefficient, the greater the influence of the factor. In this
case, the coefficient has a plus sign. This means that as the value of the factor increases,
the value of the optimization parameter increases.

When compiling the regression equation, it is necessary to take into account the
homogeneity of the variance, the adequacy of the compiled model and the significance
of the regression coefficients.

Check the dispersion uniformity. Dispersion characterizes the experiment error.
Reproducibility is a characteristic of the test results, determined by the proximity of
the results of the object re-tests.

S2B = 305097 − 1
7 · (1461)2

7 − 1
= 27.6

Calculate the adequacy of the model

S2a = 11.05

5
= 2.21
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F = 2.21

27.6
= 0.08

The table value F = 3.79 is more than calculated, and then, the model is adequate.
Check the significance of the coefficients

t1 = 2.14

4.67
= 0.46 ≤ tkrit

Thus, the model is adequate, the coefficients are significant, and so, we can build the
dependence of water saturation on the strength (Fig. 2).

Fig. 2 Dependence of water saturation on the strength

4 Summary

Thus, during the course of thework, the degree of influence of factors on the optimization
parameter (strength) was established and a function was obtained relating the factors
and the optimization parameter. The resulting relationship between the factors and the
response is called the response surface, the equation relating the factors and the response
are called the regression equation, and the definition of the coefficients of this equation
is the estimate of the coefficients.

A regression equation for the effect of water absorption on the strength of the asphalt
concrete mix is compiled. It has been established that there is a linear relationship
between water absorption and the strength of the asphalt concrete mix. A graphical
dependency model has been built.
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Modeling the Laying Material Trajectory
on the Technological Mandrel Surface Specified

by an Irregular Spatial Point Set
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Platov South-Russian State Polytechnic University (NPI), 132, Prosveshcheniya st,
Novocherkassk 346428, Russia

Abstract. The paper deals with the design of the material laying trajectory on the
technological mandrel surface and the complex geometric shape mandrel surface
model representation in automated systems for preparing control programs for
winding composite materials products. The technological mandrel surface model
can be represented as an irregular spatial point set. It is proposed to use an approach
based on small surface segment approximation andmodification of the differential
equations system intended for integration laying material trajectories over an ana-
lytically given surface. The developed mathematical apparatus for constructing
curves on surfaces given by irregular spatial point set makes it possible to con-
struct smooth class-second curves without the need to first obtain the complete
surface model. The proposed solutions adequacy are confirmed by the numeri-
cal experiments carried out on modeling the filament laying trajectory on various
complex-profile mandrels given by an irregular point set and by the results of
winding prepared control programs running out on a real multiaxis machine.

Keywords: Winding · Mandrel surface · Point cloud · Composite material
product · CNC winding machine · Laying material trajectory

1 Introduction

The most common and one of the most effective manufacturing composite materials
products methods is the continuous winding method. During winding, the impregnated
material fibers are fedunder tension andplacedon themandrel surface.Winding is carried
out on machines with numerical control (CNC). The machine working bodies’ control
is carried out according to pre-compiled control programs. Automated programming
systems for machine are used to prepare control programs [1].

The material laying trajectory designing on the technological mandrel surface is one
of the preparing stages of the winding control programs. The mandrel surface model
in the winding control programs preparing systems can be represented in various ways.
Usually, an analytical surface description, for which various material laying trajectories
mathematical models have been developed, is used [2–9]. However, this description
surface method significantly complicates the complex geometric shape mandrel models

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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description and construction. For such surfaces, the analytical description obtaining task
is very difficult and sometimes not feasible.

The presence of complex geometric shape mandrel model which is not revolution
body in the winding control programs preparation system is especially important. This
makes it possible to automate the programs preparation especially for the complex-
profile mandrel surfaces, which significantly expands the products range manufactured
by the winding method from composite materials.

A description of a complex surface is possible in the simpler surface set form,
with clearly defined boundaries and local coordinates, and the rules for moving from
the one simple surface coordinates to the another coordinates [10]. In this case, for
any complex surface, you will have to define many simple surfaces and describe the
transitions between them.

An alternative way to describe the technological mandrel surface model can be a
description by spatial points’ irregular set (point cloud). Such a set of points can be
obtained, for example, as a result of scanning real mandrels with special devices, i.e., in
the mandrel surface digital model reverse engineering process. Also, set of points can be
obtained as a result of mandrel surface data import from various modern CAD systems
in the form of a triangulated surface defined by a point cloud through the standard data
exchange format—STL. However, in the specifying a surface by a cloud of points case,
it is necessary to develop a mathematical apparatus that allows you to build the laying
trajectory on such surfaces.

To solve material laying trajectory constructing problem on the technological man-
drel surface set by a cloud of three-dimensional points, it is proposed to use an approach
based on the surface small segment approximation andmodifying the known differential
equation system designated for calculating material laying trajectory on an analytically
specified surface by integration.

2 The Laying Trajectory Constructing on the Point Cloud

In case modeling the laying trajectory on the mandrel surface, described by a regular
surface in a parametric form r = r(u, v) = [

x(u, v), y(u, v), z(u, v)
]
r = r(u, v) =[

x(u, v), y(u, v), z(u, v)
]
.[11], where u and v—independent parameters (superficial

curvilinear coordinates), known differential equation system can be used [12]:
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

du
ds = u′
du′
ds = −Nd (rV×m−(τ rV )tgθm)

mm
dv
ds = v′
dv′
ds = Nd (rU×m−(τ rU )tgθm)

mm

(1)

where s—natural parameter of the laying trajectory;Nd = rUUu′2 + rVVv′2 +2rUVu′v′;
rU = ∂r(u,v)

∂u ; rV = ∂r(u,v)
∂v ; rUU = ∂2r(u,v)

∂u2
; rVV = ∂2r(u,v)

∂v2
; rUV = ∂2r(u,v)

∂u∂v ; m =
[rU × rV ]; τ = dr(u,v)

ds = rUu′ + rV v′, tgθ—geodetic deviation angle tangent.
To use this system in the case of specifying the mandrel surface by a point cloud, it

is necessary to bring the point cloud fragment description to r = r(u, v) and modify (1)
accordingly.
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A surface point cloud is represented by a radius vector set r = [
x, y, z

]
, which lies in

some global coordinate system. Let us define the surface point set r′ nearby to the starting
point, located in the sphere vicinity with a Rsphere radius and satisfying the condition:

(x − x0)
2 + (y − y0)

2 + (z − z0)
2 ≤ Rsphere

At the initial point r0 a vector tripod τ, b, and m is defined such that τ and b lie in
the surface tangent plane at point r0, and the vector m is the surface normal vector at the
same point. Together they represent the orthonormal right vector tripod (Fig. 1).

Fig. 1 Surface defined by point cloud

With a small sphere radius value, the selected point set can be approximated by a
second-degree surface [13]:

axxx
2 + ayyy

2 + azzz
2 + 2axyxy + 2axzxz + 2ayzyz + 2bxx + 2byy + 2bzz + c = 0

(2)

Equation (2) contains ten unknown coefficients. Let us reduce the unknown number
and pass to an z = f (x, y) equation.

Let us determine the new local coordinate system center at the point r0, through
which the approximate surface fragment is guaranteed to pass, then the coefficient cwill
be zero.

The coefficients (bx, by, bz) of (2) are responsible for the direction of the normal
surface vector m = [

bx, by, bz
]
at the point [0, 0, 0]. If we perform an additional coordi-

nates transformation so that the surface normal vector at a point (in the global coordinate
system it is a vector m) coincides with the local coordinate system z vector, then the
coefficients bx and by become equal to zero. In this case, the coefficient bz can be equal
to any positive number, for convenience we will take bz equal to 1. The well-known
transformation formulas express the point’s radius vector old coordinates through the
new ones:

⎡

⎣
x
y
z

⎤

⎦ =
⎡

⎣
x0
y0
z0

⎤

⎦ + C

⎡

⎣
x′
y′
z′

⎤

⎦ or,
x = x0 + c11x′ + c12y′ + c13z′
y = y0 + c21x′ + c22y′ + c23z′
z = z0 + c31x′ + c32y′ + c33z′
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where C—matrix of transition from the global coordinate system basis to the τ , b, and
m basis (Fig. 2):

C =
⎡

⎣
τx τy τz

bx by bz
mx my mz

⎤

⎦

Fig. 2 Point’s radius vector coordinates in different coordinate systems

The new coordinates can be obtained through the old ones using the expression:

⎡

⎣
x′
y′
z′

⎤

⎦ = C−1

⎛

⎝

⎡

⎣
x
y
z

⎤

⎦ −
⎡

⎣
x0
y0
z0

⎤

⎦

⎞

⎠

Equation (2) for the transformed points is reduced to:

axxx
2 + ayyy

2 + azzz
2 + 2axyxy + 2axzxz + 2ayzyz + 2z = 0

To determine six unknown coefficients of surface passing through a given point set,
we use the least squares method [14]. As the functional to be minimized, we choose the
f (x, y, z)2:

S =
n∑

i=1

(
axxx

2
i + ayyy

2
i + azzz

2
i + 2axyxiyi + 2axzxizi + 2ayzyizi + 2zi

)2

Let us differentiate the last equation with respect to each unknown coefficient and
reduce the resulting equations into the [A|B] matrix [15]. The terms related to bz are
transferred to the matrix right side:

⎡

⎢
⎣

a11 · · · a16
...

. . .
...

a61 · · · a66

∣∣
∣∣∣∣∣

b1
...

b6

⎤

⎥
⎦ (3)
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where a11 = ∑n
i=1 x

4
i , a12 = a21 = ∑n

i=1 x
2
i y

2
i , a13 = a31 = ∑n

i=1 x
2
i z

2
i , a14 =

2
∑n

i=1 x
3
i yi, a15 = 2

∑n
i=1 x

3
i zi, a16 = a45 = a54 = 2

∑n
i=1 x

2
i yizi, b1 = −2

∑n
i=1 x

2
i zi,

a22 = ∑n
i=1 y

4
i , a23 = a32 = ∑n

i=1 y
2
i z

2
i , a24 = 2

∑n
i=1 xiy

3
i , a25 = a46 = a64 =

2
∑n

i=1 xiy
2
i zi, a26 = 2

∑n
i=1 y

3
i zi, b2 = −2

∑n
i=1 y

2
i zi, a33 = ∑n

i=1 z
4
i , a34 = a56 =

a65 = 2
∑n

i=1 xiyiz
2
i , a35 = 2

∑n
i=1 xiz

3
i , a36 = 2

∑n
i=1 yiz

3
i , b3 = −2

∑n
i=1 z

3
i ,

a41 = ∑n
i=1 x

3
i yi, a42 = ∑n

i=1 xiy
3
i , a43 = ∑n

i=1 xiyiz
2
i ,a44 = 2

∑n
i=1 x

2
i y

2
i ,

b4 = −2
∑n

i=1 xiyizi, a51 = ∑n
i=1 x

3
i zi, a52 = ∑n

i=1 xiy
2
i zi, a53 = ∑n

i=1 xiz
3
i ,

a55 = 2
∑n

i=1 x
2
i z

2
i , b5 = −2

∑n
i=1 xiz

2
i , a61 = ∑n

i=1 x
2
i yizi, a62 = ∑n

i=1 y
3
i zi,

a63 = ∑n
i=1 yiz

3
i , a66 = 2

∑n
i=1 y

2
i z

2
i , b6 = −2

∑n
i=1 yiz

2
i .

The second-order local surface equation is reduced to z = f (x, y):

z(x, y) = 1

azz

(
−axzx − ayzy − 1 ±

√(
axzx + ayzy + 1

)2 − azz
(
axxx2 + ayyy2 + 2axyxy

)
)

Passing to the surface representation as a vector function of two scalar arguments,
we get:

r(x, y) = [
x; y; f (x, y)]

System (1) can be written as follows:
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

dx
ds = x′
dx′
ds = −Nd (rY×m−(τ rY )tgθm)

mm
dy
ds = y′
dy′
ds = Nd (rX ×m−(τ rX )tgθm)

mm

(4)

where Nd = rXXx′2 + rYYy′2 + 2rXYx′y′.
Let’s define r(x, y), rX (x, y), rY (x, y), rXX(x, y), rYY(x, y) and rXY(x, y) functions:

r(x, y) =
[
x; y; 1

azz

(
−axzx − ayzy − 1 ±

√(
axzx + ayzy + 1

)2 − azz
(
axxx2 + ayyy2 + 2axyxy

)
)]

;

rX(x, y) =
⎡

⎣1; 0; 1

azz

⎛

⎝−axz ±
(
axzx + ayzy + 1

)
axz − azz

(
axxx + axyy

)

√(
axzx + ayzy + 1

)2 − azz
(
axxx2 + ayyy2 + 2axyxy

)

⎞

⎠

⎤

⎦;

rY (x, y) =
⎡

⎣0; 1; 1

azz

⎛

⎝−ayz ±
(
axzx + ayzy + 1

)
ayz − azz

(
ayyy + axyx

)

√(
axzx + ayzv + 1

)2 − azz
(
axxx2 + ayyy2 + 2axyxy

)

⎞

⎠

⎤

⎦;

rXX (x, y) =

⎡

⎢
⎢⎢
⎢
⎢⎢
⎢
⎢⎢
⎢
⎣

0; 0;

⎛

⎜⎜
⎜
⎜
⎝

±
(
a2xz − azzaxx

)
·
√(

axzx + ayzy + 1
)2 − azz

(
axxx2 + ayyy2 + 2axyxy

)

∓
(
axzx + ayzy + 1

)
axz − azz

(
axxx + axyy

)2
√(

axzx + ayzy + 1
)2 − azz

(
axxx2 + ayyy2 + 2axyxy

)

⎞

⎟⎟
⎟
⎟
⎠

azz
((
axzx + ayzy + 1

)2 − azz
(
axxx2 + ayyy2 + 2axyxy

))

⎤

⎥
⎥⎥
⎥
⎥⎥
⎥
⎥⎥
⎥
⎦

;

rYY(x, y) =

⎡

⎢
⎢
⎢⎢
⎢
⎢⎢
⎢
⎢⎢
⎣

0; 0;

⎛

⎜
⎜⎜
⎜
⎝

±
(
a2yz − azzayy

)
·
√(

axzx + ayzy + 1
)2 − azz

(
axxx2 + ayyy2 + 2axyxy

)

∓
((
axzx + ayzy + 1

)
ayz − azz

(
ayyy + axyx

))2
√(

axzx + ayzy + 1
)2 − azz

(
axxx2 + ayyy2 + 2axyxy

)

⎞

⎟
⎟⎟
⎟
⎠

azz
((
axzx + ayzy + 1

)2 − azz
(
axxx2 + ayyy2 + 2axyxy

))

⎤

⎥
⎥
⎥⎥
⎥
⎥⎥
⎥
⎥⎥
⎦

;
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rXY(x, y) =

⎡

⎢⎢
⎢⎢
⎢
⎢⎢
⎢
⎢⎢
⎣

0; 0;

⎛

⎜
⎜⎜
⎝

±(
ayzaxz − azzaxy

) ·
√(

axzx + ayzy + 1
)2 − azz

(
axxx2 + ayyy2 + 2axyxy

)

∓
(
axzx + ayzy + 1

)
axz − azz

(
axxx + axyy

)((
axzx + ayzy + 1

)
ayz − azz

(
ayyy + axyx

))

√(
axzx + ayzy + 1

)2 − azz
(
axxx2 + ayyy2 + 2axyxy

)

⎞

⎟
⎟⎟
⎠

azz
((
axzx + ayzy + 1

)2 − azz
(
axxx2 + ayyy2 + 2axyxy

))

⎤

⎥⎥
⎥⎥
⎥
⎥⎥
⎥
⎥⎥
⎦

The laying trajectory new point integration occurs in the τ vector direction, which
is represented by the local coordinate system x vector. The x′ and y′ increments are
determined by the formulas:

x′ = (τ × rY )m

mm
; y′ = (τ × rX )m

mm

After integrating (3), we obtain the x0 and y0 values of the new point and the x′ and
y′ increments.

Let us define a new orthonormal vectors triple at this point:

τ1 = rX (x1, y1)x
′ + rY (x1, y1)y

′; m1 = rX (x1, y1) × rY (x1, y1)

‖rX (x1, y1) × rY (x1, y1)‖;
b1 = m1 × τ1

We transform the coordinates of the resulting radius vector the point and the vectors
triple to the global coordinate system:

rGCS1 = r0 + C · r(x1, y1); τGCS1 = C · τ1; bGCS1 = C · b1; mGCS
1 = C · m1

Next, a newpoint set in a sphere vicinity centered at a rGCS
1 point is determined, a new

surface approximation is constructed, and the laying trajectory next point is integrated,
according to the approach described above. The laying trajectory design on a surface
defined by a point cloud is shown in Fig. 3 schematically.

Fig. 3 Laying trajectory
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In the numerical experiments course, the described approach has shown itself well
at integration steps not exceeding the sphere radius. When using larger values, problems
arise associated with the deviation of the points obtained as a system (4) integration
result from the initial irregular point set.

The condition for the local surface passage through local coordinate system origin at
a new point is violated. In this case, the c coefficient for the new local surface becomes
nonzero. Therefore, when passing to large integration step values, it is necessary to
additionally determine the c coefficient value. Thus, the c coefficient is a new point
belonging indicator to a new surface defined in this point vicinity. Then, instead of a six
equations system, we will use a similar system, but of seven equations:

⎡

⎢
⎣

a11 · · · a17
...

. . .
...

a71 · · · a77

∣∣∣∣∣∣
∣

b1
...

b7

⎤

⎥
⎦ (5)

where a17 = a71 = ∑n
i=1 x

2
i , a27 = a72 = ∑n

i=1 y
2
i , a37 = a73 = ∑n

i=1 z
2
i , a47 =∑n

i=1 xiyi, a57 = ∑n
i=1 xizi, a67 = ∑n

i=1 yizi, a74 = 2
∑n

i=1 xiyi, a75 = 2
∑n

i=1 xizi,

a76 = 2
∑n

i=1 yizi, a77 = n, b7 = −2
n∑

i=1
zi.

If, after solving (5), the c coefficient is nonzero, i.e., the new point does not belong
to the surface, measures should be taken to return the laying trajectory new points to the
source point cloud. Figure 4 illustrates the deviation that occurs.

Fig. 4 Point deviation from surface

Surface1 is built on the original irregular point set located in Sphere1 and within
Sphere1 coincides with the original surface. From point 1, point 2 is integrated in the
specified direction by a distance greater than the sphere radius. If point 2 does not belong
to the original surface, then Surface2 obtained in the Sphere2 vicinity as a solving system
(3) result, i.e., at c = 0, it will be strongly deformed. When using system (5), the surface
will not be distorted, but will not pass through the coordinate system center defined at
the calculated point. The calculated point data will be used to define the point r(x, y)
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belonging to Surface2. The calculated point will be projected onto Surface2 if substitute
the values [0;0] into the vector r(0, 0) = [

0, 0, f (0, 0)
]
.

Thus, as an integrating system (4), result of the laying trajectory points will be
obtained that belongs to irregular point original set.

3 Experimental Results

Figure 5 shows a laying trajectory built on a revolution surface (ballon and ellipsoid)
defined as a point cloud. Figure 6 shows the calculated laying trajectory constructed on
a complex geometry surfaces (round tee and round cross) also represented by a point
cloud.

Fig. 5 Laying trajectory on a revolution surface: a ballon, b ellipsoid

Fig. 6 Laying trajectory on a complex geometry surfaces: a round tee, b round cross

4 Conclusion

The developed mathematical apparatus for constructing curves on surfaces given by
irregular spatial point set makes it possible to construct smoothness class second curves
without the need to first obtain the complete surface model.

The described approach is universal and applicable to a wide class of surfaces that
can be represented by an irregular point set.

The proposed solutions’ adequacy is confirmed by the numerical experiments carried
out onmodeling the filament laying trajectory on various complex-profilemandrels given
by an irregular point set (Fig. 6) and by the results of winding prepared control programs
running out on a real multiaxis machine (Fig. 7).
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Fig. 7 Product winding result on a CNC machine according to the calculated laying trajectories
on the tee surface
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Estimation of the Total Road Load Coefficient
for a Road Train

D. N. Dem’yanov(B) and I. M. Hazipov

Kazan Federal University, 18, Kremlevskaya St., Kazan 420008, Russia

Abstract. The problem of estimating the coefficient of total road load for a recti-
linear moving vehicle is considered. A linearized mathematical model of vehicle
motion is designed in the form of a state-space representation. A mathematical
model of an extended object is obtained, which includes a description of vehicle
dynamics and unmeasured external disturbance. The principal solvability of the
problem of estimating the unmeasured state variable of the extended object is
verified. State observers of full and reduced order are synthesized, allowing us to
estimate the coefficient of total road load with the estimation error asymptotically
tending to zero. A computer model of the rectilinear movement of a truck on a
highway with a changing value of the total road load coefficient is developed. A
computer simulation of the observers’ work was carried out, which confirmed the
correctness of the results obtained. A comparative analysis of the effectiveness of
using an observer of full and reduced order for solving the problem is made.

Keywords: Road train · Total road load coefficient · Asymptotic state observer

1 Introduction

In the modern world, the automotive industry is one of the most important and dynami-
cally developing industries. The requirements for handling, fuel efficiency, environmen-
tal friendliness, reliability, and safety of the car are growing every year [1, 2]. In this
regard, new engineering and technical solutions appear to improve the efficiency of the
vehicle [3].

One of the most common ways to improve the efficiency of automotive technology
today is the implementation of advanced driver-assistance systems (ADAS). According
to the most common classification, 6 levels of ADAS are defined (from 0 to 5): level 0
means no automation, and level 5 means full automation (no driver required) [4]. At the
same time, high-level ADAS requires the collection of a large amount of information
about the current state of the vehicle, external conditions, and the behavior of other road
users [5]. Most often, a complex of various sensors is used for this purpose. However,
for any sensor, there is always a nonzero probability of failure or significant distortion of
readings. In addition, in some cases, the required values cannot be measured directly for
a number of technical and economic reasons. Therefore, along with direct measurement
methods, indirect methods of estimating the condition of the vehicle and its driving
conditions are widely used [6–8].
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We can specify many factors that determine the driving conditions of the vehicle,
but one of the most important indicators in this list will be the coefficient of total road
load [9]. It is a generalized metric that includes the rolling resistance of the vehicle
and the lifting resistance. This coefficient significantly affects the dynamic properties of
the vehicle, its maximum speed, and fuel efficiency. However, the direct determination
of this coefficient is extremely difficult: if the slope of the road can still be measured
with some degree of accuracy using modern telematics, then the rolling resistance on
a production vehicle cannot be measured directly, it can only be estimated by indirect
methods [10, 11].

Thus, the development of methods for estimating the coefficient of total road load
is an urgent task, the solution of which is of great practical importance. This task is of
particular importance when creating ADAS trucks that carry out long-term movement
along the route, the characteristics of which can vary significantly in different sections.

2 Mathematical Model

Consider a vehicle driving rectilinearly on a flat road with a homogeneous surface. It
is known [9], that such a motion can be described with a sufficiently high degree of
accuracy by the following differential equation:

v̇x = 1

σ m

[
M (1 − k) uη

r
− mgψ − 0, 5 cx ρ S v2x

]
. (1)

Here it is indicated: vx—is velocity of longitudinal movement of the center of inertia;
σ—is rotational inertia coefficient; m—is vehicle weight; M—is engine torque; k—is
power take-off factor for auxiliary equipment drive; u—is transmission ratio; η—is
transmission efficiency; r—is rolling radius; g—is acceleration of gravity; ψ—is total
road load coefficient; cx—is streamline coefficient (drag coefficient) of the vehicle in the
longitudinal direction; ρ—is the air density; and S—is vehicle frontal projection area.

In the steady state, we obtain the following equation:

M0(1 − k) uη

r
− mgψ0 − 0, 5 cx ρ S v2x0 = 0. (2)

Here, the symbolsM0, ψ0, vx0 denote, respectively, the engine torque, the total road
load coefficient, and the speed of the longitudinal displacement of the vehicle’s center
of inertia in the steady mode.

We linearize model (1) in the vicinity of the steady mode (2), assuming that the
values of the variable quantities change little, and there is no gear change or change in
the coefficients k, σ , η. To do this, we represent the variables as the sum of the steady
mode value and the deviation:

M = M0 + �M ; ψ = ψ0 + �ψ; vx = vx0 + �vx. (3)

Taking into account formulas (2) and (3), Eq. (1) takes the following form:

�v̇x = 1

σ m

[
�M (1 − k) uη

r
− mg�ψ − cx ρ S vx0�vx − 0, 5 cx ρ S(�vx)

2
]

. (4)
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Assuming that the speed deviations will be much less than its steady mode value,
we discard the last term on the right side of Eq. (4) and get a linearized equation of the
vehicle’s motion in the vicinity of the steady mode:

�v̇x = 1

σ m

[
�M (1 − k) uη

r
− mg�ψ − cx ρ S vx0�vx

]
. (5)

Consider the movement of a vehicle along a highway, the angle of the longitudi-
nal slope which changes so slowly that it can be approximated with high accuracy by
segments of straight lines. Since it was previously assumed that the road surface is
homogeneous, in this case, the coefficient of total road load is a piecewise constant
function.

Taking into account all the assumptions made, model (5) can be represented as a
system of equations in the state space:

Ẋ = AX + BU ; Y = CX . (6)

In model (6), the variables are defined as follows:

X =
(

�vx
�ψ

)
; U = �M ; Y = �vx . (7)

Coefficient matrices of model (6) are given by the following expressions:

A =
[− cx ρ S vx0

σ m − g
σ

0 0

]
; B =

[
(1−k) uη

σ mr
0

]
; C = [

1 0
]
. (8)

The resulting model (6–8) can be used to design linear state observer using one of
the known methods [12–14].

3 Full-Order Observer

First of all, let us estimate the solvability of the observer synthesis problem. To do this,
we estimate observability per Kalman of the model (6–8). The observability matrix is
defined as follows [15]:

Q = [
CT (CA)T

] =
[
1 − cx ρ S vx0

σ m
0 − g

σ

]
. (9)

Obviously, the matrix Q defined by expression (9) is non-degenerate, its rank is 2.
Hence, the model (6–8) is entirely observable per Kalman, and it is possible to construct
an asymptotic state observer.

We form a full-order asymptotic state observer for object (6) using feedback on the
estimation error [16]. Then the observer’s equation will have the form:

˙̃X = (A − LC)X̃ + BU + LY . (10)
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In this case, the estimation error will be determined by the following expressions:

ε = X̃ − X ; ε̇ = (A − LC)ε. (11)

In formulas (10) and (11), it is indicated: X̃—is estimation of the vector X; ε—is
estimation error; and L—is numeric matrix called observation matrix.

We set the matrix L such that the dynamics of the estimation error (11) is asymptot-
ically stable. Then the estimation vector (10) will asymptotically tend to the true value
of the state vector over time [16].

It is known that the calculation of the coefficients of a full-order observer can be
reduced to a modal control problem using the following relation:

|A − LC − λI | =
∣∣∣AT − CTLT − λI

∣∣∣
Denoting AT = Ã,CT = B̃, LT = K , we obtain the classical modal control problem,

for the solution of which one of the standard algorithms [17] can be used.
Let us set the desired position of the poles of the closed system using the Newton

distribution:

αc(s) = s2 + 2ω 0s + ω2
0 .

Parameter ω0 sets the speed of the transient process and is defined as the ratio of the
setting time for the model with ω0 = 1 to the desired setting time.

To calculate the coefficients of the modal regulator, we use the Ackermann formula
[17]:

K = [
0 1

] [
B̃ ÃB̃

]−1
αc

(
Ã
)

. (12)

Here αc

(
Ã
)
—is the matrix polynomial formed on the basis of the desired

characteristic polynomial αc(s):

αc

(
Ã
)

= Ã2 + 2ω 0Ã + ω2
0I . (13)

We define the matrix of coefficients of the modal controller using relations (12) and
(13):

K =
[
− cx ρ S vx0

σ m + 2ω 0 −σω2
0

g

]
. (14)

The corresponding coefficients of the observer are obtained by transposing the
expression (14):

L =
[− cx ρ S vx0

σ m + 2ω 0

−σω2
0

g

]
. (15)

Substituting into the formula (15), the parameters of the vehicle, the desired value of
the response speed, and the value of the reference speed vx0, it is possible to obtain the
numerical values of the observation matrix corresponding to the given operating mode.
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4 Reduced-Order Observer

Full-order observers are characterized by a certain degree of redundancy, since they form
the entire vector of estimates of state variables, even if part of this vector is determined by
the measurement of the output signal [18, 19]. In our case, this redundancy is manifested
in the fact that the value of the longitudinal velocity is estimated, which in practice can
be directly measured with a sufficiently high degree of accuracy.

This redundancy can be eliminated by using a reduced-order observer (Luenberger
observer). The basic idea of such an observer is that only state variables that cannot be
directly measured are evaluated. In our case, there is only one such variable—this is
the deviation from the nominal value of the total road load coefficient. Accordingly, a
first-order observer can be used to estimate it. This reduction in the observer dimension
reduces the amount of computations required. This can be quite important in the practical
implementation of estimation algorithms in conditions of limited resources of the on-
board information and control system of a vehicle.

Let us form an asymptotic observer of reduced order for object (6). Let the following
relations be valid for the matrix coefficients of the model:

A =
[
A11 A12

A21 A22

]
; B =

[
B1

B2

]
; C = [

I 0
]
. (16)

Then the vector of state variables will consist of two components: the vector of
measured output signals X1 ≡ Y and the vector of unmeasured variables X2. In this case,
the equation of the reduced-order observer will have the form:

˙̃X2 = (A22 − LA12)X̃2 + (A21 − LA11) Y + (B2 − LB1)U + LẎ . (17)

In this case, the estimation error will be determined by the following expressions:

ε = X̃2 − X2; ε̇ = (A22 − LA12)ε. (18)

In practice, the differentiation of the output signal often leads to large modulo com-
putational errors. To eliminate this drawback, the calculation scheme (17–18) can be
transformed by introducing an auxiliary vector Z:

{
Ż = (A22 − LA12)Z + (A22L − LA12L + A21 − LA11)Y + (B2 − LB1)U ;
X̃2 = Z + LY .

(19)

Analysis of relations (18) and (19) shows that by specifying thematrix L it is possible
to provide the required rate of tending to zero of the estimation error. To calculate the
matrix L, modal control methods can also be used.

Model (6–8) satisfies the conditions described above; therefore, formulas (16) and
(19) can be used to construct an observer of the reduced order. In this case, the following
relations will be fulfilled:

[
A11 A12

A21 A22

]
=

[
− cx ρ S vx0

σ m − g
σ

0 0

]
;

[
B1

B2

]
=

[
(1−k) uη

σ mr
0

]
.
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Since in the case under consideration, the Luenberger observer has the first order,
the corresponding characteristic polynomial has the form:

αc(s) = s + ω 0 .

Applying the formula (12), we find the observer gain:

L = −ω 0σ

g
. (20)

By substituting the desired value of ω0 into formula (20), we can get the numerical
value of the desired observation coefficient and form the observer (19). It should be noted
that in this case L does not depend on the value of the reference speed of the vehicle.

5 Results of Computer Simulation

The effectiveness of the formed observers was assessed bymeans of computer modeling.
In the Simulink environment of the MATLAB computer mathematics system, a model
was created that describes the rectilinear motion of a vehicle with variable values of
torque and the coefficient of total road load. The numerical values of the model coeffi-
cients were taken from open sources describing the design and dynamic features of the
vehicle KAMAZ-5490–68 (T5) [20]. The values of a number of coefficients describing
the external conditions and driving modes of the vehicle were selected from reference
books [9].

Table 1 shows the numerical values of the coefficients included in the Eq. (1). Table
2 shows the main engine and transmission parameters used in the simulation. It should
be noted that the developed model does not provide for the possibility of reversing the
vehicle; therefore, the corresponding parameters of the gearbox are not indicated.

Table 1 Values of model coefficients

m, kg cx ρ, kg/m3 S, m2 η r, m

18,600 1.5 1.25 9.36 0.92 0.48

Within the framework of thiswork, a series of computational experimentswas carried
out, in which the behavior of the full-order observer and the Luenberger observer at
different values of vx0 and ω0 was considered. To ensure the effective work of observers
at the entire permissible range of vehicle speeds, an array of coefficients was formed for
models (10) and (19) at different values of u and vx0. The calculation of the coefficients
was carried out for each gear value and for a number of longitudinal speed values possible
in the current gear, with a step of 2 m/s. The choice of specific values of the observer
coefficients was carried out depending on the values of u and vx0 (the reference value of
the speed in reality can come, for example, from the cruise control subsystem).
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Table 2 Main parameters of engine and transmission

Parameter name Parameter value

Maximum net torque, N*m 2100

The crankshaft speed corresponding to the
maximum torque, rpm

1100

Maximum net power, kW 315

The crankshaft speed corresponding to the
maximum power, rpm

1900

Final drive ratio 3.077

Number of transmission gears 16

Gear ratios on the gears 1: 13.86–11.56; 2: 9.52–7.96; 3: 6.56–5.48; 4:
4.58–3.83;

5: 3.02–2.53; 6: 2.08–1.74; 7: 1.43–1.20; 8:
1.00–0.84

Maximum speed, km/h 110

Gradeability, % (deg) 18 (10)

As an example, let us consider the results of one of the computational experiments.
Initial values: vx0 = 26 m/s; ω0 = 10;�ψ varies uniformly from 0 to 0.01 in the interval
from 1 to 6 s of the model time; the speed stabilization system is active.

In Fig. 1a, the red line shows the actual change in the total road load coefficient, the
green line shows the value of the estimate obtained using the full-order observer, and
the blue line shows the value of the estimate obtained using the Luenberger observer.

Fig. 1 a True value and estimate of �ψ and b change in the estimation error

Figure 1b shows graphs of changes in the estimation error for the full-order observer
(blue line) and the Luenberger observer (red line). As can be seen in the graphs, for
observers of both types, the maximum value of the estimation error does not exceed 5%
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of the steady-state value �ψ. In this case, a nonzero estimation error occurs only in the
transient mode; at constant �ψ, the estimation error asymptotically tends to zero.

It should be noted that according to the results of the computational experiments, the
Luenberger observer showed a higher efficiency: the maximum and root mean square
values of the estimation error were less than for a full-order observer. In addition, the
model (19) used for its implementation has a lower dimension, which means that it will
require less computing system resources for implementation.

6 Conclusion

This paper describes the construction of asymptotic observers of various types to esti-
mate the coefficient of total road load for a rectilinearly moving vehicle. A computer
model describing the dynamics of a truck with a changing coefficient of total road load is
developed. A model of a multimode state observer is developed, the values of the coeffi-
cients of which depend on the selected gear and the current value of the reference speed
of the vehicle. A comparative analysis of the efficiency of the full-order observer and the
Luenberger observer is carried out. It is shown that the Luenberger observer provides
a lower value of the estimation error, and its implementation requires less computing
system resources.

As part of further research, it is proposed to build a discrete model of the estimation
process and analyze the effectiveness of various types of observers, taking into account
the discrete nature of the data on the current speed value coming from the CAN bus. It is
also planned to conduct more detailed studies of the robustness of the resulting observer,
to assess the dependence of its characteristics on changes in the model parameters. In
addition, it is necessary to study in more detail the issue of determining the optimal
number of reference speeds for each gear used in the formation of the array of observer
coefficients.

After the research is completed, it is planned to use the developed algorithms to
improve the efficiency of the automatic speed control system for trucks.
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Abstract. Oil pipeline transportation is one of the significant power consumers.
Currently, a single electric power market has been formed, which ensures strict
control over its consumption. Any excess in or underdrawal of the actual power
consumption compared to the planned figure is punished with fines. In this con-
nection, the accuracy of planning the power consumption for oil transportation is
a relevant problem. Artificial intelligence allows promptly and effectively solve
complex problems in various areas. In this paper, the problem of building a neural
network identification model for oil pipeline transportation has been considered.
Solving problems using neural networks proceeds in several stages. First, identifi-
cation models of the object under study are built, and then, the object’s behavior is
studied and analyzed using the models built. Using the neural network model, the
problems of organizational control and planning of electric power consumption in
oil pipeline transportation have been considered. The models have been built and
tested based on actual data.

Keywords: Electricity · Neural network · Control · Mathematical model

1 Introduction

Oil pipeline transportation is one of the significant power consumers. Currently, a single
electric power market has been formed, which ensures strict control over its consump-
tion [1, 2]. Any excess in or underdrawal of the actual power consumption compared to
the planned figure is punished with fines. In this connection, the accuracy of planning
the power consumption for oil transportation is a relevant problem. Power consumption
is an item of expenditure that may change significantly in the course of pipeline opera-
tion due to the practical implementation of pipeline loading modes; it is affected by the
reliability of the key pumping and power equipment, well-coordinated work of oil sup-
pliers and consumers, the quality of planning, and the efficiency of the power equipment
used. Planning the work of oil trunk pipelines is associated with solving many prob-
lems, e.g., the problems of determining the optimal oil pumping schedules, calculating
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power consumption to implement the schedules obtained, forecasting power consump-
tion, etc., should be solved. Under current conditions, only practical experience is not
enough to solve these problems. In many studies, mathematical methods are used to plan
the operation of pipeline systems. They comprise analytical, probabilistic, logical, and
game-theoretic methods. The neural network (NN) models have a number of advantages
over the previously developed ones. The NNmodels are adaptive; neural networks allow
extracting hidden information from the source data; the NN noise immunity has been
proven [3]. The NNmodels have previously been developed to solve planning problems
[4–6]. According to the study results, despite the high accuracy of forecasting, at indi-
vidual points, the calculations gave unacceptable errors. Also, new problems have arisen
related to arranging the control over the oil pipeline operating modes. In this regard, a
new model specification has been determined and new studies have been performed on
the use of the NN models in solving organizational control problems.

2 Formulation of the Mathematical Simulation Problem

Let us consider an oil pipeline as a dynamic system. Let S is a dynamic system, X is
input variables (input actions on the object), Y is the object’s reaction to the input actions
(in this case, the reaction is the power consumption at given X), and P is the object of
the study. To introduce the class of problems under consideration [7, 8], let us introduce
S = X ,P,Y . Let us assign three main problems:

X ,P,Y—identifying the dynamic system (find P by X and Y );
X ,P,Y—analyzing the dynamic system behavior (find Y by X and P);
X ,P,Y—synthesizing the dynamic system control (find X by Y and P).
Problem 2 belongs to the class of direct problems, and problems 1 and 3—to the

class of inverse ones.

2.1 Formulation of Problem 1

An oil linepipe is given. It is adopted that pumping oil from the tank farm of the start
point to that of the endpoint is a complete process. Under these conditions, the power
consumption is determined for the entire oil pipeline considering all objects and recorded
hourly for each pump. At the start pipeline point, the instantaneous rheological oil
properties are measured. At the endpoint, a system to measure the pumped oil flow rate
is provided. It is required to build an identification model of the object based on the
measurement data to assess the impact of the factors chosen on power consumption.

2.2 Formulation of Problem 2

An identification model of pumping oil through a pipeline is given in the form of an NN
mapping F̂(·). For the developed pumping plan, forecasted power consumption should
be found for pumping by Tp moves ahead.
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2.3 Formulation of Problem 3

An identification model of pumping oil through a pipeline is given in the form of an
NN mapping F̂(·). Using the F̂(·) mapping, the efficiency of the chosen control from
the standpoint of minimizing the power consumption for pumping a given volume of oil
should be evaluated over the entire planning period.

3 Solving Problems

At the first stage, the use of artificial intelligence in a particular area supposes solving the
model specification problem. The choice of simulation variables depends on the object
structure. For a single linepipe, the number of simulation variables can be reduced. The
parameters characterizing the properties of a specific oil linepipe and equipment installed
on it are relatively constant values and remain unchanged over a long period. These are
the pipeline length, the pipeline route layout, the difference in the pipeline start and end
elevations, the datasheet characteristics, etc. The main changing parameters are physical
and chemical properties of the pumped oil, volumes of oil supplied and received for the
planned period, the number and actual characteristics ofmain and booster pumping units,
the restrictions on power systems and the peak capacity declared, and the oil pipeline
operating modes. The oil pipeline operating mode is most susceptible to changes and to
the maximum extent affects the power consumption value and efficiency.

3.1 The Model Specification

As an output NN variable, the Y value—the power consumption (kW·day), and as input
variables,X1—temperature,X2—oil density (kg/m3),X3—oil viscosity (cSt),X4—daily
volume of oil pumped (t),X5—the tank farm utilization rate,X6—the pipeline utilization
rate, X7—the oil pipeline outage hours, X8—a categorical variable (introduced to split
the area), and X9—the rate of the pumped volume change (t) are taken.

To consider the availability of oil and free capacity (tank farm (TF)), the X5 value
is introduced, i.e., the tank farm utilization rate, which is defined as the ratio of the oil
volume (Vprod) to the total TF volume (VTF):

X5 = Vprod/VTF; X9 allows evaluating the impact of switching pumping modes
on power consumption; X8 is a categorical variable, and it splits the entire simulation
area into two ones: the accident-free oil pipeline operation area and the oil pipeline
emergency operation area. Numerical experiments have shown that introducing the X8
variable allows reducing the error in the NN calculations. This is explained as follows.
To describe the process in the entire area, all the areal variables should be used. When
describing a system in a small area, some variables are constant, and we can use fewer
variables for simulation. The categorical variable was introduced to find low-mode areas
[9, 10]. One of the most important reasons for the low efficiency of conventional NN
models in problems associated with complex technical systems is forming a purely
empirical model, which should cover all the dynamic system behavior nuances. By
introducing categorical variables, we split the entire simulation area into those described
by a small number of variables.
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3.2 Mathematical Formulation of Problem 1

Let N observations over the S system was performed {yi} = F(Xi), i = 1, . . . ,N .
In each observation, the current value of the controlled input action Xi = X (ti) and

the corresponding output yi = y(ti) were recorded. The results of these observations
form a s:

{yi,Xi} · · · ·, · · · · Xi ∈ Dyi ∈ U , i = 1, ...,N (1)

Using the data (1), such an approximation F̂(·) should be found for the F(·)mapping
implemented by the S system, at which the below condition is true:

F̂(X (t)) − F(X (t)) ≤ ε, ∀X (ti) ∈ D (2)

The F̂(·) mapping is built using neural networks [9].
ε results of building the models are given in Sect. 3.3.

3.3 The Results of Solving Problem 1

For the chosen source data of the problem, a matrix of sample pair correlation coeffi-
cients was built. Analysis of estimates of paired correlation coefficients has shown that
the introduced new variables have a significant correlation with the y variable (power
consumption). In Table 1, significant correlation coefficients are highlighted in red.

Table 1 Pairwise correlation matrix

X1 X2 X3 X4 X5 X6 X7 X8 X9

X1 1.0 −0.7 −0.8 0.0 0.0 0.1 0.0 0.1 −0.0

X2 −0.7 1.0 0.8 −0.1 −0.1 −0.1 −0.0 −0.1 0.0

X3 −0.8 0.8 1.0 −0.1 −0.1 −0.1 −0.1 −0.1 0.0

X4 0.0 −0.1 −0.1 1.0 0.1 0.1 −0.5 −0.4 0.5

X5 0.0 −0.1 −0.1 0.1 1.0 0.1 0.1 0.1 0.1

X6 0.1 −0.1 −0.1 0.1 0.1 1.0 0.0 0.0 −0.1

X7 0.0 −0.0 −0.1 −0.5 0.1 0.0 1.0 0.8 −0.3

X8 0.1 −0.1 −0.1 −0.4 0.1 0.0 0.8 1.0 −0.2

X9 −0.0 0.0 0.0 0.5 0.1 −0.1 −0.3 −0.2 1.0

y 0.0 −0.1 −0.1 0.5 0.0 0.1 −0.2 −0.1 0.3

Figure 1a shows a plot of approximation by the data in the space of variables y, X4,
X9. The plot shape allows concluding that the X9 values affect the resulting indicator y.
Figure 2b shows the scatter diagram in the space y,X4,X8. The scatter diagram shows the
result of splitting the observation points into two clusters according to the X8 parameter:

X8 =
{
0, no accident
1, accident
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Fig. 1 a Surface plot approximated by the data (y, X4, X9); b scatter diagram in the space y, X4,
X8

Fig. 2 a Plot of the change in the training MSE and Cross-Validation MSE (Y-direction) versus
the number of training epochs (X-direction); b viscosity dynamics over the observation period

To evaluate the neural network method for solving the problem, a parallel model
was built based on the same data using nonlinear regression [10–12] in the Statistica 10
environment (Table 2, column 5).

Table 2 Comparative analysis of computational errors for models 1, 2, 3, 4

Model 1 Model 2 Model 3 Model 4

1 2 3 4 5

NMSE 0.091 0.086 0.073 0.13

Min Abs Error 0.005 0.004 0.002 0.031

r 0.89 0.91 0.99 0.79

Experiments on the analysis of the NN models built [13–16] have been performed
with different ways of model specification. Table 2 gives estimates of the quality of
building the NN models.
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Let the areas D1, D2, D3, D1 ⊂ R7,D2 ⊂ R8,D3 ⊂ R9 be defined. Let the set of
input data belong to the area D1, D2, D3, and the set of output data is y ∈ U , U ⊂ R,

(X1,X2,X3,X4,X5,X6,X7) ∈ D1

(X1,X2,X3,X4,X5,X6,X7,X8) ∈ D2

(X1,X2,X3,X4,X5,X6,X7,X8,X9) ∈ D3

Model 1. The NN model: F̂1 : D1 → U .
Model 2. The NN model: F̂2 : D2 → U .
Model 3. The NN model: F̂3 : D3 → U .
Model 4. Nonlinear regression model.
In Table 2, the following notations are used:

NMSE is the mean square error of testing, NMSE =
(∑n1

i=1

(
yi − ŷi

)2/
n1

)1/2
,

where n1 is the number of test points,yi is the model output value, Min Abs Error ŷi
is minimum absolute error, r is the coefficient of correlation between two columns: the
columns of calculated and declared output values.

These results indicate a good approximation degree.
The table shows that after introducing new variables, the model accuracy has

increased. Figure 2a shows a plot of the change in theTrainingMSEandCross-Validation
MSE (Y-direction) versus the number of training Epochs (X-direction). The plot shows
the successful training of the neural network.

To solve problem 2, a submodel has been developed. The submodel developed is
aimed at improving the accuracy of solving problem 2.When using a trained NNmodel,
e.g., to solve the problem of planning power consumption.

For a Tp period, vector X is fed to the input and vector Y is obtained at the output.
Therefore, the more accurate the vector X value, the more accurate the Y value. We have
noticed that the vector X variables can be conditionally divided into two groups. The
first one comprises variables that are known with sufficient accuracy, e.g., the difference
between the geodetic marks of the pipe end and start for the linear section considered, the
pipe length, diameter, etc. The second group comprises variables whose value is affected
by the environment, e.g., the air temperature affects the pumped oil temperature, viscos-
ity, and density. Figure 2b shows the viscosity dynamics. The ordinate and the abscissa
show the viscosity and the observation point number, respectively. Observation points
are taken for three years. On the plot, the upper peaks and the lower points correspond
to the winter and summer periods, respectively (fluctuations in oil viscosity at constant
air temperature are insignificant). Therefore, even if the pumped oil characteristics for
the given period are known, the change in the air temperature for the forecasted period
should be considered.

Conclusion: when using an identification model to forecast power consumption,
predictive models of time series of input variables should be developed considering the
environmental effect. For the problem being solved, models have been built to correct
(for the air temperature effect) the values of the time series of rheological properties.
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Table 3 shows a fragment of the normalized source data on the rheological properties of
the oil. The density and viscosity are given at the specified air temperature.

Table 3 Fragment of normalized source data on the rheological properties of oil

Measurement Measurement Air temperature Viscosity Density

Start (Date; time) End (Date; time) 1 2 3

31.01; 0:00 31.01; 8:00 −1.2 0.3 −0.9

31.01; 8:00 31.01; 16:00 −1.2 1.1 −0.4

31.01; 16:00 01.02; 0:00 −1.2 1.1 −0.5

01.02; 0:00 01.02; 8:00 −1.2 0.5 −1.4

01.02; 8:00 01.02; 16:00 −1.1 0.2 −0.8

01.02; 16:00 02.02; 0:00 −1.1 0.2 −0.5

02.02; 0:00 02.02; 8:00 −1.0 0.7 0.7

02.02; 8:00 02.02; 16:00 −1.0 0.8 1.0

Currently, the planned pipeline performance is calculated based on the pumping
volume scheduled for the calculation period, oil density, and the scheduled pipeline
operating time [3]. The kinematic viscosity (m2/s) and density (kg/m3) at the average
oil temperature are determined empirically or calculated by formulas. The average oil
temperature is calculated based on the available temperature data for the same period
of the previous 2–3 years. The studies of the time series of atmospheric temperature
and oil density and viscosity have shown that these data have a fractal structure. From
the mathematical point of view, a fractal object has a fractional dimension. Another
important property of almost all fractals is their self-similarity (scale invariance). The
main statistical data of the following indicators have been calculated [17]: the coeffi-
cient of sample correlation between temperature and viscosity r = −0.66251; between
air temperature and density: r = −0.72369; between density and viscosity: r = 0.591.
To study the self-similarity in the process studied, the Hurst exponent H has been calcu-
lated (using the Fraktan 4.4 software package). It is known that a continuous stochastic
process is considered self-similar if 0, 5 ≤ H ≤ 1. Calculations have shown that for oil
viscosity, the Hurst exponent H = 0.8857, the fractal dimension D = 2−H = 1.1143,
and the correlation dimension C = 3. The autocorrelation function and Hurst exponent
calculation results testify to a self-similar nature of the time series of the rheological oil
properties. This result is confirmed by a high coefficient of correlation between the rhe-
ological properties and temperature. It is known that it was the study of the temperature
time series that led to the discovery of self-similarity in similar processes. The study
results provided have been further used to choose simulation techniques and the model
structure.

Based on the viscosity time series data, a neural network model of the multilayer
perceptron (MLP) type has been built to make a forecast n moves ahead. The MLP
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architecture has been chosen using nonlinear dynamics. For our predictive neural net-
work model of the viscosity time series, the prediction window p has been chosen by the
formula [17]: p = [2C] + 1, where C is the correlation dimension and [.] is the integer
part of a number.

Further studies have shown that the identification model built can be used to solve
some other management problems, e.g., those associated with the design of new linear
pipeline sections or a change in the well of the pumped oil. The results of solving another
problem are given below.

Assume that to make managerial decisions, the effect of rheological properties, e.g.,
the pumped oil viscosity, on the power consumption should be evaluated. The following
algorithm is proposed. An array of input data should be created with the column data,
which correspond to the viscosity, changing from the minimum to the maximum with
some constant step (but remaining within the admissible problem solution domain), and
constant values assigned to all other input values, e.g., those equal to the average value
over some interval. This array is fed to the input of the neural network, and then the
corresponding power consumption is calculated. The calculation results are shown in
Fig. 3. On the plot (Fig. 3), the abscissa and the ordinate show the viscosity and the
power consumption, respectively.
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Fig. 3 Dependence of power consumption on viscosity

The plot can be used to solve management problems.
The NN models built can be used to forecast the power consumption for pumping

oil through newly designed linear pipeline sections. To unify the models developed, the
input data vector should be supplemented with such indicators as the pipe diameter, the
length of the linear oil pipeline section, and the difference between the geodetic marks of
the pipe end and start for the linear section considered. The computational experiments
have shown positive NN model unification results for planning power consumption for
pumping oil. Conclusion: the developed mathematical models allow the automation of
planning power consumption, which will improve the efficiency of the main oil pipeline
maintenance.
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3.4 The Results of Solving Problem 2

Let the vectors X(t), t ∈ Tp be defined. When taking the planned values of the input
variables as the model inputs, we obtain the forecasted daily power consumption values:
ŷ(t) = F̂3(X(t)), t ∈ Tp.

The solution to the retro-forecasting problem has shown that the error in the NN
calculations for the monthly data is mainly 2%, and two observations only have a 3%
error (Table 4).

Table 4 Fragment of the comparison of the declared and calculated NN output values

t y(t) ŷ(t)
∣∣y − ŷ

∣∣ ∣∣∣ y−ŷ
y

∣∣∣
1 −0.35754 −0.33215 0.02538 −0.071

2 −0.35754 −0.35442 0.00312 −0.00872

3 −0.35327 −0.32921 0.02407 −0.06812

4 1.01766 1.01044 −0.00723 −0.0071

3.5 The Results of Solving Problem 3

Let us perform the following experiment. Let us select data for a certain month from

the source file; rename t, assume that t = 1, 2, …, 30; calculate V =
30∑
i=1

yi. The input

variables of the chosen interval will be the same, except for X4 and X9. Let us assume
that at all inputs within the interval, these variables X4 = V /30, X9 = 0. Let us enter the
transformed data into the NN model and calculate ŷ, and then compare them with the
observed y values for this period. Calculations have shown that the actual consumption
is much higher. This model experiment allows roughly compare the power consumption
at frequently switching pumping modes with the oil pipeline operation when the modes
change occasionally. In the experiments performed, the energy savings amounted to
75,666 (kW·day).

4 Conclusions

The studies performed allow drawing the below conclusions.

• The accuracy of building NN identification models can be improved by the model
specification. In particular, it is shown that introducing new variables X8 and X9,
directly related to the control quality, may improve the accuracy of building the NN
model.

• The retro-forecast using the NN models built showed that the problem of planning
power consumption can be solved with the required accuracy.
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• The numerical experiments performed using theNNmodel have shown that frequently
switching pumping modes increase the power consumption for pumping oil. This
conclusion is consistent with practical observations and the theory. The experimental
algorithmswith the use of theNNmodels described can be used to solve organizational
control problems.

• Herein, the NN models are built and the solutions to problems are obtained based on
actual data, and however, the quality of solving problems can be improved through
additional studies.

Currently, the capabilities of mathematical and computer simulation tools lag behind
the needs of many complex production process control problems, including the oil
transportation control processes.
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Control of a Mobile Cart with Two Traction
Rear Wheels and a Free Front Wheel
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Abstract. The problemof control for themobile cartwith two traction rearwheels
and free front wheel is considered in the paper. The traction wheels are governed
by two mechanically independent direct current drive motor. The free wheel can
turn around your mounting point. The problem of the desired path following with
given linear velocity is stated in the paper under assumption that mobile robot is
interfered by external perturbations, which physically represent the external force
actions, wind blowing, friction force and so on. Due to this aim, the combined
control law, which consists of continuous and discontinuous components, is syn-
thesized in the paper. The discontinuous term provides oscillation mode of the
transient process in the closed system, and continuous component leads to decay-
ing of the oscillation amplitude of the output variables asymptotically to zero. The
simulation results depict the efficiency of the designed algorithm.

Keywords: Mobile cart · Vortex algorithm · External perturbations · Path
following problem · Decomposition

1 Introduction

Nowadays, nonholonomic electrically driven vehicles attract a lot of attention of the
designers due to its controllability, fast control inputs response and high efficiency of
the traction systems on the base of alternative current or direct current electric drives
[1–3]. In contrast to vehicles with combustion engine, there are two great advantages
of the electric vehicles (EV), because they can be made with independently controlled
wheels and EV has much smaller ratio between the size and the power of the traction
system.

In this paper, the full model with actuators dynamics of the mobile cart is considered
[4] to avoid simplification of the control algorithmsynthesis procedure caused by reduced
mathematical description like in [3, 5–7]. Moreover, as it was mentioned above, the
electric drives are used as actuators, and the real control inputs correspond to the electrical
voltages applied to the stators windings, so the control amplitude limitation (maximum
voltages) must be introduced during problem statement and further control law synthesis
[8].

One of the main challenges concerned with the electric mobile vehicles, robots
control is the desired path following problem [5, 9, 10]. The task can be complicated

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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by consideration the parametric and external disturbances in the mathematical model of
the plant [7, 11, 12]. According to these issues in this paper, the problem is extended
by treatment, that mobile cart must track trajectory with the given function of the linear
motion velocity. Mobile cart under absence of wheels sliding belongs to the class of
nonholonomic systems, which attract attention from the control point of view during
last three decades [13].

There are many approaches based on the achievements of modern control theory,
which help to solve the discussed problem. Lee et al. [8] developed linear feedback
control law, which globally provides robot motion convergence to the path specified
by straight line, a circle or a path approaching the origin. Boukens et al. [12] designed
the intelligent controller on the base of neural network approach. However, only global
stability is guaranteed in the sense, that all trajectory tracking errors are bounded under
influence of the parametric and external perturbations. The nonlinear predictive approach
is used by Mirzaeinejad [7] to design the controller for the trajectory tracking of a
nonholonomic mobile robot in the presence of model uncertainties and disturbances.
After analysis, it was shown that the tracking errors are remarkably decreased by the
proposed control system in the presence ofmodel uncertainties and disturbances.Klancar
used linearized tracking-error dynamics for prediction the system behavior. Further,
the quadratic cost function around the system tracking error is utilized for control law
derivation [9].

In this paper, the new approach is developed for disturbances rejection in the problem
of the desired path following for the mobile cart. In contrast to the classical methods
of perturbations compensation on the base of the known disturbances excitation model
and linear feedback synthesis [14, 15], the combined nonlinear discontinuous control
is proposed. The main idea consists in organizing the transient oscillation process in
the closed loop system with decaying amplitude [16, 17], so the tracking errors tend
to zero asymptotically in time. It is necessary to note that proposed approach provides
invariance property with respect to unmatched external perturbations, which does not
belong to control space [18].

The paper is organized as follows. In Sect. 2, the mathematical model of the plant is
introduced, and its control structure and the problem statement are considered. Further,
the hierarchical procedure of the control inputs synthesis is developed in the next section.
The formal relations for the choice of the feedback loop parameters are derived. The
simulation results of the designed control scheme are presented in Sect. 4. Finally, the
main results are discussed in the conclusion section.

2 Problem Statement

The kinematic model of the mobile cart is considered in the form [1] (see Fig. 1):

ẋ1 = υcosx3; ẋ2 = υsinx3; ẋ3 = ω , (1)

where x1, x2, x3 are planar coordinates in [m] and angle position of the mobile robot
in [rad] in stationary coordinate system X1OX2, υ = ω1+ω2

2 r is linear velocity of the
center of the mass of the mobile robot in [m/sec]; ω = ω1−ω2

D r is angular velocity of
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Fig. 1 Coordinate systems of the mobile robot

the mobile robot around the center of the mass in [rad/s], r,D are known wheel radius
and distance between driving wheels in [m].

The control torques is implemented with the help of direct current motors with
permanent excitation. Combining the drive model with the equations for linear υ and
angular ω velocities, leads to the system [4]

J ω̇ = ciD

r
(I1−I2) − m1aυω + ξ1(t),

İ1 = −R

L
I1− ci

rL
(υ + Dω) + u1

L
;

mυ̇ = ci
r

(I1 + I2) + m1aω
2 + ξ2(t),

İ2 = −R

L
I2− ci

rL
(υ − Dω) + u2

L
,

(2)

where I1,I2 are stator currents of DC drives in [A], ξ1(t) is external perturbation torque
in [N ·m], J , [kg ·m2],m, [kg] are generalized moments of inertia and mass of a mobile
robot, which are known values, ξ2(t) is perturbation force in [N ]; the perturbations
are bounded functions with two first bounded derivatives: |ξi(t)| ≤ �i, |ξ̇i(t)| ≤ �i,

|ξ̈i(t)| ≤ �i i = 1, 2; R is rotor resistance in [Ohm], ci[N ·m · A−1], cω, [V · s · rad−1]
are known torque constant and back electric motion force constant, |ui| ≤ Ui = const,
i = 1, 2 are the bounded control inputs (the stators voltages) in [V] , L is the stator
inductance in [H] , the point A is the center of the rear shaft, the center of the mass of
the cart is in the point C, a = AC, [m].

Further, the systems of Eqs. (1) and (2) are considered as models of the control object
under the assumption that the components of their state space vectors are available for
measurement. The task is to stabilize the movement of a mobile robot relative to a given
trajectory.

The program trajectory or path can be defined as some function of the parameter on
the plain

x1r = h1(s), x2r = h2(s), (3)
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where hi(s) ∈ C4, i = 1, 2, x1r, x2r are the coordinates of the center of the mass, which
correspond to the desired position in the global coordinate systems in [m], s is the path
parameter.

The task of the desired trajectory (3) tracking with the prescribed speed can be
formulated on the base of some reference model, like that

ṡ = υr√
[(h1)′s]2+[(h2)′s]2

,

ẋ1r = υr(t)cosx3r, ẋ2r = υr(t)sinx3r,

ẋ3r = ωr(t) = (h2)
′′
s (h1)

′
s−(h1)

′′
s (h2)

′
s

([(h1)′s]2+[(h2)′s]2)(3/2)
υr,

υ̇r = ar,

ȧr = −R

L

[
ar − m1a

m
ωr

]
− 2c2i
mr2L

υr + ci
mrL

ur,

(4)

where x1r, x2r, x3r are the desired position in [m] and angle coordinate in [rad], ωr(t),
υr(t) are the reference linear and angular velocities in [rad/s] and [m/s], ar is the reference
acceleration in [m/s2], ur([V]) is the bounded correction input of the reference model,
|ur| ≤ U1 + U2; (hi)

′
s, (hi)

′′
s (i = 1, 2) are the two first partial derivatives of the

functions (3) with respect to the parameter s.
The equation for the errors xi = xi − xri, i = 1, 3 according to (1), (4) is

ẋ1 = υcos(x3 + xr3)−υr(t)cosx3r,
ẋ2 = υsin(x3 + xr3)−υr(t)sinx3r,
ẋ3 = ω−ωr (t).

(5)

For the feedback synthesis purpose, the coordinates concerned with the reference
model (4) are introduced:

x̃ = Hx,H =
⎛
⎝

cosx3r sinx3r 0
−sinx3r cosx3r 0

0 0 1

⎞
⎠ . (6)

Using (4–6), the equations for the errors in the coordinate system X̃1ÕX̃2 can be
derived (see Fig. 1) (the axis ÕX̃1 is tangent to the desired path trajectory)

˙̃x1 = υcosx̃3−υr + ωrx̃2;˙̃x2 = −ωrx̃1 + υsinx̃3;˙̃x3 = ω−ωr .

(7)
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The problem of the state space vector of the system (7) stabilization is stated in the
paper

lim
t→+∞ ||x̃(t)|| = 0. (8)

3 Control Algorithm Synthesis

The solution of the control inputs synthesis problem in the systems (1) and (2) is based
on two-level decomposition. First, we consider the kinematic model (1), for which the
linear and angular velocities are formed to providemovement along the desired trajectory
(3) with the given trajectory speed. At the second stage, control inputs are synthesized
in the electromechanical system (2), which ensures the maintenance of the linear and
angular velocities obtained at the first step.

3.1 The Kinematic Subsystem Stabilization

It is necessary to note that some initial pointP of themobile cart trajectory can be situated
far away from the point Õ, corresponding to the reference point motion concerned with
the reference system (4) trajectory. So, the convergence path or convergence trajectory
must be considered for the feedback synthesis. With this aim, some neighborhood or
δ-vicinity of the origin Õ is introduced, which has the following sense. If the distance
between the two points P and Õ is sufficiently large, then the desired convergence path
is the straight line (the minimal distance between two points on the plane). In other
case, when the trajectories of the mobile cart belong to δ-vicinity of the point Õ, the
convergence is chosen, for example, in the form [19]:

x̃2 = Cx̃α
1 , α > 1. (9)

The derivative of the function (9) in the point x̃1 = 0 is

dx̃2
dx̃1

= Cx̃α−1
1 ⇒ dx̃2

dx̃1

∣∣∣∣
x̃1=0

= 0, (10)

where C is the constant, depending on the initial conditions. It is obviously from (10)
that the tangent to the function (9) in the point x̃1 = 0 coincide with the axis ÕX̃1 of the
reference system or the tangent to the desired path trajectory.
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From (9), the following equation can be derived

dx̃2
dx̃1

= α tgφ, (11)

where tgφ = x̃2
x̃1

, φ =
{
arctg(x̃2/x̃1), x̃1 ≥ 0;
π + arctg(x̃2/x̃1), x̃1 < 0.

By choosing the different value for the parameter α in (9), the convergence path
shape can be adjusted. With α = 1 in (9), the straight line is achieved, and the value
of α must be chosen greater than one to provide smooth convergence to the point Õ of
the reference system. According to this reasons, the desired relationship between the
variables of the system (7) according to (11) can be introduced in the form

tgx̃3 = k(e11)tgφ, (12)

where k(e11) =
⎧⎨
⎩
1, e11 ≥ δ;
α − 1

δ4
e411 − 4

α − 1

δ3
e311 + 6

α − 1

δ2
e211 − 4

α − 1

δ
e11 + α, e11 < δ,

φ =
{
arctg(x̃2/x̃1), x̃1 ≥ 0;
π + arctg(x̃2/x̃1), x̃1 < 0,

e11 = x̃21+x̃22
2 .

Further, the control law synthesis is considered on the base of step-by-step decompo-
sition, corresponding to the block approach methodology [20, 21]. So, in the kinematic
subsystem the variables υ, ω of the kinematic subsystem (7) are considered as fictitious
control inputs. Equation (7) can be written in the new variables into account (12):

ė11 = √
2e11(υcos(x̃3 − φ) − υrcosφ);

d

dt
(tgφ) = (υ/

√
2e11)(1 + tg2φ)sin(x̃3 − φ) − ωr(1 + tg2φ) + (υr/

√
2e11)

×tgφ

√
1 + tg2φ;

d

dt
(tgx̃3) = (1 + tg2x̃3)(ω − ωr).

(13)

It is required to choose υ, ω in such a way to provide relation (12) and to stabilize
the variable e11 in (13). With this goal, the variable e12 = tgx̃3−k(e11)tgφ is considered
according to the equation

ė12 = (1 + tg2x̃3)(ω − ωr) + b(φ, x̃3, e11)υ + f1(ωr, φ, x̃3, e11), (14)
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where

f1 = −k(e11)[−ωr(1 + tg2φ) + (υr/
√
2e11)tgφ

√
1 + tg2φ] + (dk/de11)

√
2e11 υr sin φ;

b = −k(e11) · (1 + tg2φ)sin(x̃3 − φ)/
√
2e11 − (dk/de11)tgφ

√
2e11cos (x̃3 − φ).

As a result, the fictitious control inputs are chosen in the form

ω = ωr − f1 + l12e12
1 + tg2x̃3

− b(e11, φ, x̃3)[−l11
√
e11 + υrcos φ]

(1 + tg2x̃3)cos (x̃3 − φ)
, (15)

υ = −l11
√
e11 + υrcos φ

cos (x̃3 − φ)
, l11 > 0, l12 > 0, (16)

and closed loop system looks like the following

ė12 = −l12e12, ė11 = −√
2l11e11.

According to this result, the relation (12) is provided, the variable e11 is stabilized
asymptotically and the motion trajectory of the mobile robot converges to the desired
trajectory.

3.2 Step-by-step Control Inputs Synthesis in the Electrical Subsystem

In this subsection, a step-by-step procedure is developed to provide desired fictitious con-
trol inputs according to the angular (15) and linear (16) speeds in the electromechanical
subsystem (2).

Step 1. In the first equations of the subsystems (2), the difference ci(I1 − I2) and the
sum ci(I1 + I2) of the electromagnetic torque of the electric drives are considered as
fictitious controls. The following variables must be stabilized

e21 = υ + l11
√
e11−υrcosφ

cos(x̃3−φ)
;

e22 = ω − ωr + f1+l12e12
1+tg2 x̃3

+ (−l11
√
e11+υrcos φ)b(φ,x̃3,e11)

(1+tg2 x̃3)cos (x̃3−φ)
·

According to (2), (13–14) the equations with respect to these variables are

ė21 = ci
mr (I1 + I2) + m1a

m ω2 + f21(φ, x̃3, υ, υr, ω, ωr, υ̇r, e11),

ė22 = ciD

Jr
(I1 − I2) − m1a

J
υω + f22(φ, x̃3, υ, ω, υr, ωr, υ̇r, ω̇r, e11, e12),

(17)
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the full analytical expression of the functions f21(·), f22(·) are:

f21 = (l11[1/(2√e11)]ė11 − υ̇rcosφ + υrsinφ φ̇)cos(x̃3 − φ)

cos2(x̃3 − φ)

+ l11
√
e11sin(x̃3 − φ)( ˙̃x3 − φ̇) − υrcosφ sin(x̃3 − φ)( ˙̃x3 − φ̇)

cos2(x̃3 − φ)

f22 = −ω̇r + (ḟ1 + l12ė12)

1 + tg2x̃3
− 2tgx̃3

d(tgx̃3)
dt (f1 + l12e12)

(1 + tg2x̃3)2

+
b(−l11

ė11
2
√
e11

+ υ̇r cosφ − υr sin φφ̇) + ḃ(−l11
√
e11 + υr cosφ)

(1 + tg2x̃3) cos(x̃3 − φ)
−

−2tgx̃3
d(tgx̃3)

dt cos(x̃3 − φ) − (1 + tg2x̃3) sin(x̃3 − φ)( ˙̃x3 − φ̇)

(1 + tg2x̃3)2 cos2(x̃3 − φ)

(−l11
√
e11 + υr cosφ)b(φ, x̃3, e11),

ḃ = −
[

dk

de11

ė11√
2e11

− ė11

2
√
2e3/211

k(e11)

]

(1 + tg2φ) sin(x̃3 − φ) − 2
k(e11)√
2e11

tgφ
d(tgφ)

dt
sin(x̃3 − φ)−

− k(e11)√
2e11

(1 + tg2φ) cos(x̃3 − φ)( ˙̃x3 − φ̇)

− d2k

de211
ė11tgφ

√
2e11 cos(x̃3 − φ) − dk

de11

d(tgφ)

dt

√
2e11 cos(x̃3 − φ)−

− dk

de11
tgφ

[
ė11√
2e11

cos(x̃3 − φ) + √
2e11 sin(x̃3 − φ)( ˙̃x3 − φ̇)

]
,

ḟ1 = − dk

de11
ė11

[
−ωr(1 + tg2φ) + υr√

2e11
tgφ

√
1 + tg2φ)

]

−k(e11)

[
−ω̇r(1 + tg2φ) − 2ωrtgφ

d(tgφ)

dt
+

+
(

υ̇r√
2e11

− ė11υr

2
√
2e3/211

)
tgφ

√
1 + tg2φ

+ υr√
2e11

d(tgφ)

dt

√
1 + tg2φ + υr√

2e11
tg2φ

d(tgφ)
dt√

1 + tg2φ

]
+

+ d2k

de211

√
2e11ė11υr sin φ + dk

de11

ė11√
2e11

υr sin φ

+ dk

de11

√
2e11υ̇r sin φ + dk

de11

√
2e11υrφ̇ cosφ

In contrast to feedback with perturbations estimations on the base of the observer
[22], to ensure invariance to perturbations f21, f22 in the system (17), we choose fictitious
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control stator currents based on the static feedback in the form [5]:

ci
mr

(I1 + I2) + m1a

m
ω2 = I1; ciD

Jr
(I1 − I2) − m1a

J
υω = I2;

İ1 = −sat1(I1) − M1sign(e21); İ2 = −sat2(I2) − M2sign(e22),
(18)

where sati(I i) =
{

αiI i, |αiI i| ≤ Mi;
Mi, |αiI i| > Mi,

αi = const > 0, Mi = const > 0, the initial

conditions for the variables I i can be chosen in arbitrary manner, for example, equal to
zero.

Step 2. The relations (18) can be provided by organizing the sliding mode on the
hyper-surface

S =
(
s1
s2

)
=

(
I1
I2

)
− H−1

(
I1 − m1a

m ω2

I2 + m1a
J υω

)
= 0, (19)

where H =
( ci

mr
ci
mr

ciD
Jr − ciD

Jr

)
.

In practice, themaximal velocities and acceleration for the plant (2) and the reference
system (4) are bounded. Taking into account the class of the external perturbation (2),
the following inequalities can be written

|f2i| ≤ F2i, |ḟ2i| ≤ F2i, |f̈2i| ≤ F̃2i, i = 1, 2, (20)

where F2i,F2i, F̃2i are some positive constants.
According to (2) and (19), the expressions for the components of the vector S can

be written

ṡ1 = −R

L
I1 − ci

rL
(υ + Dω) + u1

L
− h−1

11

[
İ1 − 2m1a

m
ω

(
ciD

Jr
(I1 − I2) − m1a

J
υω

)]
−

−h−1
12

[
İ2 + m1a

J

(
ciD

Jr
(I1 − I2)υ − m1a

J
υ2ω+ +cir

m
(I1 + I2)ω + m1a

m
ω3

)]
;

ṡ2 = −R

L
I2− ci

rL
(υ − Dω) + u2

L
− h−1

21

[
İ1 − 2m1a

m
ω

(
ciD

Jr
(I1 − I2) − m1a

J
υω

)]
−

−h−1
22

[
İ2 + m1a

J

(
ciD

Jr
(I1 − I2)υ − m1a

J
υ2ω+ cir

m
(I1 + I2)ω + m1a

m
ω3

)]
,

(21)

where h−1
ij , ḣ−1

ij (i = 1, 2; j = 1, 2) are elements of the matrices H−1(
) Ḣ−1(
).

The real control inputs are chosen in the form of discontinuous functions

ui = −Ui sign(si), i = 1, 2, (22)
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Taking into account the physical restrictions on the phase coordinates and the rela-
tions (18), (20), one can choose the voltage amplitudes in the system (21) according to
the inequalities

U1 >

∣∣∣−RI1 − ci
r

(υ + Dω) − L
1

∣∣∣ , U2 >

∣∣∣−RI2 − ci
r

(υ − Dω) − L
2

∣∣∣ ,


j = h−1
j1

[
İ1 − 2m1a

m
ω

(
ciD

Jr
(I1 − I2) − m1a

J
υω

)]
+

+h−1
j2

[
İ2 + m1a

J

(
ciD

Jr
(I1 − I2)υ − m1a

J
υ2ω +

+cir

m
(I1 + I2)ω + m1a

m
ω3

)]
, j = 1, 2.

to provide sliding mode [23] existence on the manifold (19).
The parameters αi,Mi of the inner controller (18) are chosen according to the

inequalities (20) and the conditions of Theorem 2 from [16, 17]

Mi > αiF2i + F2i, αi(Mi − αiF2i − F2i) > F̃2i. (23)

4 Simulation Results

The following parameters are used for the numerical simulation of the designed control
law: J = 1 [kg · m2], m = 1 kg m1 = 0.5 [kg], R = 0.1 [Ohm], L = 0.01 [H],
a = 1 [m], ci = 1[N · m · A−1], cω = 1 [V · s · rad−1], D = 1 [m], r = 1 [m],
ξ1(t) = sin(t) [N · m], ξ2(t) = 2 sin(2t) [N] .

The desired trajectory of movement can be depicted as a flower with four petals (the
length of the each petal is fifty meters), and with the reference linear velocity υr = 10
[m/s], it can be described according to (4) by the following mathematical model

ṡ = 1

5
√
2.5 + 1.5 cos(4s)

, ẋ1r = 10cosx3r, ẋ2r = 10sinx3r,

ẋ3r = 6.5 + 1.5 cos(4s)

5[2.5 + 1.5 cos(4s)]3/2 .

During numerical experiment, the following bounds were estimated for the functions
from (20)

|f21| ≤ 14 [N], |f22| ≤ 2 [N · m], |ḟ21| ≤ 10 [N/s],
|ḟ22| ≤ 2 [N · m/s], f̈21| ≤ 200 [N/s2], |f̈22| ≤ 150 [N · m/s2] .

Using this inequalities, the parameters of the inner loop controller from (18) are
chosen according to (23)

α1 = 200,M1 = 15, 000, α2 = 1000,M2 = 15, 800.

The real control inputs (22) are chosen with the amplitudesU1 = 200 [V],U2 = 200
[V].

The simulation results of the real sliding mode [24] with the fundamental integration
step ts = 10−4 s are depicted on the Figs. 2, 3 and 4.
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Fig. 2 Phase portrait of the reference and control object systems

Fig. 3 Transient processes for the kinematic and electrical subsystems

5 Conclusions

The problem of the desired path following problem was considered in the paper for the
mobile cart with independent rear wheels drives. The static feedback control law was
derived. It was shown that designed algorithm provides asymptotical convergence of the
tracking errors to zero. The situation with unknown parameters of the mobile cart, such
as masses of the cart parts, inertia, position of the center of the mass, must be considered
in the future research.
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Fig. 4 Transient processes for the linear and angular velocities
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Abstract. In the article, one has presented a mathematical description and an
algorithm for prediction of tuyere areas’ parameters and control over the distribu-
tion of blast parameters around a blast furnace based on the application of patterns
of heat transfer between the hot blast and cooling water for tuyere elements. The
algorithm has been designed to align the thermal condition of the tuyere areas of
a blast furnace along the circumference. It entails the calculation of the following
parameters for each tuyere: output and composition of the hearth gas, heat removal
from a tuyere, hot blast blowout velocity from a tuyere, kinetic energy of the hot
blast, total mechanical energy of the blast flow, length of circulation and oxidation
zones, and theoretical combustion temperature. One calculates the mean values of
parameters, the area of oxidation zones, and the relative area of tuyere areas. It has
been shown that, in case of the non-uniform distribution of the hot blast to tuyeres,
to stabilize the thermal state of tuyere areas and to align the gas distribution along
the furnace circumference, one is required to adjust the natural gas flow rate to
each tuyere to maintain the theoretical combustion temperature at a target level.

Keywords: Blast furnace · Tuyere area · Numerical simulation · Control
algorithm · Prediction · Blast distribution

1 Introduction

When operating a blast furnace, the actual distribution of the hot blast to tuyeres is far
from uniform: differences in blast flow rate at individual tuyeres, ranging from 5 to 50%,
are observed [1–9]. Uneven distribution of the hot blast to tuyeres leads to different
lengths of tuyere areas. This causes a difference in the speed of material descent in
the individual sections of the furnace and concurrently a distorted gas flow along the
furnace cross section [7–10]. In case of uncontrolled distribution of the blast to tuyeres,
gas temperature in tuyere areas will vary and maintaining the theoretical combustion
temperature within the optimal range will become impossible without the redistribution
of natural gas between tuyeres of the furnace.

Several published papers [2–4, 7–10] describe methods and ways of controlling
blast flow rate through blast furnace tuyeres. However, they are extremely short-lived
and unsustainable due to elevated temperatures and aggressiveness of the hot blast. In

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
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recent years, systems for control over the hot blast flow rate to tuyeres, based on the
application of patterns of heat exchange between the blast and cooling water of tuyere
elements, have been developed [9–14].

2 A Mathematical Computational Model and a Calculation
Algorithm

In this paper, authors employed the method of determining the blast flow rate to tuyeres,
based on numerical simulation of the heat power of the flow passing through a tuyere
and the value of heat taking off from this tuyere. Block diagram of the algorithm for
prediction of tuyere areas’ parameters and control over blast parameters distribution
around the blast furnace is shown in Fig. 1.

In numerical simulation, it is assumed that when the blast passes through the tuyere,
part of the heat flow is transferred to the water cooling the tuyere, and to a greater extent,
the higher is the heat power of the passed heat. This assumption is reasonable, since the
design of all tuyere installed in the furnace is the same, the wall thickness of all tuyeres is
the same, the coefficients of heat transfer from blast to tuyere and from tuyere to cooling
water are also constant; the heat transfer coefficient of tuyere walls is assumed constant.

To calculate the blast distribution to each tuyere, one determines the mean value of
the heat flow of the blast passing through tuyeres based on the average performance
indices of a blast furnace as a whole:

q∂ = Q · CB · tB
n

+ VN .G. · P · CN .G. · tN .G.

1440 · n , (1)

where n is the number of tuyeres, pcs.;Q—ablast flow rate,m3/min.CB—ahot blast heat
capacity, kJ/(m3·K); tB—a hot blast temperature, °C; CN.G.—a heat capacity of natural
gas, kJ/(m3·K); VN.G.—a specific natural gas flow rate, m3/t of molten iron; tN.G.—a
natural gas temperature, °C; P—a furnace production rate; t—molten iron/day.

When this heat flow passes through a tuyere, part of it is transferred through the
walls of the tuyere to the cooling water and heats the latter. The numerical value of such
heating determines the heat removal from a tuyere:

qb = m · CH2O · �t, (2)

wherem is awater flow rate for tuyere cooling, kg/min; CH2O—aheat capacity of cooling
water, kJ/(kg·K); �t—a temperature difference of water when passing the tuyere, °C.

The average fraction of heat transferred from the heat flow of the blast going through
the tuyere to the cooling water will be equal to:

α = (m · CH2O · �t)av
qb

(3)

It is assumed that the value of α is constant for all tuyeres and is determined by the
averaged performance indices of the blast furnace as a whole. Then the blast flow rate
to the individual ith tuyere is determined from the equation:

α = (m · CH2O · �t)i
Qi
B · CB · tB + V i

N .G. · CN .G. · tN .G.

60

(4)
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Fig. 1 Block diagram of the algorithm for prediction of tuyere areas’ parameters and control over
blast parameters distribution around the blast furnace

where (m · CH2O · �t)i is the value of heat removal from the ith tuyere, kJ/min;Qi
B—a

blast flow rate through the ith tuyere, m3/min; V i
N .G.—a set flow rate of natural gas

through the ith tuyere, m3/h.
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From this equation, with a known value of the α coefficient, one calculates the
estimated value of blast flow rate to the ith tuyere:

Qi
B = (m · CH2O · �t)i − α · V i

N .G. · CN .G. · tN .G.

60

α · CB · tB (5)

In the employed calculation algorithm, with known characteristics of the blast at
tuyeres (flow rate, temperature, pressure, humidity, oxygen content in the blast, and
natural gas flow rate) and tuyere diameter, one calculates blast blowout velocity, value
of kinetic energy, and total mechanical energy of the blast flow at each air tuyere. The
values of kinetic and total mechanical energy of the blast flow determine the length of
the circulation zone, the numerical value of which corresponds to the oxygen content in
the gaseous phase of the tuyere area equal to 2% and the length of the oxidation zone of
the tuyere area (corresponds to CO2 content in the gaseous phase equal to 2%) [15–19].
Subsequently, one determines the area of the oxidation zone of each tuyere area and the
total area of these zones, related to the cross section of the hearth [20]. Based on the
blast flow rate and the output of hearth gas at the found values of the heat content of
the hearth gas and the known flow rate of natural gas for each tuyere, one calculates
the theoretical combustion temperature in the tuyere areas according to the procedure
presented in the papers [19–21].

With uneven distribution of the blast and supplied natural gas to tuyeres, one has
observed significant variations in the theoretical combustion temperature along the cir-
cumference of the furnace in the tuyere areas. To eliminate the existing unevenness of
tuyere areas’ heating, it is necessary to redistribute the natural gas flow rate to tuyeres,
focusing on the established unevenness of blast distribution.

For this purpose, at the first stage, one sets the value of the theoretical combustion
temperature in the tuyere areas. At each tuyere at a known blast flow rate, one calcu-
lates the natural gas flow rate, which is necessary to stabilize the theoretical combustion
temperature at known temperature, moisture, and oxygen content of the hot blast. Fur-
ther, one calculates the parameters of tuyere areas when the theoretical combustion
temperature has been stabilized at a predetermined level.

A complete list of initial data for calculating the distribution of hot blast over blast
furnace tuyeres is presented in Tables 1, 2, and 3. It includes the design dimensions of the
blast furnace, the technological parameters of blast furnace process, and the parameters
of each tuyere.

Table 4 presents someperformance indices of the blast furnace process and calculated
data pertinent to the parameters of individual tuyere areas at blast furnace No. 2 at PAO
MMK (PJSC Magnitogorsk Iron and Steel Works).

The histogram of the measured and required natural gas flow rates for the blast
furnace tuyeres is shown in Fig. 2.

The estimated blast distribution to tuyeres is uneven: themaximumvalue of blast flow
rate has been observed at tuyeres No 13 and 14 (152 and 148 m3/min, respectively) and
the minimum—at tuyeres No 3 and 6—108 and 102 m3/min, respectively. Calculated
value of tuyere areas’ circulation zone length varies from 1.19 m (tuyere No 6) and
reaches the maximum of 1.69m at air tuyere No 13. Values of the theoretical combustion
temperature for separate tuyere areas vary from 1958 °C at tuyere No. 6 to 2088 °C at
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Table 1 Blast furnace dimensions

Parameter name Symbol Unit

Useful volume V0 m3

Diameter of the hearth Dgop m

Number of tuyeres n pcs

Tuyere diameter df mm

Tuyere projection Hf mm

Table 2 Parameters of individual tuyeres

Parameter name Symbol Unit

Natural gas flow rate V i
N .G m3/min

Water flow rate for tuyere cooling mi kg/min

Temperature difference of water when passing the tuyere �ti ° C

The required value of the theoretical combustion temperature T i
t ° C

Table 3 Blast furnace process parameters

Parameter name Symbol Unit

Furnace
production rate

P t of molten iron/day

Blast flow rate Q m3/min

Blast pressure PB atmosphere

Hot blast
temperature

tB °C

Blast humidity f B g/m3

Oxygen content
in blast

ω %

Blast losses in the
air path

γ %

Specific coke
consumption

k kg/t of molten iron

Reactivity of
coke

CRI %
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Fig. 2 Histogram of the measured and required natural gas flow rates for the blast furnace tuyeres

tuyere No. 13. Increase in the natural gas flow rate, required to stabilize the theoretical
combustion temperature at a target level of 2050 °C, will contribute to the alignment of
gas distribution around the furnace.

3 Conclusion

Therefore, the distribution of hot blast to the blast furnace tuyeres is uneven, and it
is determined by the blast furnace operation practice and the design of the air supply
ductwork. It has been shown that when the blast is unevenly distributed to the tuyeres,
to stabilize the thermal state in the tuyere areas and to align the gas distribution around
the furnace, one is required to adjust the natural gas flow rate to each tuyere to maintain
the theoretical combustion temperature at a set target level.
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Abstract. The article dwells upon the study of the properties of a passive vibra-
tion isolation system with a nonlinear characteristic of a controlled damper. The
existing problems in the field of research and the objectives of the research are indi-
cated. As an actuator, a magnetorheological vibration damper is used, the design
of which is similar to serial samples. The design diagram of an oscillatory system
with a nonlinear element of viscous resistance is presented. The characteristics of
the nonlinear element depend on the linear speed of the damper piston aswell as on
the control current. To study the characteristics of the vibration isolation system,
the MATLAB program was used. With the help of a special block of two variables
for the specified program, a simulation model of the damper is set, based on which
a simulation model of the vibration isolation system is built. The mechanism of
formation for the damper nonlinear temporal characteristics is studied. Based on
equivalent frequency characteristics, the dynamics of the vibration isolation sys-
tem with the damper nonlinear and linearized characteristics is investigated. The
calculation results are confirmed by experiments on the developed bench. The sat-
isfactory adequacy of the developed model to the real vibration isolation system
is shown. The obtained results are analyzed, and conclusions on the work done
are formulated.

Keywords: Magnetorheological damper · Nonlinearity · Vibration isolation
system · Linearization · Amplitude frequency response

1 Introduction

A review of research on vibration isolation systems with controlled magnetorheological
dampers shows a broad interest in this field. One can highlight several major directions
in this area. Simplistically, they can be divided into the following: (a) damper design
development [1–3]; (b) damper improving [4–6]; (c) development of control algorithms
[7–9], etc. In the latter area, simulation modeling is of particular relevance [10, 11].
As the analysis of publications shows, the dynamics of vibration isolation systems,
taking into account the nonlinear properties of the magnetorheological damper used, is
not fully studied. In this regard, this article considers the impact of the nonlinearities
of the magnetorheological damper characteristics on its dynamic characteristics of the
vibration isolation system.
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2 Development of a Mathematical Model of the Vibration Isolation
System

A single-mass vibration isolation system with a controlled viscous resistance element
in the form of a magnetorheological damper is considered, the design model of which
is shown in Fig. 1.

Fig. 1 Design scheme of a single-mass vibration isolation system: m—mass of the protected
object; C—stiffness of the elastic element; β(v, I)—hydraulic resistance coefficient as a function
of the damper speed and control current

The dynamics of the system according to Fig. 1 is described by the differential
equation

m
d2Z

dt2
+ β(v, I)

d(Z − Z0)

dt
+ C(Z − Z0) = 0 . (1)

The characteristics of the viscous drag elements used in road transport have a nonlin-
ear form, and controlled magnetorheological dampers depend both on the linear speed
v of the rod movement and on the control signal (current I) value.

The dynamic characteristics of the system under consideration, taking into account
the nonlinear dependence of the coefficient β on the damper control current and speed

v(t) = d(Z − Z0)

dt
(2)

in the operator form, they are described by the expression

mp2Z(p) + β(v, I)p
[
Z(p) − Z0(p)

] + C
[
Z(p) − Z0(p)

]
. (3)

The given expression corresponds to the block diagram shown in Fig. 2.
It is of interest to study the dynamic characteristics of a vibration isolation system

with a damper model, taking into account the nonlinearity of its characteristics. The
study was conducted using the “Lookup Table 2-D” block of two input variables in the
MATLAB application software package (Fig. 3).

A simulation model for studying the properties of a vibration isolation system with
a controlled element of viscous resistance, taking into account the nonlinearity of its
characteristics, is shown in Fig. 4.
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Fig. 2 Block diagram of the vibration isolation system

Fig. 3 Icon of the block of two variables in the MATLAB program

Fig. 4 Simulation model for the study of the active vibration isolation system

3 Specifying the Properties of a Model for a Controlled
Magnetorheological Damper

Themagnetorheological vibration damper is a promising electrical actuating device with
a relatively simple design (Fig. 5).

A similar structure has a controlledmagnetorheological damper, developedbyDelphi
Corporation, the characteristics ofwhichwerefilmedon the automated diagnostic system
for suspension shock absorbers of motor vehicles “Centurion.”

The dependences of the maximum resistance force F on the damper rod on the corre-
sponding maximum linear velocity v of its moving part, obtained for the “compression”
stroke (first quadrant) and the “rebound” stroke (third quadrant) at different values of
the current I flowing through the electromagnet winding, are studied experimentally.
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Fig. 5 Magnetorheological damper: 1—lower damper mount; 2—body; 3—gas; 4—the dividing
piston; 5—magnetorheological fluid; 6—the core of the electromagnet; 7—the winding of the
electromagnet; 8—stock; and 9—contact

The characteristics of the damper shown in Table 2 are obtained for six fixed values
of the rotational speed ω of the test bench crank mechanism. The corresponding graphs
are shown in Fig. 3.

The graphs corresponding to Tables 1 and 2 are shown in Fig. 6.

Table 1 Characteristics of the damper for stroke “Rebound”

F, kH for I = 0 A F, kH for I =
0.5 A

F, kH for I = 1 A v, m/s

0 0 0 0

305 423 434 0,013

387 487 545 0,05

400 502 606 0,103

413 557 684 0,24

423 570 710 0,31

436 574 736 0,39

Data from Table 2 was loaded into the “Lookup Table 2-D” block, as shown in Fig. 7.
The method of processing the data entered in the “Lookup Table 2-D” block, if the

input parameters differ from the table parameters, is set to “Interpolation-extrapolation,”
which assumes linear interpolation between the two elements proximate to it. If the input
signal goes beyond the boundaries of the vector of input values, then, according to the
method used, a linear extrapolation is performed over the two extreme elements.

4 Time Characteristics of the Controlled Damper

Since the damper has nonlinear elastic characteristics, it is of interest to study its equiv-
alent frequency characteristics. Figure 8 shows a simulation scheme for studying the
characteristics.
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Table 2 Characteristics of the damper for stroke “Compression”

F, kH
for I = 0 A

F, kH
for I =
0.5 A

F, kH
for I = 1 A

v, m/s

0 0 0 0

430l 547 552 0,013

493 592 673 0,05

516 603 689 0,103

553 653 721 0,24

569 671 752 0,31

576 695 835 0,39

Fig. 6 Graphs of the dependence of the force F on the linear velocity v for different current values

Fig. 7 a Dialog box for entering an array of data. b Dialog box for adding data to a table

Figure 9 shows the process of forming the dependence of the elastic force as a
function of time for the zero value of the control current and the input speed signal,
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Fig. 8 Simulation scheme for studying the characteristics

which changes according to the harmonic law (sine) with an amplitude of 1 cm and an
angular frequency of 1 rad/s.

Fig. 9 Formation of the output signal of the damper

Figure 10 shows a graph calculated using the MATLAB program.

Fig. 10 Calculated graph of the elastic characteristic of the damper under harmonic input action

The resulting dependence of the force on time is asymmetric: the amplitude of the
force change in the area from zero to π differs from the amplitude in the area from π to
2π. The output signal contains a constant component.
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5 Frequency Characteristics of the Vibration Isolation System

Figure 11 shows the graph of changes in the output variable of the vibration isolation
system (movement of the protected object) calculated in the MATLAB program when a
input harmonic signal with an amplitude of 1 cm and an angular frequency of 10 rad/s
is applied, for the mass of the protected object of 80 kg and the stiffness of the elastic
element C = 30 kN/m.

Fig. 11 Graph of changes in the output variable of the vibration isolation system

The analysis of the graph in Fig. 11 shows that due to the presence of an inertial link
in the system, there is a harmonic linearization of the nonlinearity, but the output signal
has higher harmonics in its composition.

To define a spectral composition of the output signal, the MATLAB fast Fourier
transform device was used. Figure 12 shows the spectrum for the graph in Fig. 11.

Fig. 12 Spectrum of the output signal of the vibration isolation system for the input harmonic
effect with an amplitude of 1 cm and an angular frequency of 10 rad/s

As follows fromFig. 12, themain harmonic (1.6Hz, which corresponds to an angular
frequency of 10 rad/s) of the output signal has the largest amplitude of other harmonics.

The amplitudes of the spectra for other angular frequencies of the input signal and
the damper control currents are calculated in a similar way.

The results of calculating the amplitude of thefirst harmonic are presented inTables 3,
4, and 5.

According to the results of calculations, the equivalent frequency response is deter-
mined as the ratio of the amplitude of the first harmonic of the output signal AZ1 to the
amplitude AZ0 of the input harmonic effect:

Ae(Az0, I) = Az1

Az0
. (4)
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Table 3 Calculation results equivalent to the frequency response in the absence of a damper
current

ωin, rad/s 0,1 1 10 20 30 40 50

AZ0 , cm 1

AZ1, cm 1 1 1.2 1,8 0.8 0.41 0.26

Ae(AZ0, I), r.u 1 1 1.2 2 0.8 0.41 0.26

Table 4 Calculation results equivalent to the frequency response for the current of the damper
0.5 A

ωin, rad/s 0,1 1 10 20 30 40 50

AZ0, cm 1

AZ1, cm 1 1 1.2 1.6 0.8 0.45 0.3

Ae(AZ0,I), r.u 1 1 1.2 1.6 0.8 0.45 0.3

Table 5 Calculation results equivalent to the frequency response for the current of the damper
1 A

ωin, rad/s 0,1 1 10 20 30 40 50

AZ0, cm 1

AZ1, cm 1 1 1.1 1.1 0.7 0.47 0.28

Ae(AZ0,I), r.u 1 1 1.1 1.1 0.7 0.47 0.28

Figure 13 shows the graphs of the equivalent frequency response Ae(AZ0, I) for the
vibration isolation system constructed according to Tables 3, 4, and 5 with numerical
values of the parameters C = 30kH/m, m = 80 kg.

Fig. 13 Estimated graph of equivalent frequency response for different current values: 1—in the
absence of current; 2—at a current of 0.5 A; and 3—at a current of 1 A
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As follows from Fig. 13, with an increase in the value of the current set in the damper
winding, the relative amplitude of the movements of the protected object decreases from
2 r.u. (in the absence of current) to 1.1 r.u. (at a current of 1 A). At the same time, the
resonant frequency is 20 rad/s or 3.2 Hz.

Additionally, the influence of the linearization of the damper characteristics on the
properties of the vibration isolation system is investigated.

When studying the linearizedmodel of the vibration isolation system, a fixed average
value of the coefficient β for the value of the damper current is equal to zero. For this
purpose, the value of β at the current I = 0A in the linearized model is assumed to be
equal to the ratio of the maximum measured force Fmax (according to Table 2) to the
corresponding velocity, i.e., β = Fmax/v = 436/0.4 = 1132 kPa s m.

In this case, based on the block diagram (Fig. 2), the transfer function of the system for
the output variable—the movement of the vibration-protected object and the input—the
movement of the base has the form

WZ0,Z (p) = Z(p)

Z0(p)
= βp + C

mp2 + βp + C
. (5)

The frequency response graph for the linearized model is shown in Fig. 14 (curve 2).
It also shows the equivalent frequency response of the system in the absence of current
and taking into account the nonlinearity of the damper characteristics (curve 1).

Fig. 14 Graphs of the frequency characteristics of the vibration isolation system: 1—equivalent
frequency response taking into account the nonlinearity; 2—frequency response of the linearized
model

The results of calculating the maximum value of the frequency response amplitude
are presented in Table 6.

Table 6 Results of calculating the maximum value of the frequency response amplitude

Maximum amplitude of the frequency response of the vibration isolation
system

Parameter value

linearized damper model 1.81

Nonlinear damper model 1.65
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Divergence between the frequency response of the vibration isolation system with
linearized and nonlinear properties of the damper is due to the fact that the constant
value of β is higher than the nonlinear value at resonant and resonant frequencies.

6 Experimental Study of the Dynamic Properties of a Vibration
Isolation System with a Magnetorheological Damper

For experimental studies of the characteristics of a vibration isolation system with a
controlled magnetorheological damper, a bench shown in Fig. 15 has been developed.

Fig. 15 Bench for studying the characteristics of an active vibration isolation system with linear
DC motor: 1—magnetorheological damper; 2—acceleration sensor; 3—acceleration feedback
signal; 4—controlled voltage; 5—regulator; 6—voltage signal for the drive DCmotor; 7—voltage
feedback signal from the tachometer; 5—controlled rectifier; 9—adjustment; 10—tachometer;
11—drive DC motor; 12—crank mechanism; and 13—reductor

Figure 12 shows the previously obtained calculated graphs of the equivalent fre-
quency response for a vibration isolation system with a controlled magnetorheological
damper, on which the experimental values are additionally marked. At the same time,
the discrepancy between the theoretical data and the experimental data does not exceed
15%.

7 Conclusions

The developed simulationmodel of the vibration isolation system, taking into account the
nonlinearity of the properties of the controlledmagnetorheological damper, is adequately
consistent with the experimental data obtained. In particular, the discrepancy between
the theoretical and experimental data does not exceed 15% and is explained by the
deviation of the properties of the functional elements in the experimental bench from
their nominal values, as well as not taking into account the dry friction in the system.
The nonlinearities of the magnetorheological damper characteristics significantly affect
the system dynamics.
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Abstract. The paper considers the impact of natural gas as a motor fuel on diesel
engine friction and wear. According to the state energy strategy, the expansion of
using NGVs is a very important area in the development of engine building. To
implement the priority directions of the strategy, modernizing the existing diesel
engines is proposed to switch them to gas–diesel cycle. The paper discusses the
results of theoretical studies on the impact of using natural gas as a motor fuel
on friction and wear of the D242 gas-powered diesel engine parts. A compara-
tive analysis of mechanical losses and wear of the main friction members of the
cylinder–piston assembly and the crank mechanism of the D242 diesel engine
operating according to the gas and diesel cycle has been performed. Based on the
study results and computational experiments, it has been found that the use of gas
fuel in diesel engines effects positively on the friction and wear of gas-powered
diesel engines.

Keywords: Diesel engine D242 · Gas–diesel cycle · Gas engine fuel · Natural
gas ·Methane · Friction ·Wear ·Mechanical losses · Cylinder–piston assembly

1 Introduction

The development of the energy sector in the Russian Federation is aimed at, on the one
hand, maximally promoting the socio-economic development of the country and, on
the other hand, strengthening and maintaining the position of the Russian Federation in
the global energy sector, at least for the period until 2035. The priorities of the State
Energy Strategy of the Russian Federation are, among other things, the transition to
environmentally friendly and resource-saving energy, rational use of natural resources,
energy efficiency, etc. [1, 2].

Based on the priority areas of the considered strategy, it can be concluded that using
NGVs and switching the existing diesel engines to the gas–diesel cycle is advisable.

The gas–diesel operation involves the gas-powered diesel engine using diesel fuel
to ignite the gas–air mixture in the cylinder.

One of the most promising types of gas motor fuel for vehicles is natural gas, the
energy and physical characteristics of which allow obtaining sufficiently high economic,
environmental, and resource performance of a diesel engine [3, 4].
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2 Problem Statement

Natural gas (methane) is most suitable for a diesel engine. Its energy and physical
parameters are higher as compared to diesel fuel by about 10%of themass calorific value:
reduction in emissions of toxic combustion products by 1.5–2.0 times and a 30–40%
decrease in the impact on lubricating oils, leading to their aging, allow obtaining higher
economic, environmental, and resource performance of vehicles using heat engines as
a power source [5, 6].

The design of friction units of internal combustion engines (ICEs) should maximally
meet the requirements for increasing the service life, reliability, efficiency of fuel and
oil consumption, and the specific aggregate capacity, improving the ease of mainte-
nance, environmental safety, etc. Despite the specifics of engines of cars and trucks, rail-
way locomotives, tractors, marine, and other engines of various modifications, the main
friction assemblies have a common design and characteristic tribotechnical indicators
[7–9].

The main tribotechnical indicators characterizing the friction in the mechanism are
the friction horsepower and mechanical efficiency [10, 11].

Mechanical losses are inextricably linked with the operation of the internal combus-
tion engine junction nodes and are the part of the power spent on overcoming the friction
and resistance forces in them.

On average, mechanical losses account for 15–33% of engine power and ultimately
lead to increased fuel consumption.

The greatest friction and resistance forces arise in the engine’s cylinder–piston
assembly (CPA) and crank mechanism (CM).

About 40 and 23% of the friction horsepower come on CPA and CM, respectively
[11, 12].

3 Research Questions

The studies use an estimative analysis that allows characterizing the impact of switching
to the gas–diesel cycle on mechanical losses and mechanical efficiency that in turn are
an indicator of friction in the engine.

The operation of two engines was simulated based on the D242 diesel engine in the
Diesel-RK software [13, 14]. The first one was operated on diesel fuel and the second
one on gas. The mathematical model was tuned in the Diesel-RK software according
to the actual D242 diesel engine indicators. This approach allowed forecasting the real
diesel engine behavior when switching the operation mode from diesel to gas.

4 Theoretical Section

Computational studies gave the mechanical efficiency values ŋmech for the D242 diesel
engine operation in the entire range of power modes on diesel fuel and methane (Table
1).

The computational study results show an improvement of the mechanical efficiency
over the entire range of the D242 diesel engine power characteristics from 0.025 to



786 A. V. Muratov and V. V. Lyashenko

Table 1 Results of computational and experimental studies

D242 diesel engine operating mode (percentage of
power used)

0% (idle) 25% 50% 75% 100%

Ŋmech value, % (D242 diesel engine operation on
diesel)

0.872 0.865 0.856 0.849 0.831

Ŋmech value, % (D242 diesel engine operation on
gas)

0.897 0.894 0.893 0.890 0.884

Relative change of efficiency δ%
ηmech, % 0.025 0.029 0.037 0.041 0.053

0.053% when operating on methane and, as a consequence, a decrease in the friction
horsepower and an increase in the effective power of a diesel engine.

The highest relative change in the mechanical efficiency δ%
ηmech is observed at the

rated power δ%
ηmech = 0.053%.

The study results unambiguously show a positive change in mechanical efficiency
when switching diesel engines to a gas–diesel cycle over the entire power range and the
use of natural gas as a motor fuel reduces friction.

The next study stage is estimating the impact of natural gas used as a motor fuel in
the D242 gas-powered diesel engine on the wear.

The cylinder–piston assembly is the most wearable part of internal combustion
engines, which is subject to abrasive, fatigue, and oxidative wear [15, 16].

Considering the impact of natural gas on the CPA wear, the composition of diesel
fuel and natural gas should be analyzed by comparing the fuel components.

According to [17], sulfur is the main component in the fuel leading to increased
wear.

The combustion comprises chains of chemical reactions of oxidation and interaction
with water, as a result of which sulfur transforms into sulfurous and sulfuric acids that
interact with the engine oil components—detergents, thereby negatively affecting the
oil properties.

Also, the fuel sulfur causes deposits on the gas distribution mechanism parts and
cylinder walls, which, in turn, significantly worsens the thermal operation mode and
increases the likelihood of increased wear of the cylinder–piston assembly parts.

Due to this, the resource of the above diesel engine parts can be significantly reduced,
more frequent replacement of engine oil will be required, and operating costs will grow.

Therefore, it can be concluded that the fuel sulfur negatively affects the wear of the
diesel engine’s CPA, so decreasing the sulfur concentration in the fuel is one of the ways
to reduce wear.

For clarity, let us perform a comparative analysis of the amount of sulfur supplied
to the cylinders of the diesel- and gas-powered D242 diesel engine.

The sulfur content in diesel fuel meeting the EURO-5 requirements is 10 mg per kg
of diesel fuel, and in natural gas (methane), the sulfur content is usually less than 0.2 mg
per m3 of gas.
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Using the fuel consumption at various D242 diesel engine operating modes and the
sulfur content in it, let us compare the amount of sulfur suppliedwith fuel to the cylinders
when switching from diesel fuel (DF) to natural gas (Table 2).

Table 2 Reduction in the amount of sulfur supplied to the D242 diesel engine cylinders for 12-h
rated-mode operation

Diesel engine D242
operation

Fuel consumption in a
rated mode for 12 h
(DF/methane)

Amount of sulfur
supplied to the
cylinder with fuel (DF
+ methane), mg

Reduction in sulfur
supplied when
operating according
to the gas–diesel
cycle, mg

Diesel operation 150 kg/- 1500 mg –

Gas–diesel operation
(100% replacement of
DF with methane)

– /179 m3 36 mg 1464 mg

The data obtained show that for 12 h in rated operating mode, the reduction of sulfur
supplied to diesel cylinders will be 1464 mg.

Obviously, the use of natural gas will significantly reduce harmful deposits on diesel
engine parts due to a significant reduction in sulfur, which in turn will lead to reduced
CPAwear and the engine oil replacement frequency, and, as a result, significantly reduced
operating costs.

It should also be noted that the reduced content of sulfur compounds in diesel
fuel decreases its lubricity, which negatively affects the wear of friction pairs in the
environment of this fuel.

Obviously, the use of natural gas will significantly reduce harmful deposits on diesel
engine parts due to a significant reduction in sulfur, which in turn will lead to reduced
CPAwear and the engine oil replacement frequency, and, as a result, significantly reduced
operating costs.

It should also be noted that the reduced content of sulfur compounds in diesel
fuel decreases its lubricity, which negatively affects the wear of friction pairs in the
environment of this fuel.

In diesel engines, fuel acts as a lubricant for plunger pumps, needle valves, pins, and
other inaccessible parts of fuel supply and control equipment.

Bench and road testing the vehicle engines in the impact of low-sulfur diesel fuels on
the fuel equipment durability have shown unacceptable losses in efficiency and severe
mechanical damage to this equipment [18, 19].

The use of two types of fuel, diesel and natural gas, allows solving the issue of
reducing sulfur compounds in the composition of diesel fuel, required to improve the
environmental safety and operational efficiency of the vehicle diesel engines since in
a gas-powered diesel engine, standard high-pressure fuel equipment is used to supply
diesel fuel. Natural gas is used, as a rule, according to the external air-bleed principle
and is mixed with air before entering the cylinder. This solves two important problems.
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On the one hand, the amount of sulfur entering the cylinder reduces, increasing the wear
resistance, efficiency, and environmental friendliness of the vehicle diesel engine; on the
other hand, the equipment supplying and controlling the amount of diesel fuel operates
in normal mode since diesel fuel is used, which contains sulfur compounds that allow
lubrication.

5 Findings

The use of natural gas in diesel engines is associatedwith a change in the internal cylinder
processes. The ignition and combustion of the air–fuel mixture change. Therefore, one of
thewear estimation criteria is the dependence of wear on the internal cylinder parameters
characterizing the engine operation.

To establish the relationship between the cylinder–piston assemblywear and changes
in thermodynamic processes occurring in the cylinder of a gas-powered diesel engine,
let us use the equation proposed in [20] for the CPA wear rate.

Equation (1) shows the dependence of the CPA wear rate on the average effective
pressure of the diesel engine.

This equation has the form:

ϑwear = const.
(
kfr/Pe · n

)3 (1)

where ϑwear is wear rate, µm/1000 h, kfr is coefficient of friction, Pe is the average
effective pressure, MPa, n is crankshaft rotation speed, 1/min, const is an empirical
constant, 6.5 × 107.

To compare the average effective pressure arising during operation according to the
diesel and gas-diesel cycles, the computational data obtained in the Diesel-RK software
have also been used [10, 11].

The results of these studies are given in Table 3.

Table 3 Computational data for the diesel- and gas-powered D242 diesel engine

Used D242 diesel power, % 0% (idle) 25% 50% 75% 100%

Crankshaft rotation speed, 1/min 780 1020 1270 1435 1800

Average effective pressure (diesel cycle), MPa 0.585 0.629 0.66 0.67 0.68

Average effective pressure (gas cycle), MPa 0.7 0.794 0.81 0.83 0.84

Table 2 shows that the average effective pressure grows over the entire range of the
D242 diesel operating modes. The largest pressure difference is achieved at maximum
operating modes. This behavior of the average effective pressure allows concluding that
the cylinder–piston assembly wear decreases according to the dependence (1).

Thus, when operating according to the gas cycle at rated power, the wear rate can
decrease by 15% or more.
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6 Conclusion

As theoretical analysis shows, the use of natural gas having better component char-
acteristics ensures the desired result in terms of reducing mechanical losses and
wear.

This is achieved by reducing the sulfur content in the fuel and mechanical losses and
increasing the average effective pressure.

Along with improved efficiency and environmental safety, vehicle diesel engines
operating according to gas–diesel and gas cycles are less wearable and have better
tribological indicators characterizing friction.

In general, for the gas-powered diesel engines, the efficiency of using energy
resources and the service life increases.
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Abstract. Technological indices of newmanufacturing methods, as well as phys-
ical, mechanical, and tribotechnical properties of new dry friction articles made
from Fe-based friction powder materials (PFM), are given by rolling and dynamic
hot pressing methods compared to separate pressing and continuous sintering
under pressure. The main factors affecting the properties of new friction products
made by these methods taking into account their operating conditions have been
identified. Approximate dependencies of effect of porosity of friction materials
on their tribotechnical properties are obtained. A method of selecting tribotech-
nical indices (dynamic coefficient of friction, wear, and temperature) in a disk
friction device depending on sliding speeds and specific pressures according to
approximating equations of friction process parameters obtained from results of
tribotechnical tests on a friction machine for a pair: friction powder material—
countertelo—has been developed. Great prospects are shown for using the high-
performance method of dynamic hot pressing (DHP-PFM) for making friction
articles for dry friction from Fe-based powder materials made through a sublayer
of carbonyl iron. The results of the work can be used in the creation of new
and modernization of existing transmissions for light tracked vehicles with high
specific capacity.

Keywords: Dry friction · Molding blank · Fe based · Framework · Pressing and
agglomeration · Dynamic hot pressing · Rolling

1 Introduction

Wheeled transport vehicle transmissions with high specific capacity (more than 30 HP/t)
are usually equipped with belt brakes, cheek brakes and disk brakes, coupling, and other
friction assembliesworking in the conditions of dry friction. Friction parts of such assem-
blies, such as disks, flat sector plates, and curved cheeks, represent structures consisting
of a nickel–steel frame with a sintered layer of PFM. The friction material is made by
the powder metallurgy method and is a multi-component alloy containing metallic and
non-metallic components. Depending on the purpose and operating conditions, sintered
PFMs are made on the basis of iron or bronze. For heavily loaded disk brakes, belt
brakes, cheek brakes, clutches, and other friction units operating in dry friction as a part
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of transmissions of transport vehicles with high specific capacity, mainly Fe-based PFMs
are used that allow heating to 1000–1100 °C. The operational properties of such friction
products are specified by their design together with PFM, manufacturing technology,
and working conditions, as well as by the composition and structure of the PFM layer.

2 Significance, Scientific Relevance, and a Brief Review
of the Literature

An analysis of publications [1–8] on the study of heavily loaded friction parts, locally
deformable friction parts, and Fe-based friction parts with PFMs working under dry
friction shows that a multivariate analysis of the properties of both PFMs and methods
for manufacturing friction products with such materials is relevant for further study
to improve their efficiency, reliability, and durability, to determine their capabilities,
justify the prospects for use, to identify promising options, and to determine the ways of
targeting perfection. For this purpose, first of all, it is necessary to identify the essential
features, parameters, and dependencies that determine the properties and development
prospects of modern PFMs and methods for manufacturing friction products with PFMs
in order to compare them with each other.

3 Targeting

The purpose of the study is to substantiate the choice of the most promising method for
manufacturing new Fe-based powder dry friction products with respect to transmissions
of transport machines with high specific power.

4 Theory and Experiment

WhendevelopingPFMfor themanufacture of dry friction liningswith Fe-basedmaterial,
three (tested new) methods were considered.

The known method of separate pressing and prolonged sintering under pressure
of friction materials is widely known. Using this method, such modern sintered Fe-
based friction powder materials as CMK-80, CMK-I37, CMK-137P, and others [2] are
obtained, which have high frictional and operational characteristics and heat resistance
under various operating conditions.

The disadvantages of this method include baking instability, laboriousness, low pro-
ductivity of the manual operation of assembling the sintering bag, the impossibility
of mechanizing the package assembly process due to the low strength of the pressed
linings, the difficulty of preventing spoilage due to the displacement of the lining on
the carrier substrate, the use of low-performance mine thermal in practice furnaces that
do not provide stability of high-temperature sintering. In addition, the impossibility of
pressing thin friction linings, which leads to increased thickness, which, in turn, leads
to an increase in the volume of machining.

The new technology for the manufacture of friction linings using a sublayer between
the framework and PFM of carboxylic Ni, rolling, and short-term sintering without
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pressure and the use of high-performance thermal equipment available for production
for short-term sintering in a continuous furnace provide an increase in productivity and
a decrease in labor intensity, but it requires significant material costs for organizing
specialized production.

It was tested in the manufacture of powder friction material based on Fe-type MPF
1005-I. It was found that during the formation of a compositematerial on a steel substrate
with large rolling forces, delamination occurs.

At normal pressure of 0.08–0.12 GPa, a satisfactory mechanical adhesion of the
friction layer is achieved, while porosity is 25–30%. With an increase in the pressing
pressure, the mechanical strength of the friction material increases. The dependences of
the porosity P, density γ , and height h of the compacts on the pressing pressure p are
shown in Fig. 1. The dependence of the strength p′ of the friction layer and its adhesion
to the intermediate layer on the pressure p is shown in Fig. 2.

  П,

  П

Fig. 1 Dependences of porosity Por, density γ , and height h of compacts on pressing pressure p

Fig. 2 Dependence of the strength p′ of the friction layer and its adhesion to the intermediate
layer on the pressure p
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The microstructures of the new Fe-based friction powder materials obtained by
rolling are shown in Fig. 3.

Fig. 3 Microstructures of new Fe-based friction powder materials obtained using rolling: a a
substrate, a transition layer, and a friction layer; b friction layer sintered without pressure; and
c friction layer sintered under pressure

A new technology for the manufacture of friction linings using rolled materials in a
mixture and sintering a mixture under pressure involves preliminary rolling of a portion
of the mixture granules. The technology provides a reduction in labor costs and uses
sintering equipment available in production. Using this technology, PFM based on Fe-
typeMPF 1005-0 is obtained, which has high frictional and operational characteristics.

It is known that structural products from powders have low mechanical properties,
mainly due to increased porosity. To improve the mechanical properties with respect to
structural products, the hot pressing method, i.e., hot stamping or dynamic hot pressing
(DHP) of powder blanks, is used.

Based on this method, a new method is proposed for obtaining PFM dry friction
on Fe based on the use of a sublayer between the framework and PFM from carbonyl
Fe, called the DHP-PFM method [7, 8]. This method uses dynamic (impact) loading of
preheated friction material.

When DHP-PFM requires rapid heating of the pre-sintered billet, for example, high-
frequency currents in the quenching inductor to a temperature of 1000–1100 °C. DHP-
PFM is produced in a stamp for hot stamping heated in a quenching inductor of a lining
(pad) under a pressure of 500–700 MPa using a special stamping unit mounted on a
press. In this case, DHP-PFM should create such stresses in the workpieces that are
greater than the elastic limit, but less than the tensile strength.

This is a high-performance mobile low-cost method for creating PFM on Fe base
with low porosity and high hardness of both flat plates and curved blockswith a reduction
in labor costs due to the simplification of the manufacturing method.

The dependences of the limiting loads of setting, wear resistance, and coefficient
of friction of PFM on its porosity are shown, shown in Fig. 4, obtained on an MT-66
friction machine at a sliding speed of 6 m/s, with a specific pressure of 3.5 MPa under
conditions of limited lubricant supply.

The dependences of the coefficient of friction, temperature, and the rate of wear of
the friction pair on the sliding speed and specific pressure for the friction pair CMK-
137—steel 40X at a specific pressure q = 1.5 MPa—shown in Fig. 5. The experiment
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Fig. 4 Dependence graphs of the investigated friction parameters PFM based on steel 40X13 with
a counterbody made of steel 20X2H4A, HRC = 58: a p = F1(P); b I = F2(P); c f = F3(P)

was carried out on an MT-68 friction machine under continuous friction loading at a
constant sliding speed and constant load in a steady state.

The microstructures of new materials based on Fe based, obtained by X-ray diffrac-
tion analysis, were studied.Microstructures of frictionmaterials: CMK-80, CMK-137—
metal base made of ferrite and perlite alloyed withMo andMn, FeB,MnS, solid solution
of Mn and Fe in Cu; CMK-137P—metal base of doped Mn ferrite—perlite (granular
perlite is not less than 30% and Cu with a uniform distribution of graphite, electro-
corundum, Mo concentrate, and pores); MPF 1005-0 inclusion of granules of graphite
and electrocorundum in the metal matrix of Fe particles doped with Cu and Cu; MP
F1005-1 for inclusion of graphite and electrocorundum granules in a Fe-based metal
matrix, at the grain boundaries of which a phase of a low-melting Cu-based component is
visible; FMK-79 DHP, MKB-50A DHP is a pearlite–ferrite mixture with inclusions of
Cu, graphite, sulfides, with non-metallic inclusions (carbides), inclusions of cementite
and sections of ledeburite are allowed.

The manufacturing technological parameters and the physicomechanical and tri-
botechnical properties of the new PFM based on Fe, the basis for dry friction made by
different methods, revealed as a result of the study, are summarized in Tables 1 and 2,
respectively [9–16].



796 Y. I. Krykhtin and V. I. Karlov

Fig. 5 Dependences of the investigated parameters of the friction pair CMK-137—steel 40X at
a specific pressure q = 1.5 MPa versus sliding speed: a the rate of wear; b coefficient of friction;
and c temperature

5 Practical Relevance and the Conclusion

Based on a comparative analysis ofmanufacturing technological parameters, physicome-
chanical, and tribotechnical properties of dry friction products made from PFM on a Fe
basis [17, 18] in accordance with modern requirements for friction materials [19–22] for
the creation and modernization of friction units for transmissions of transport vehicles
with large specific power, as well as for its further development, as the most promis-
ing proposed a new method of DHP-PFM and friction products manufactured by this
method with PFM FMK-79 DHP. The proposed development improves the reliability
of the adhesion of the pressing with the frame density and mechanical strength, manu-
facturability and productivity of the manufacture of friction products and simplifies the
thermal equipment for their manufacture.
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Table 1 Technological indicators for the manufacture of new PFM

PFM Chemical composition,
(%)

aFormation pp,,
(MPa)

bSintering: ts, (°C);ps,
(MPa); T s, (h)
or cbaking: tb, (°C);Tb,
(h)

CMK-80 Mn = 6,5–10;Cu =
9–25; molybdenum
disulfide (MoS2) = 2–5;
boron nitride (BN) =
6–12; boron carbide
(B4C) = 8–15; silicon
carbide (SiC) = 1–6;
Fe– the rest

By pressing
pp = 491–589

Sintering in a chamber
furnace:
ts = 990, ps = 4.9–5.3,
T s = 4

CMK-137 Mn = 3–10; Cu = 9–30;
C = 7–16;
electrocorundum =
2.5–8; molybdenum
disulfide (MoS2) = 2–5;
Fe– the rest

The same The same

CMK-137P C = 11–13; FeMg =
6–8; Cu = 20–22;
molybdenum
concentrate = 2–4;
electrocorundum = 3–5;
Fe = 42–44; urea
((NH2) 2CO) = 9–11

By pressing
pp = 350–450

Sintering in a chamber
furnace:
T s = 890 in H2;
ps = 1–1,5; T s = 3

MPF 1005–1 Powder Fe = 54.9 ± 0.5;
Cu powder = 34.0 ±
0.5; graphite 8.9 ± 0.5;
electrocorundum = 1.8
± 0.1; tin powder 0.4 ±
0.1

By rolling (rolls)
∅170,[min])

Continuous oven baking:
Tb = 1100;Tb =
3–5,[min]

MPF 1005–0 The same + rolled
charge granulas

By pressing
pp = 250–300

Sintering in a chamber
furnace:
ts = 980; ps = 2–2,5; T s
= 4

FMK -79 DHP C = 6; S = 0.7;Cu = 10;
B = 1.6;
Si = 3.0; Fe– the rest

By pressing
pp = 450–500

Continuous oven baking:
tb = = 900–950 in H2;
Tb = 1–2 then quickly
heat up to 1000–1100,
[°C] and DHP with
pressure 500–700,[MPa]

(continued)
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Table 1 (continued)

PFM Chemical composition,
(%)

aFormation pp,,
(MPa)

bSintering: ts, (°C);ps,
(MPa); T s, (h)
or cbaking: tb, (°C);Tb,
(h)

MKB-50A DHP C = 9.5–9.8;S =
1.0–1.2;Cu = 9.8–9.9; B
= 3.5–3.7;Si = 3.5–3.7;
asbestos = 3.1–3.3;
Fe– the rest

The same The same

Note aForming: pp—pressing pressure before sintering (baking). bSintering: ts—temperature,
ps—pressure, T s—holding time; cBaking: tb—temperature; Tb—holding time

Table 2 Properties of the new PFM

PFM Physical and mechanical properties Counterbody Tribological properties

Hardness,
(MPa)

Porosity
P (%)

Density,
(g/sm3)

Pper
(MPa)

f α �FM/�KT Test bench

CMK-80 539–932 15–20 5.9 Steel
30XGCA

1.2 0.22 0.68 0.15/0.08 MIFI-1

CMK-137 350–500 15 5.7 Steel 40X 1.2 0.33 0.65 0.9/1.1 MIFI-1

CMK-137P 200–300 20–25 5.2 Steel 45X 1.2 0.36 0.65 1.2/0.9 MIFI-1

MPF
1005-1

320–600 15–20 6.57 Steel 40X 1.4 0.3 0.65 1/1 MIFI-1

MPF
1005-0

400–650 12–17 6.57 Steel 40X 1.4 0.3 0.65 1/1 MIFI-1

FMK -79
DHP

80–105 HRF 5–8 5.2–5.6 Steel
30XGCA

1.4 ≥0.25 ≥0.7 0.75/0.3 not
more

U-37

MKB-50A
DHP

60–80 HRF 5–8 5–5.1 Steel
30XGCA

1.4 0.31 ≥0.7 0,65/0,75 U-37

Note pper—permissible pressure; f—the coefficient of friction; α—the stability of the coefficient
of friction; �FM—wear of the friction material in microns for one braking; �KT—counterbody
wear in microns for one braking
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Abstract. The purpose of theR&D is the technology forwelding high-manganese
steel 110G13L in manufacturing and repairing large castings of dredging equip-
ment. This steel in the quenched state has an austenitic structure and high plastic
properties and a tendency to harden in the working area. Therefore, it is used to
make large castings for dredge parts operating under conditions of intense water-
jet abrasive wear and shock loads: scoops and the lower scooping drum (LSD).
It is known that steel 110G13L has a limited weldability due to the tendency to
form hot and cold cracks. But its use is necessary in the manufacture of cast-
ing for welding technological cracks and connecting LSD half-drums, as well as
eliminating defects in large parts during operation for welding cracks and chips
and welding visors (allotments) to restore the wear of dredge scoops. Materials:
Alloying schemes were selected, and the chemical composition of the weld metal
was determined. The results of the study were the development of a welding tech-
nology for large castings manufacture, as well as repair welding technology for
the restoration of fast-wearing parts of dredges made of 110G13L steel. Conclu-
sion: Technology variants have been developed, providing for better reliability
and durability of operation of large castings made of 110G13L steel for dredges
operated in the North.

Keywords: Dredge · Lower scoop drum · Scoops · Austenite · Carbides ·
Technological cracks · Welding · Repair · Restoration

1 Introduction

Hadfield 110G13L high-manganese steel has been successfully used inmechanical engi-
neering for more than a hundred years. Due to the work surface hardening with a viscous
core, 110G13L steel even now has virtually no alternative for the manufacture of prod-
ucts operating under the influence of shock, shock-abrasive loads, and high specific static
pressures, for example lower scoop drums, dredge scoops, tractor tracks, rail crosspieces
[1–3]. Alongside with its unique properties, steel has a fairly low cost, so its use has
undeniable advantages.

Improving the operational stability of critical parts and structures ofminingmachines
is a very urgent task. For gold mining dredgers and walking excavators operating in the
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North, it is important to increase the durability of the parts of the scooping mechanism.
The operation of powerful dredges shows that the reliability and durability of cast parts
made of high-manganese steel 110G13L, from which their working bodies are made,
are insufficient. Such details are the bottom of bucket drums and buckets of drag. They
are parts or welded structures made of thick-walled large castings weighing up to 5 ÷
10 tons [4, 5]. The complex shape of castings determines their low manufacturability
and tendency to form a number of technological defects. The most serious of them are
hot and cold cracks. Intensive operation also leads to various defects, in particular, to
intensive wear of the working area and cracks [6, 7].

Whenproducing specified details, IZTM-Engineering, LLCeliminates technological
defects of castings bywelding. At the same time, goldmining enterprises carry out repair
and restoration of parts and structures by welding and surfacing methods.

Castings made of high-manganese steel are quenched at the temperature of 1050–
1100 °C, after which the metal acquires the structure of austenite and is characterized
by a high level of mechanical and plastic properties, in particular, by a high level of
impact strength and a tendency to harden at high impact loads. The hardening leads to
increase in the hardness in the working area of the parts from 200–250 HB to 550–600
HB, which determines the high level of wear resistance of the parts under shock loads.
It is believed that this steel has a unique combination of properties; i.e., it is not prone
to brittle destruction, including at low negative temperatures [8].

2 Statement of the Problem

In order to meet the ever-increasing demand of gold mining enterprises for high-
manganese steel parts, work is constantly being carried out to improve the welding
technology for the repair of castings, welding in the manufacture of welded drums,
and the use of welding in the restoration of these parts and structures during operation.
The technology is changed by developing and using new technological techniques for
identifying and cutting cracks for welding, surface preparation and improving welding
performance through the use of mechanized welding at the stages of factory production
and repair work on dredges.

3 Development of Welding Technology for the Repair of Castings
and the Manufacture of Welded LSD

It is known that high-manganese steel has limited weldability [9, 10]. The reasons are
the decay of austenite and the precipitation of carbides, as well as an increased tendency
to form hot and cold cracks due to the low coefficient of thermal conductivity, high
coefficient of linear expansion, and embrittlement of the metal in the thermal impact
zone (TIZ).

The decay of austenite in the metal of the seam and TIZ occurs at an insufficiently
high cooling rate, which is facilitated by a low thermal conductivity of steel. This leads
to the formation of needle carbides (Fe, Mn)3C in areas with a high carbon content
along the grain boundaries and even inside the grains, and a high content of carbides is
observed in local areas. In some cases, a solid ferrite–carbide mixture is formed [11–15].
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The main problem of welding high-manganese austenitic steels is their tendency to
form hot cracks. The reasons for this phenomenon are considered to be the presence of
a number of internal defects (sweating and non-metallic inclusions) and a large length
of grains, which is why the accumulation of low-melting eutectic at their border is pro-
nounced. To reduce the probability of cracking, the welding zone is cooled immediately
after welding and (or) a deposited metal having an austenitic–ferritic structure is used.
While repairing operating dredges cooling by a water jet after melting of each electrode
for welding of a site 150–200 mm long is done in IZTM-Engineering, LLC [16].

3.1 Welding Materials

The main materials used for welding and surfacing high-manganese steels are shown in
Table 1.

All the materials listed in the table form austenitic corrosion-resistant steels of
chromium–nickel or chromium–nickel–manganese composition in the deposited metal
or austenitic manganese steel alloyed with up to 4% nickel and up to 2–3%molybdenum
[17–20].

Low-carbon electrodes are mainly used with alloying systems based on Cr-Ni (OK
67.45, OK 67.15), Cr-Mn-Ni (OK 61.85; OK 61.80; OK 61.86).

In the manufacture of welded drums, mechanized welding in a mixture (Ar + CO2)
with wires Cv-06X20H11MZT, Cv-06X19H19T and OK Autrod 16.86 with a diameter
of 1.2–1.6 mm is used. During the welding process, it is not allowed heating the metal in
the adjacent zone above 60 °C, and to do that, it is periodically cooledwith runningwater.
Welding during the restoration of dredge scoops, welding of drum cracks is performed
either by a mechanized method with powder wire OK Turbodur 15.65 or with austenitic
electrodes HII-48G (OK 67.45).

Unfortunately, currently in Russia, welding and surfacing materials based on man-
ganese austenite are not produced. Their use would significantly reduce the cost of weld-
ing operations associated with the high cost of nickel-containing materials, so foreign
analogs are used in production.

3.2 Preparation for Welding and Cracks Cutting

When repairing defects in large castings in the form of cold and hot cracks, the greatest
difficulty is represented by: determination of the boundaries and depth of cracks. The
use of reliable ultrasound and x-ray results is complicated by the complexity and/or
impossibility of surface preparation and corrupted control readings due to the influence
of defects characteristic of castings. The only thing available in most cases is visual
inspection with metal etching and pre-cleaning. This method is used for the repair of
cracks not only to determine their boundaries, but also to control the completeness of
the sample by the crack depth when cutting the edges for crack welding. It is preferable
to use mechanical processing on metal-cutting machines. However, the unsatisfactory
machinability of high-manganese steel, the complexity of installing and fixing mas-
sive castings, the complex nonlinear shape of cracks in the plan, the inaccessibility for
mechanical processing of a number of surfaces, the need to use in most cases only large
boringmachines, and carbide tools significantly complicate andmake the cutting process
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expensive. The main method for cutting edges for welding remains air–arc gouging with
graphite or graphite electrodes, followed by surface cleaning with grinding machines.
At the same time, both mechanical processing with a metal-cutting tool and, especially,
thermal cutting lead to metal hardening (up to 350–400 HB after machining), the occur-
rence of microcracks at the cut surface and the need for final cleaning with a grinding
wheel, which is not always possible due to the shape and depth of the crack.

When cutting cracks on metal-cutting machines, pre-drilling is applied to the full
depth (10–15 mm) from the edges of the crack and drilling to a certain depth with a step
(1.1–1.2) dcv along the entire length of the crack for entering the cutter at each pass. The
number of passages is determined by the crack depth. In some cases, when the cutting
is deepened, there is an expansion of the crack and the transition of the crack into the
shrink shell. At the same time, the cutting depth is optimal, which provides the crack
opening for the gap not exceeding the largest gap value during manual arc welding.

When selecting air–arc gouging modes, preference is given to graphite electrodes of
circular cross section with a diameter of 8–9 mm and Ip ≤ 500 A.

For cutting large cracks graphite, electrodes with a cross section of up to 15× 25mm
are used with a specialized installation at currents up to 1500 A.

Arc gouging with 6.5*305 mm ESAB CARBON electrodes with a diameter of
6.5 mm is limited. Cleaning the cutting surface with a grinding wheel after thermal
cutting is carried out to a depth of at least 1.5 mm and to a depth of up to 0.5 mm after
mechanical processing (if possible). Cleaning down to clean metal is also performed on
surfaces adjacent to the edges for a width of 20–30 mm.

3.3 Features of Welding, Repair, and Restoration of Some Castings

The lower dredge scoop drum (LSD) is a welded structure weighing up to 10 tons of two
cast half-drums with ribs made of 110G13L steel, along the cylindrical part of which a
chain with scoops moves (Fig. 1).

Fig. 1 a Scooping chain during mounting on the frame dredge 250 l and b lower scooping drum
during mounting on the frame of the dredge 250 l

The drum works under conditions of waterjet wear with impacts that are mainly
observed in the area of the edges. The breakaway of the edge can cause a scooping chain
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consisting of several dozen scoops to descend into the pit. Attempts to use perlite steels
35L, 20GSL, and Z5KhML with wear-resistant surfacing of the ribs as the base metal
were mainly unsuccessful and ended up in the destruction and breakage of the ribs.

Figures 2 and 3 show the welded insert of the rib and the drawing of the LSD dredge
400 L:

Fig. 2 a LSD dredge 400 l with an insert and b repair drawing of LSD

Fig. 3 Sketch of the repair connection with a 110G13L steel insert

Casting of semi-drums in a single sand mold is performed using the upper position
of the end part of the casting. Four to six feeders are located on it for high-quality liquid
metal supply. After heat treatment (quenching), the feeders are cut off at a height of
10–15 mm by oxygen cutting and cleaned by air–arc cutting. Cracks often occur in this
part of the castings, the most dangerous of them being cracks in the central part and
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those that are directed perpendicular to the edge of the hole. Welding of such cracks
often led to the destruction of the welded drum when landing on the shaft after heating
to a temperature of 350–400 °C.

Repair of such defects is carried out bywelding the insert after removing the defective
part of the casting by processing the upper part of the hole on a boring machine with
a bevel of the edges for welding. The insert is made with a 110G13L steel casting,
quenched with subsequent machining corresponding to the shape of the repair part of
the hole. Figure 3 shows a sketch of the repair connection.

During operation, the drums are quite rarely repaired, and repair is associated with
the occurrence of cracks in the end part or splinters in the bearing rib along the edge of
the drum in emergency situations. Most often, cutting grinding wheels and arc gouging
with a melting and non-melting electrode are used for cutting. Welding is performed
with a self-protective powder wire PP-AHB2y or electrodes HII-48G (OK 67.45).

Dredge scoops are the main working bodies of the dredge. Productivity depends on
its condition. Cast scoops made of 110G13L steel with a capacity of 80–400 L are used
on dredges, and the weight of the scoop is up to 3 tons. The welding of technological
cracks in the manufacture of scoops is not allowed in the working area of the body and
on the front and rear eyelets.

Over the years, attempts have been made to restore the height of the working edge by
surfacing to preserve the design capacity of the scoop. A number of special materials and
even methods of surfacing were developed, and some materials were characterized by
high wear resistance. But the disadvantages of any methods and materials are the limited
height of the restored layer along the working edge, and, most importantly, the need for
additional repair stops for surfacing a large number of scoops. Due to the impossibility
of long downtime of dredges during the washing season, surfacing during winter repairs
did not provide for the restoration of seasonal wear, and the capacity of scoops decreased.

Currently, the restoration of scoops during the winter repair is carried out by welding
special allotments—canopies. Visors are castingsmade of 110G13L steel in the form of a
working part of the scoop body, which can be welded or mounted on a bolted connection
to the body of a worn scoop (Fig. 4).

Fig. 4 a Visor used to restore the scoop; b dredge scoop (250 l) restored by welding
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The visors in the lower part have a V-shaped cutting for welding. The repair and
restoration of scoops after operation currently consist in fitting the edges of the scoop
to the shape of the visor, with riveted and containing microcracks of metal removed by
gas–oxygen cutting and stripping with a grinder down to pure metal, and then, the visor
is attached and welded to the body. In addition, to eliminate the backlash in the front
eyelets, the grinding machine is cleaned and the worn part of the eyelets is surfaced with
HII-48G electrodes (OK 67.45).

4 Conclusions

1. The article considers the development and implementation of the technology for
welding large castings made of high-manganese steel 110G13L during the repair of
castings in the process ofmanufacturing parts, aswell as restoration during operation;

2. Toperformweldingwork in themanufacture and repair of parts andwelded structures
of high-manganese steels, we recommend to use mechanized welding in shielding
gas or self-shielded flux-cored wire and manual arc welding electrodes, providing
a seam in the weld metal with chromium–nickel and chromium–nickel–manganese
austenite;

3. It is advisable to develop and organize the production of welding materials that
provide the production of manganese austenite in the weld metal;

4. It is advisable to improve the methods of non-destructive testing of castings made
of high-manganese steel to determine the boundaries and depth of defects.
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Abstract. It is a common knowledge that there are too many different mechani-
cal systems which have the wide range of the mobile pairs of friction which have
wear and tear during the operation. The velocity of deterioration is very various
as well. Many factors influence seriously upon this situation, namely structure
of material, chemical composition, power factors, conditions of operations and
others. Common instructions say that each part in the mechanical system must be
manufactured with the definite chemical composition. Practically, there are not
investigations with the statistical tests about the percentages for the chemical ele-
ments if the measurements have more meanings than two numerals after the point.
As our practice shows, this problem plays the very important role to the normal
operation. To answer the problem, several precise experiments/measurements are
made, and computer calculations are presented too using the cover MathCad-15.
To investigate the process of wear and endurance for each steel samples, several
objects were taken. Reached improvements for investigated steels for wear and
tensile strength usually were from 7 till 12%. In the unfavourable cases even if
there are chemical elements correspond very exactly to the state standard, the real
new design can be suddenly demolished although the applied loads were in the
permissible limits (and even less at about 45–50%). That is why we recommend
to learn this effect in the nearest future to get the very important information (as
a reference book) which will be claimed at the process of the new projecting.

Keywords: Chemical compositions · Steel parts · Wear · Tensile strength

1 Introduction

It is a common knowledge that there are too many different mechanical systems which
have the wide range of the mobile pairs of friction which have wear and tear during the
operation. The velocity of deterioration is very various as well. Many factors influence
seriously upon this situation, namely structure of material, chemical composition, power
factors, conditions of operations and others. But, unfortunately, practically any designer
does not take into account the next very important factor which is connected straight to
the reliability of the new mechanical system. It is the influence of the precise amount of
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the chemical elements into the structure of the part. It turns out that any designer must
know those percentage compositions in the chemical elements which are not good for the
operation though all parts were made in the official approved documents and demands.
Many scientists work with these tasks [1–21], but this problem will be investigated and
solved here on another level with the definite recommendations in detail.

2 Initial Positions

As usual, common instructions say that each part in the mechanical system must be
manufactured with the definite chemical composition.

For example, steel 45 (in Russian classification) must have the next chemical main
elements in the definite limits (%) with Fe ≈ 97%:

• carbon (C = 0.42–0.50); silicon (Si = 0.17–0.37); manganese (Mn = 0.5–0.8);
• nickel (Ni < 0.25); sulphur (S < 0.04); phosphorus (P < 0.035);
• chromium (Cr < 0.25); copper (Cu < 0.25); arsenic (As < 0.08).

So then, practically in all cases there are definite limits “from…to”: 0.17–0.37 or
0–0.25. This is the real fact which takes place with the different materials.

Therefore, the important question is: Will it be indifferent for the reliability for the
mobile joints in pairs of friction if there are such wide range of the different chemical
elements and with their various combinations? And the next important question: Is it
really enough for such small range connected with the accuracy of measurement for each
chemical element (usually not more than two meanings after the point, namely after the
whole number)?

Further let us try to get our preliminary answer because it is very strange if the new
mechanical design cannot work very long, and after the short period of operation it has
serious damages or even destructions.

Practically, there are not investigations with the statistical tests about the percentages
for the chemical elements if the measurements have more meanings than two numerals
after the point. As our practice shows, this problem plays the very important role to the
normal operation.

To answer the problem, several precise experiments/measurements are made, and
computer calculations are presented too using the cover MathCad-15.

3 Initial Preparations for Experiments and First Results

To investigate the process of wear and endurance for each steel samples, several objects
were taken (in Russian classifications): steel 10, 65G, 40X, 45, 30XM, 14X17H2,
38XH3MFASH and 20X13. Each cylindrical pattern has diameter 10–0.02 mm and the
length 60–1 mm with the same roughness. In this work, the next benches were applied:
3G71, 8B67, 6M12P and 1K62.

In a capacity of the equipment, the drilling bench (model B16RM,Hitachi) was used.
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Process of friction was between our patterns and the abrasive emery paper (MIRKA
P 100WPF FINLAND). To weigh each sample model 1579, Digital Scale Professional-
mini, capacity 200 g, graduation 0.01 gwas applied (Made in Japan, Tanita Corporation).

The average way of friction each time was 520 m.
The wastes in the weight (g) for the patterns were the next:

• Sample №1 65G: 0.24 and 0.21;
• Sample №2 65G: 0.23 and 0.21;
• Steel 10 samples №3 and №4: 0.30 and 0.45;
• Steel 40X samples №5, №6 and №13: 0.24; 0.27 and 0.20;
• Steel 45 samples №7 and №8: 0.30 and 0.20;
• Steel 30XM samples №9 and №9a: 0.16 and 0.29; 0.20 and 0.11;
• Steel 14X17H2 samples №10 and 10a, №11, №12 and №15: 0.18; 0.19; 0.20; 0.21;
0.24 and 0.38; sample №16: 0.30 and 0.36;

• Steel 38XHMFASH sample №14: 0.31;
• Steel 20X13 sample №17: 0.27.

Further wear and tear (mm) for each pattern was the next:

• For steel 65G: 0.1 and 0.2;
• For steel 10: 0.2;
• For steel 40X: 0.1–0.2;
• For steel 45: 0.1;
• For steel 30XM: 0.16–0.28;
• For steel 14X17H2: 0.16; 0.25 and 0.36;
• For steel 38XHMFASH: 0.12;
• For steel 20X13: 0.28.

Measured hardness (by Brinell) for our samples had the next meanings: 110.5–
113.5; 130–135; 166–178.5; 132; 148.5–156.0; 217.0; 151.5–173.0; 159–175; 187–193;
223–231; 255; 298–354; 368–373; 412–454.

Besides the pressing, the steel ball in our samples gave the next spots of diameter
(mm) in the zone of contact: 2.87–3.01; 3.16–3.18; 3.24–3.52; 3.80; 3.98–4.05; 4.10–
4-90; 4.34–4.40; 4.50–4.66; 4.74; 4.56–4-86; 5.18; 5.56–5.62.

The test bench for investigations is given here (Fig. 1).
High precise results of measurements for the chemical elements are in the steel

patterns (Table 1).
Chemical compositions are given in the strict sequence: chemical elements, average

meanings; chemical elements, averagemeanings; chemical elements, averagemeanings.

4 Results and Recommendations

1. For steel 10, the main qualitative indices (wear and tensile strength) were more good
owing to the next chemical elements C, Mn, Si, Ni, Cr, Mo, Ti, Al, Nb, W, As, Sn,
Pb, Zn, N and Fe which have more high meanings than another steel if elements P,
S, Cu, Co, Sb and Ca had smaller % into the steel structure.
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Fig. 1 For test investigations, the drilling bench was applied

2. For steel 65G, more good qualitative indices were if chemical elements Si, P, S, Ni,
Cu, Ti, Nb, Pb, B, Sb and N had smaller meanings.

Table 1 High precise results of measurements for the chemical elements in the steel patterns Steel
65G/for springs/

C Mn Si P S Ni Cr Cu

0.69172 1.00065 0.21534 0.01061 0.01809 0.152 0.18611 0.14713

Mo V Ti Al Nb W As Sn

0.02252 0.00586 0.00279 0.02251 0.00039 0.00751 0.0052 0.0056

Co Pb B Sb Ca Zn N Fe

0.01376 0.00091 0.00023 0.00055 0.00059 0.00036 0.00062 97.4913

Steel 65G

C Mn Si P S Ni Cr Cu

0.66886 0.96685 0.25335 0.01202 0.02504 0.14686 0.21163 0.1929

Mo V Ti Al Nb W As Sn

0.02237 0.00378 0.00532 0.0103 0.00045 0.00423 0.00223 0.00445

Co Pb B Sb Ca Zn N Fe

0.0104 0.00149 0.000251 0.00073 0.00019 0.00024 0.01652 97.474

Steel 10 /for constructions high quality and carbonaceous/

C Mn Si P S Ni Cr Cu

0.10043 0.41104 0.02356 0.01565 0.02594 0.02199 0.01169 0.03094

Mo V Ti Al Nb W As Sn

0.00333 0.00378 0.00075 0.01819 0.00014 0.00112 0.00163 0.00156

Co Pb B Sb Ca Zn N Fe
(continued)
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Table 1 (continued)

Steel 10 /for constructions high quality and carbonaceous/

0.00947 0.00105 0.0002 0.0007 0.00536 0.00256 0.00037 99.312

Steel 10

C Mn Si P S Ni Cr Cu

0.1361 0.47796 0.27179 0.00553 0.01059 0.07766 0.06946 0.20007

Mo V Ti Al Nb W As Sn

0.01017 0.00316 0.00161 0.02096 0.00203 0.00451 0.00512 0.01146

Co Pb B Sb Ca Zn N Fe

0.00842 0.004 0.00023 0.00026 0.00168 0.00081 0.03244 98.7088

Steel 40X /for constructions with chrome and alloyed/

C Mn Si P S Ni Cr Cu

0.52407 0.69503 0.28794 0.02157 0.02381 0.27996 1.00437 0.08913

Mo V Ti Al Nb W Sn Co

0.03752 0.00523 0.0054 0.00444 0.00131 0.00623 0.00127 0.01144

Fe

97.0013

Steel 40X

C Mn Si P S Ni Cr Cu

0.43566 0.52924 0.21074 0.01291 0.01596 0.14144 0.79345 0.0563

Mo V Ti Al Nb W Sn Co

0.0262 0.00084 0.00013 0.01678 0.00009 0.00483 0.00087 0.00902

Fe

97.746

Steel 45 /for construction high quality and carbonaceous/

C Mn Si P S Ni Cr Cu

0.52443 0.58207 0.25531 0.01399 0.03286 0.04421 0.06769 0.26103

Mo V Ti Al Nb W As Sn

0.00569 0.00224 0.00156 0.00816 0.00043 0.00366 0.00775 0.00208

Co Pb B Sb Ca Zn N Fe

0.02482 0.00109 0.0003 0.00137 0.00007 0.00063 0.02253 98.1811

Steel 45

C Mn Si P S Ni Cr Cu

0.45846 0.58103 0.24864 0.0131 0.00857 0.03933 0.05334 0.04765

Mo V Ti Al Nb W As Sn

0.00583 0.00638 0.0019 0.01606 0.0003 0.00218 0.00194 0.002
(continued)
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Table 1 (continued)

Steel 45

Co Pb B Sb Ca Zn N Fe

0.02742 0.00007 0.00016 0.0024 0.00049 0.0014 0.02731 98.5287

Steel 30XM /heat resisting and alloyed/

C Mn Si P S Ni Cr Cu

0.31092 0.5365 0.26462 0.01523 0.0066 0.15528 0.92214 0.13068

Mo V Ti Al Nb W Sn Co

0.16445 0.00181 0.00049 0.01353 0.00051 0.00673 0.00455 0.01071

Fe

97.4552

Steel 14X17H2 /heat-resisting chrome–nickel and stable against the corrosion/

C Mn Si P S Ni Cr Cu

0.14171 0.41675 0.23439 0.02359 0.01716 2.00871 16.48899 0.14431

Mo V Ti Al Nb W As Sn

0.11942 0.03121 0.00098 0.00223 0.00396 0.00646 0.00285 0.00787

Co Pb B Sb Ca Zn Fe

0.04427 0.00026 0.00001 0.00891 0.00025 0.00267 80.3193

Steel 14X17H2 (10a)

C Mn Si P S Ni Cr Cu

0.10451 0.26514 0.3073 0.02081 0.01251 1.63948 17.94223 0.08182

Mo V Ti Al Nb W As Sn

0.06344 0.0292 0.00094 0.01024 0.00417 0.00231 0.00095 0.00331

Co Pb B Sb Ca Zn Fe

0.01883 0.00029 0.00005 0.00846 0.00026 0.00363 79.5101

Steel 14X17H2

C Mn Si P S Ni Cr Cu

0.17113 0.37292 0.36423 0.01873 0.00724 2.12371 16.56903 0.09514

Mo V Ti Al Nb W As Sn

0.05213 0.00373 0.00074 – – – 0.00273 0.00581

Co Pb B Sb Ca Zn Fe

0.01961 – – – 0.00033 0.00219 81.114

Steel 38XH3MFASH /for construction and alloyed/

C Mn Si P S Ni Cr Cu

0.35338 0.32117 0.25551 0.00969 0.00258 3.00932 1.23127 0.13031
(continued)
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Table 1 (continued)

Steel 38XH3MFASH /for construction and alloyed/

Mo V Ti Al Nb W Sn Co

0.36512 0.10317 0.00049 0.00917 0.00096 0.01426 0.00207 0.07956

Fe

94.112

Steel 14X17H2

C Mn Si P S Ni Cr Cu

0.17267 0.54987 0.29447 0.02418 0.01124 2.42096 16.6892 0.1038

Mo V Ti Al Nb W As Sn

0.05195 0.02248 0.0019 0.00459 −0.00513 0.01481 0.0044 0.00476

Co Pb B Sb Ca Zn Fe

0.04281 −0.00052 0.00002 −0.00506 0.00115 0.0042 79.5902

Steel 20X13 /heat resisting and high alloyed/ (and so on)

C Mn Si P S Ni Cr Cu

0.20071 0.36805 0.30495 0.0262 0.01652 0.2148 12.49572 0.11561

Mo V Ti Al Nb W Sn Co

0.04297 0.02906 0.0015 0.00293 0.0052 0.0444 0.00545 0.0289

Fe

86.107

3. For steel 40X, better results were if chemical elements C, Mn, Si, P, S, Ni, Cr, Cu,
Mo, V, Ti, Nb, W, Sn and Co had maximum (%), and at the same time % with the
presence of Al and Fe was smaller.

4. For steel 45, better results had the samples with high indices (%) Mo, V, Ti, Al, Co,
Sb, Ca, Zn, N and Fe, and they had the less % for elements C, Mn, Si, P, S, Ni, Cr,
Cu, Nb, W, As and Fe (the presence Sn was approximately the same for the two
patterns).

5. For steel 30XM, more good results were applied if chemical elements S, Mo, Ti and
Fe had bigger meanings (%), but chemical elements C, Mn, Si, P, Ni, Cr, Cu, V, Al,
Nb, W, Sn and Co had the smaller meanings (%).

6. For steel 14X17H2 from positions of wear and tensile strength, the pattern number
10 had the better effect if the % composition for elements C, Mn, P, S, Ni, Cu, Mo,
V, Ti, W, As, Sn, Co, Sb and Fe was bigger, but for elements Si, Cr, Al, Nb, Pb, B,
Zn and Fe had a little bit less (%); Ca did not play some essential role.

7. For steel 14X17H2, better results gave those patterns which had higher % of Mn,
Ni, Cu and Mo.

Common conclusion: Reached improvements for investigated steels for wear and
tensile strength usually were from 7 till 12%. In the unfavourable cases even if there are
all chemical elements correspond very exactly to the state standard, the real new design
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can be suddenly demolished although the applied loads were in the permissible limits
(and even less at about 45–50%). That is why we recommend to learn this effect in the
nearest future to get the very important information (as a reference book) which will be
claimed at the process of the new projecting.
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The Influence of Agricultural Production
Factors on the Rate of Changing the Radial
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Abstract. The paper considers the regularity of changing the wear rate of asyn-
chronous motor bearings under operating conditions which are typical for agri-
cultural production premises. The radial clearance is selected as a parameter that
determines the bearing performance; it is normalized in the reference literature
for rolling bearings. Harsh environmental conditions and a high utilization rate of
asynchronous motors in electrified processes of agro-industrial production result
in an annual failure (about 20–25%) of the electric motor fleet. Bearing wear is
noted to be the main cause of motor failure apart from damage to winding. As a
result of the literature analysis and using the method of expert evaluations, the sta-
tistical characteristics of the deteriorating environmental factors for themain types
of agricultural premises were specified. The authors have developed a bench that
makes it possible to simulate the electric motor operation typical for agricultural
production environments under laboratory conditions. Bench tests for studying
the rate of changing the radial clearance were carried out using the asynchronous
motor (the 6A80B2Y3 brand) which has a drive of a working machine with a
V-belt transmission. The load value on the motor shaft was constant at the level of
10 kgf. Experimental studies were based on the theory of planning a multivariate
experiment. The choice of a plan for a full three-factor factorial experiment has
been substantiated. Relative air humidity, dust, and ammonia contentwere selected
as wear factors. The result of the research was the polynomial dependence of the
changing rate of the bearing radial clearance on the selected factors.

Keywords: Asynchronous motor · V-belt transmission · Bearing · Radial
clearance · Bench tests

1 Introduction

A significant part of the technological processes occurring in agricultural production is
carried out by an unregulated electric drive which includes an asynchronous motor. The
harsh environmental conditions and the high utilization rate of asynchronous motors
result in annual breaking down about 20–25% of the electric motor fleet [1–3]; this leads
to losses in the agricultural sector. After the damage to thewindings, bearing failure is the
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second most common cause of motor failure. Up to 12% of asynchronous motor failures
are caused by bearing destruction [2–5]. At the same time, the question related to the
rate of bearings wear depending on the operating conditions of electric motors has not
been sufficiently studied. The main parameter that determines the bearing performance
is the radial clearance [6, 7]. In this regard, the question of the relationship between the
rate of changing the bearing radial clearance and the wear factors seems to be relevant
for agricultural production. An asynchronous motor of the 6A series, which is widely
used in agricultural production, was selected as the object of research. To reduce the
number of tests, the case of combining an electric motor and a working machine with a
V-belt transmission was considered. The most reliable data about the bearings wear rate
according to the operational factors can be obtained from operational observations. But
this method is associated with great difficulties caused by many years of observation
and collection of statistical data. We carried out bench tests based on the theory of active
planning of an experiment [8–11], which helps to approximate the required functional
dependence by a polynomial.

2 The Choice of Conditions for Bench Testing and Experiment
Planning Matrix

After analyzing the literature [1–5] and using the method of expert evaluation, the sta-
tistical characteristics of the deteriorating environmental factors for the main types of
agricultural premises were specified (Table 1).

Table 1 Statistical characteristics of environmental factors for the main types of agricultural
premises

Type of
premises

Statistical characteristics of environmental factors

Humidity, % Hydrogen
sulfide, g/m3

Dust, g/m3 Ammonia, g/m3

W σW S σS C σC A σA

Dry 60 2.3 0 0 0.0002 0.00007 0 0

Humid 67 2.6 0 0 0.0006 0.00004 0 0

Dusty 60 3.1 0 0 0.2 0.063 0 0

Damp 86 2.8 0.022 0.005 0.0045 0.001 0.036 0.012

Particularly
damp with a
chemically
active medium

98 0.6 0.045 0.002 0.035 0.002 0.065 0.006

The obtained statistical characteristicsmade it possible to reveal the range of changes
in the wear environmental factors inherent in the operating conditions of electric motors.
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On their basis, the variation levels of the factors that should be implemented in exper-
imental studies to determine the rate of increase in the bearings radial clearance are
established (Table 2).

Table 2 Variation levels of the factors during bench tests for studying the rate of increase in the
radial clearance of electric motor bearings in agricultural premises

Name of factors Code designation Variation levels

upper
(+1)

main
(0)

lower
(–1)

variation
interval

Relative humidity, % X1 100 75 50 25

Dust content, g/m3 X2 0.39 0.2 0 0.2

Ammonia concentration, g/m3 X3 0.082 0.041 0 0.041

The factors were coded in such a way that the maximum value of the natural factor
corresponded to a level equal to one unit of the coded factor, and the minimum value
corresponded to the level “–1”. The average value of the natural factor corresponds to 0
[12].

In the problems related to friction and wear, the method of multifactorial planning
of an experiment is widely used. This technique makes it possible to approximate the
desired dependence by a polynomial. With an increase in the degree of the polynomial,
the approximation is improved, but the number of experiments required to obtain a
polynomial dependence is sharply increased. Preliminary studies have shown that envi-
ronmental wear factors linearly affect the rate of increase in bearing radial clearance.
Therefore, a plan for a full three-factor experiment has been chosen because in this case
all possible combinations of the factors under study are implemented. The matrix of this
plan is shown in Table 3.

Table 3 Planning matrix for a full three-factor experiment

No. of experiment Factors Interactions

X0 X1 X 2 X 3 X 1X 2 X 1X 3 X 2X3 X 1 X 2 X 3

1 +1 –1 –1 –1 +1 +1 +1 –1

2 +1 +1 –1 –1 –1 –1 +1 +1

3 +1 –1 +1 –1 –1 +1 –1 +1

4 +1 +1 +1 –1 +1 –1 –1 –1

5 +1 –1 –1 +1 +1 –1 –1 +1

6 +1 +1 –1 +1 –1 +1 –1 –1

7 +1 –1 +1 +1 –1 –1 +1 –1

8 +1 +1 +1 +1 +1 +1 +1 +1



The Influence of Agricultural Production Factors on the Rate of … 821

The factors that were maintained at a constant level during the experiment include
the electric motor supply voltage and the radial load on its shaft equal to 10kGs (98 N)
[13].

3 Designing a Bench for Experimental Studies

A bench for experimental studies has been designed [14] in order to conduct an experi-
ment for studying the rate of changing the bearing clearance. It makes it possible to fully
simulate the operating conditions of an electricmotor under the conditions of agricultural
production. The bench layout is shown in Fig. 1.

Fig. 1 Bench for studying the rate of increasing the radial clearance of electric motor bearings
in agricultural premises: 1—frame; 2—spring; 3—stock; 4—electric motor; 5—brackets; 6—
technological bearing; 7—washer; 8—tray; 9—fan; 10—chamber; 11—viewing window; 12—
calibrated sieves; 13—dust; 14—funnel for dust delivery

Thepresented installation consists of a frame1where the tested electricmotors (4) are
installed. Their number is equal to two, thereby a fourfold repetition of each experiment
is achieved. At the output ends of the electric motors shafts, the technological bearings
(6) are installed. They are installed in the brackets (5) with washers (7) to which a given



822 R. V. Banin et al.

radial load is transferred through the stock (3) by means of springs (2) to the bearing
units of the tested electric motors (4).

To create the necessary environmental conditions for testing, the entire installation
is placed in a test chamber (10), with the tray (8) made of sheet iron. The dimensions of
the chamber (10) along the perimeter of the base are slightly smaller than the dimensions
of the tray (8) which ensures the constancy of the specified levels of factors during each
experiment.

To supply a certain amount of dust (13), the chamber is equipped with a funnel (14),
the lower part of which is covered with layers of calibrated sieves (12). The level of dust
inside the test chamber (10) is controlled by a gas analyzer.

Maintaining a given relative air humidity around the tested engines is ensured by
filling the tray (8) with water. The humidity level is controlled by a psychrometer.

The concentration of ammonia in the chamber is achieved by installation of an
additional tank containing ammonium chloride (NH4Cl) and slaked lime (CaOH). The
number of reactants required to obtain the ammonia concentration specified under the
experimental conditions is calculated by using the chemical reaction equation.

2NH4Cl + Ca(OH)2 = CaCl2 + 2NH3 ↑ +2H2O

The reaction products are calcium chloride, free ammonia, and water. Monitoring
of ammonia concentration in chamber (10) is carried out by a universal portable gas
analyzer UG-2.

Visual observation of the installation operation and its parts is conducted through
the viewing window (11).

An even distribution of environmental conditions inside the chamber is achieved by
means of a fan (9) which is mounted in the test chamber (10).

The wires of the electric motors are connected through the branch pipe located on
the side of the chamber (10).

4 The Results of Experimental Studies

The installation of four tension springs acting on the output ends of the shaft in two tested
electric motors made it possible to achieve a fourfold repetition of the experiment. Bench
test results are shown in Table 4.

Bench test data processing was carried out according to the methodology prevail-
ing in the theory of experiment planning and included checking the reproducibility of
experiments by the Cochran criterion, calculating the regression coefficients and assess-
ing their significance by the Student’s criterion, as well as checking the adequacy of the
model by the Fisher criterion [15, 16]. We have found the dependence of the speed (V )
of increasing the bearing radial clearance on the relative humidity of the air and the dust
content in it. This dependence in encoded and decoded form, respectively, is as follows.

y = (0.940 + 0.32X1 + 0.15X2 + 0.175X1X2) × 10−6,mm/h; (1)

y = (0.355 + 0.0058W − 1.875C + 0.035WC) × 10−6,mm/h; (2)
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Table 4 Bench test results

No. of
experiment

Experiment
planning matrix

The rate of changing the
radial clearance, 10–6

mm/h

X1 X2 X3 y1 y2 y3 y4

1 –1 –1 –1 0.39 0.77 0.52 0.61

2 1 –1 –1 0.61 0.77 0.99 1.34

3 –1 1 –1 0.58 0.51 0.64 0.78

4 1 1 –1 1.29 1.56 1.35 1.21

5 –1 –1 1 1.10 0.54 0.81 0.42

6 1 –1 1 1.10 0.97 0.72 0.98

7 –1 1 1 0.76 0.51 0.37 0.61

8 1 1 1 1.74 1.77 1.81 1.95

The value of the numerical coefficients in the coded expression (1) helps to estimate
the relative contribution of each factor separately or as a result of their interaction to
the wear process. It should be noted that in expression (1) according to the Student’s
criterion the regression coefficients for terms containing X3 (ammonia) turned out to be
insignificant. Therefore, the summands containing ammonia in the decoded dependence
(2) are absent.

Decoded dependence (2) and the data in Table 5 make it possible to calculate the
rate of increase in the radial clearance of bearings in asynchronous motors with V-belt
transmission in the main types of agricultural premises (Table 5).

Table 5 Rate of changing the bearings radial clearance in asynchronous motors with V-belt
transmission in the main types of agricultural premises

Type of premises The rate of changing the radial clearance, 10–6

mm/h

Dry 0.703

Humid 0.744

Dusty 0.748

Damp 0.859

Particularly damp with a chemically active
medium

0.978
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5 Conclusion

1. The relative air humidity and dust content in it are the operational factors that have the
greatest impact on bearings wear in asynchronous motors in agricultural premises.

2. Expressions (1) and (2) were obtained as a result of bench tests based on the theory
of experiment planning. They describe the dependence of the rate of increasing
the bearings radial clearance in an asynchronous motor (the 6A80B2Y3 brand) on
the relative air humidity and the dust content in it when the electric motor and the
working machine are coupled with a V-belt transmission.

3. Table 5 shows the rate of increase in the bearings radial clearance in asynchronous
motors with V-belt transmission in the main types of agricultural premises.
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Abstract. The use of known mineral ceramic tool materials is limited by their
weak resistance to cyclic temperature changes, low bending strength. The authors
propose a new abrasive mineral ceramic material with dispersed diamonds
enclosed in a corundum matrix frame. The research includes assessing the influ-
ence of the composite material structural components on its cutting ability, the
tool relief roughness characteristics, and the treated surface quality. The volu-
metric cutting ability of diamond-bearing samples is consistently high, exceeds
the comparable traditional materials by 1.3–3 times, and increases nonlinearly
with an increase in diamond grit. An increase in the diamond concentration in
the abrasive material slightly reduces the grinding rate. The working surface mor-
phology of a diamond-bearing abrasive tool does not change during operation. The
ceramic matrix does not have wear marks, diamonds protrude significantly above
the matrix surface, and the tool cutting surface retains the correct geometric shape.
Abrasive tools made of the proposed material have good diamond retention, heat
resistance, and goes into a self-sharpening mode during operation. It is found that
the treated surface roughness increases when using diamonds of larger fractions.
With an increase in the diamond concentration in a mineral ceramic material tool,
the surface profile parameter Ra of a workpiece does not decrease linearly. An
empirical dependence of Ra parameter is proposed. Grinding modes have a lesser
effect on the surface morphology of the part treated with the mineral ceramic tool
compared to the tool characteristics. The research results will be used in the design
of new abrasive materials.

Keywords: Diamond-bearing ceramic material · Abrasive properties · Friction ·
Wear ·Mineral ceramics

1 Introduction

Cutting tools made of mineral ceramic composite materials are widely used in modern
mechanical engineering [1–3]. High hardness, heat and wear resistance, stable cutting
properties make it possible to successfully use mineral ceramic alloy tools to turn and
mill a wide class of materials. The existing disadvantages of mineral ceramics, such as
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low bending strength, brittleness, low resistance to cyclic temperature changes, show a
clear need for the development of new effective mineral ceramic materials [4–7].

We have made a research aimed at obtaining a new mineral ceramic material for
manufacturing abrasive tools. The initial materials aremicrodispersed aluminumpowder
and synthetic copper-plated diamonds. By pressing, sintering, and microarc oxidation
(MAO) [8, 9] of the working surface of a blank, we have obtained a composite material
that is a refractory oxide matrix with embedded diamond particles. Preliminary tests
have shown good abrasive properties of the developed material [9, 10]. But the problem
of creating an abrasive tool from a diamond-bearing composite mineral ceramic material
with a predetermined set of operational parameters, which are high grinding performance
and the required quality of the treated surface, requires additional study [11–14].

The cutting ability and quality of the treated surface during abrasive processing (in
addition to operating parameters) are affected by a large number of factors. However, the
main contribution is made by grain size and concentration of diamonds, a combination
of physical and mechanical properties of diamonds and a matrix [13–17].

The purpose of the study is to establish the influence of structural components of
a new abrasive mineral ceramic composite material on its working properties: cutting
ability, characteristics of the tool relief roughness, and the quality of the treated surface.

2 The Research Method

The abrasive properties of the developed mineral ceramic composite material were eval-
uated using an MT-2 friction machine [12]; its friction unit is implemented according to
the finger-ring scheme. Its cutting surface structure and the treated surface morphology
of the counter-sample was analyzed using a metallographic microscope and standard
profilometry methods GOST 19,300-86 [18].

For comparative analysis, similar datawere obtained for typically used tool diamond-
bearing materials with metal (M1) and organic bakelite (B1) matrices. Industrial water
was used as a lubricant. The counter-samples are made of BaO-SiO2-Al2O3 ceramics
(hardness 16 GPa). Contact pressure is 1 MPa, and the linear sliding speed is 30 m/s.

3 Results and Discussion

3.1 Influence of the Diamond-Bearing Tool Structure on its Performance

The grinding performance of diamond-bearing samples estimated as the volumetric
cutting ability of a ceramic counter-sample is shown in Fig. 1. The cutting properties
of abrasive materials correlate with the matrix material hardness. The ceramic matrix
material has shown the best characteristics, which is explained by the highest resistance
of the matrix to the abrasive effect of wear particles (Fig. 1a, b). A nonlinear increase in
the cutting ability of abrasive materials with an increase in diamond grit does not depend
on the matrix type; it is typical for all tested diamond-bearing materials (Fig. 1a). When
the grit increases up to 100/80 µm, the prevailing factor is an increase in the protrusion
of cutting grains above the matrix surface and, accordingly, an increase in the volume
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Fig. 1 Influence of diamond grit (a) and concentration (b) on the volumetric cutting ability of
diamond-bearing materials. 1—a ceramic matrix, 2—M1 matrix, 3—B1matrix

of the wear material. A further increase in the diamond grain radii leads to a smoothing
their cutting angles, rounded tops; there is no increase in the volumetric cutting ability.

An increase in the diamond concentration in the abrasive material somewhat reduces
its volumetric cutting ability (Fig. 1b), which is related to the difficulties in removing
wear particles from the friction zone.

The diamond-bearing material with the M1 matrix shows the cutting ability value
most comparable to that of mineral ceramics. However, in order to maintain it at a
high level, the tool requires periodic adjustment that removes the tool “grease” with
wear products. It is established that diamond-bearing material samples with M1 and
B1 matrices reduce their working capacity by about 2.6–6.7 times during 20 min of
operation. For a mineral ceramic material, it almost does not change (decrease over a
similar time by 4–6%). The consistently high cutting ability assumes that abrasive tools
made from mineral ceramics operate in a self-sharpening mode.

3.2 Morphology Changes in the Working Surface of a Diamond-Bearing
Abrasive Tool During Operation

The complex morphology of the cutting surface of an abrasive diamond-bearing mineral
ceramic tool is the result of a three-dimensional internal structure, which is a refractory
ceramic matrix of aluminum oxides with evenly distributed copper-metallized diamond
grains (Fig. 2). The figures show the surfaces of samples with different diamond mass
concentration K (Fig. 2a, b). The diamonds embedded in the matrix at different depths
are clearly visible. After friction tests, the ceramic matrix has no signs of wear, the
diamonds protrude significantly above the matrix surface, their cutting edges remain
sharp.

Morphology comparison of the worn-out surfaces of the mineral ceramic material
and the sample with the M1 matrix (Fig. 3) shows the significant advantages of the
first one. The surface of the diamond-bearing M1 matrix material, which has shown
a sufficiently high volumetric cutting ability, has significant traces of matrix plastic
deformation, the diamond grains are “greasy” with wear particles.

The analysis of profilograms shows that the microgeometry of the mineral ceramic
tool cutting surface almost does not change during operation (Fig. 4a, b). The height
and pitch of microroughnesses have changed insignificantly, and the smoothing of the
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Fig. 2 Structure of the friction surface of mineral ceramics samples after testing a d = 63/50, K
= 75%, b d = 63/50, K = 100%

Fig. 3 Friction surface structure of the metal matrix samples after testing d = 80/63, K = 75%

cutting tips is minimal. The geometric size of the periodically repeating irregularities
(average microroughness pitch) corresponds to the average size of diamond grains in the
sample. The waviness is minimal, and there is no deviation from the tool cylindricity:
The sample surface retains the correct geometric shape.

As a comparison, we demonstrate a profilogram of a diamond-bearing material with
B1 matrix obtained after tests under similar conditions without additional tool adjust-
ment (Fig. 4c). The initial profiles of the surfaces of mineral ceramics and B1 samples
had almost the same microgeometry parameters. After tribological action, they differ
significantly (Fig. 4b, c). The B1 sample profilogram shows a pronounced relief with
deep depressions, which were probably left by diamonds removed from the surface
together with a part of the matrix. There are randomly located horizontal areas formed
by smoothing the soft surface of the matrix. On the working surface of the abrasive tool
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Fig. 4 Working surface profilograms of diamond-bearing tools with different types of matrices:
a oxide ceramics before testing, b oxide ceramics after testing, c matrix B1 after testing

B1, the frictional action has formed a noticeable deviation from the tool cylindricality
(barrel shape).

The stability of the cutting surface profile of a mineral ceramic tool, which deter-
mines its high performance, is an undoubted advantage over traditional materials. This is
a consequence of the synergistic effect of improving the performance characteristics of
a composite material formed by dispersed diamonds and an oxide matrix. High hardness
and antifriction properties of these components [1–3, 19, 20] provide resistance to abra-
sivewear of the tool working surface. The corundummatrix has a high diamond retention
and therefore provides a high overhang of cutting grains over the binder material and
does not allow diamonds to be removed under the action of friction forces until complete
wear out. At the same time, the contact area between the matrix and the processed mate-
rial decreases, and the tool profile remains stable. Taking into account these facts and the
close mechanical properties of the composite structural components, it can be assumed
that worn diamonds are removed from the cutting surface together with a part of the
surrounding matrix, exposing new grains and going into a self-sharpening mode. The
high thermal conductivity of the aluminum substrate provides good heat removal from
the friction zone, prevents unplanned graphitization of diamond grains, and a decrease
in their cutting properties under high temperatures caused by frictional heating.
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3.3 Influence of the Characteristics of Diamond-Bearing Abrasive Materials
and Grinding Modes on the Treated Surface Morphology

The comparative tests have shown that the counter-sample roughness does not correlate
inverselywith thematrixmaterial hardness (Table 1). The hardestmineral ceramicmatrix
provides average Ra parameter values between the softer matrices M1 and B1.

Table 1 Influence of the characteristics of diamond-bearing abrasive materials on the treated
surface roughness

No Matrix material Grit Roughness parameters Ra (µm)

Diamond concentration (%)

50 100 125

1 Oxide ceramics 100/80 1.05–0.90 0.85–0.70 0.72–0.60

80/63 0.72–0.64 0.62–0.50 0.53–0.47

63/40 0.56–0.44 0.48–0.40 0.40–0.32

2 M1 100/80 1.30–1.10 1.10–0.95 0.90–0.75

80/63 0.95–0.85 0.80–0.70 0.65–0.55

63/40 0.72–0.60 0.60–0.50 0.50–0.42

3 B1 100/80 0.70–0.58 0.63–0.50 0.40–0.32

80/63 0.52–0.40 0.40–0.32 0.32–0.25

63/40 0.42–0.30 0.32–0.25 0.25–0.20

The diamond grit provides the most significant influence on the formation of the
treated surface morphology of the ceramic counter-sample: The roughness increases
when using diamonds of larger fractions regardless of the matrix material (Table 1).

The effect of the diamond concentration in a mineral ceramic tool is more complex.
When it changes in the ranges of 50–75% and 100–125%, the Ra parameter is quite
stable. But in the range of 75–100% and with other factors unchanged, the workpiece
surface roughness gradually decreases.

Grinding modes have less effect on the surface morphology of the part treated with
a mineral ceramic tool, compared to the characteristics of the tool itself. The change in
the normal pressure force in the contact zone of the abrasive wheel and the part almost
does not affect the counter–sample roughness parameters.

The tests have shown that the increase in the linear sliding speed (rotation speed)
of the abrasive mineral ceramic tool decreases the counter-sample surface roughness. In
this case, a local change in the physical and mechanical properties of the counter-sample
material due to the frictional heating of the surfaces in the contact zone plays the main
role. To reduce roughness significantly, the speedmust be very high (roughness is halved
at a sliding speed of more than 100 m/s). However, due to structural considerations, the
operation of diamond-bearing compositematerials at speeds over 30m/s is not advisable,
since it leads to its destruction. The counter-sample roughness is essentially independent
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of the abrasive processing speed in the recommended speed ranges and with good heat
removal from the friction zoneprovidedby the aluminumsubstrate of themineral ceramic
tool and a lubricant.

After processing the test results, we have obtained an empirical dependence of the
surface profile parameter Ra of the workpiece in the form:

Ra = 8.81 · 10−19 · d4 · H 0.67
M · H 0.54

K ·
(
10−4K2

V + 1.25

10−4K2
V + 1

)

here d is the diamond grit in the mineral ceramic material indicated by the numbers of
lower fraction (µm); HM and HK is microhardness of matrix and counter–sample mate-
rials (Pa); KV is a volumetric concentration of diamonds (%). The calculated roughness
values correlate with the experimental values for d from 20 to 200 µm, and KV from 10
to 30%, with an error not exceeding 15%.

4 Conclusions

A new diamond-bearing mineral ceramic material has been obtained due to the synergy
of the materials with unique physical and mechanical properties: diamond and corun-
dum matrix. It has high triboengineering parameters. Abrasive tools made of it have
a consistently high volumetric cutting ability, good diamond retention, heat resistance,
and a self-sharpening mode during operation.

A relationship has been established between the working and structural components
of diamond-bearing abrasive materials, the matrix hardness, and the characteristics of
the treated surface relief roughness.

The research results obtained in a detailed study of the relationship between grit,
diamond concentration, morphology of a diamond-bearing mineral ceramic tool, and
the treated surface morphology will be used in the design of new abrasive materials.
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Abstract. Using the well-known equation for a “thin layer” of fluid flow with
truly viscous rheological properties, the continuity equation, as well as the equa-
tion defining the profile of the molten profile of the pilot taking into account the
expression for the mechanical energy dissipation rate, an asymptotic solution is
proposed for the system of differential equations in the form of series for parame-
ter powers characterizing the melt of the surface coating. An exact automodeling
solution for zero and first approximations was applied allowing to determine the
lubricating layer’s velocity field and pressure taking into account melting of the
coating as well as the adapted profile of the pilot’s support surface. This allows
determining the main properties of the tribo-node, i.e., load capacity and fric-
tion force leading to specific hydrodynamic flow conditions in a pre-emergency
situation. New multiparametric expressions have been developed for the main
performance characteristics of a wedge-shaped sliding support with incomplete
filling of the working gap, as well as taking into account the melt of the guide
surface coated with a low-melting metal alloy. The resulting refined calculation
models allow, as a result of varying the low-melting coating on the surface of the
guide, to adjust the ratio of its bearing capacity and the coefficient of friction.

Keywords: Wedge-shaped support · Adapted profile · Hydrodynamic mode ·
Low-melting coating · Incomplete filling · Self-similar solution · Asymptotic
solution · Zero approximation · First approximation

1 Introduction

Modern mechanical engineering mostly focuses on increasing the power and efficiency
ofmanufactured units andmachines, aswell as on providing energy-saving technologies.
A sufficient number of studies [1–22] are devoted to the development of a mathematical
calculation model of sliding bearings with a fusible metal coating of movable and fixed
contact surfaces. However, the surface melt based lubrication is not a self-sustaining
process. To ensure a self-sustaining tribo-node lubrication process, fusible coatings shall
be provided on one of the working contact surfaces, as well as permanent lubrication,
which can be provided by a constant lubricant supply or an adapted support surface
profile in the sliding bearing. This study provides a mathematical calculation model
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of the hydrodynamic flow of the lubricant and the pilot’s coating surface melt, which
have truly viscous rheological properties in the operating clearance of the wedge-shaped
sliding support with the sliding support surface adapted to the friction conditions at
incomplete filling (pre-emergency state) of the operating clearance.

2 Problem Definition

Let us consider the flow of lubricant and melt in the operating clearance. A support ring
with a fusible coating moves at a speed u*, while an inclined pilot with a support surface
profile adapted to friction conditions is stationary (Fig. 1).

Fig. 1 Design diagram

The design diagram uses the Cartesian coordinate system. The tribo-system element
profiles have the following designations: C0—linear pilot surface profile; C1—irregular
slider surface profile; C2—pilot molten surface profile.

C0 : y′ = h0 + x′tg α;C1 : y′ = h0 + x′tg α − a′ sinω′x′C2 : y′ = −λ′f ′(x′). (1)

Let us use the following notation: h0—lubricating film thickness in the initial section;
h∗
0—molten layer thickness in the initial section; l—pilot’s surface length; α—pilot’s
tilt against axis Ox′; ω′—adapted pilot profile parameter; a′—disturbance amplitude.

This problem can be solved by using well-known equations for a “thin layer” of
fluid flow with truly viscous properties, the continuity equation, as well as the equation
describing the pilot’s surface molten profile.

3 Initial Equations and Boundary Conditions

In accordance with generally accepted simplifications and the associated boundary con-
ditions, this system of equations will be written in the following form in the Cartesian
coordinate system:

∂2v

∂y2
= dp

dx
; ∂v

∂x
+ ∂u

∂y
= 0;−d�(x)

dx
= K

h(x)∫

−�(x)

(
∂v

∂y

)2

dy, (2)
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v = 0, u = 0 at y = h(x) = 1 + ηx − η1 sinωx;
v = −1, u = 0 at y = −�(x);� = −h∗

0

l
at x = 0; p(x1) = p(x2) = 0.

�(0) = 0, (3)

where

K = 2μu∗l
h0L∗ , η = ltgα

h0
, η1 = a′

h0
.

Let us use the following notation: u, v—velocity vector components; p—lubricant
pressure in the operating clearance; K—parameter describing the coating melt; L∗—
specific heat of support ring coating melting; �(x)—function describing the molten-
coating profile.

A conventional technique is used for conversion to the dimensionless quantities:

x′ = lx; y′ = h0y; vx′ = u∗v; vy′ = h0
l
u∗u;ω = ω′l; p′ = p∗p; p∗ = μu∗l

h20
.

(4)

Let us find the asymptotic solution (2)–(3) in the form of series:

v(x, y) = v0(x, y) + Kv1(x, y) + K2v2(x, y) + ...,

u(x, y) = u0(x, y) + Ku1(x, y) + K2u2(x, y) + ...,

p(x) = p0(x) + Kp1(x) + K2p2(x) + K3p3(x) + ...,

�(x) = 0 − K�1(x) − K2�2(x) − K3�3(x) − ... (5)

Taking into account (5) in (2), we obtain a system of equations and associated
boundary conditions.

• The following is true for zero approximation:

∂2v0
∂y2

= dp0
dx

,
∂v0
∂x

+ ∂u0
∂y

= 0, (6)

u0 = 0, v0 = 0 at y = 1 + ηx − η1 sinωx + �0;
v0 = −1, u0 = 0 at y = 0, p0(x1) = p0(x2) = 0. (7)

• The following is true for the first approximation:

∂2v1
∂y2

= dp1
dx ; ∂v1

∂x + ∂u1
∂y = 0; d�1(x)

dx
= −K

h(x)∫

0

(
∂v0
∂y

)2

dy, (8)

u1 = 0, v1 = 0 at H (x) = 1 + ηx − η1 sinωx + �1(x);



Mathematical Model of a Lubricant in a Bearing with a Fusible … 837

v1 =
(

∂v0
∂y

)∣∣∣∣
y=0

· �1(x);

u1 =
(

∂u0
∂y

)∣∣∣∣
y=0

· �1(x); p1(x1) = p1(x2) = 0. (9)

Let us find the problem solution for the zero approximation in the form:

v0(x, y) = ∂ψ0(x, y)

∂y
+ V0(x, y);

u0(x, y) = −∂ψ0(x, y)

∂x
+ U0(x, y);

ψ0(x, y) = ψ̃0(ξ); ξ = y + �0

h(x) + �0
;

V0(x, y) = ṽ(ξ); U0(x, y) = ũ0(ξ) · h′(x). (10)

Taking into account (10) in (6)–(7), we obtain a system of equations and associated
boundary conditions:

ψ̃
′′′
0 (ξ) = C̃2; ν̃

′′
0(ξ) = C̃1; ũ′

0(ξ) − εṽ′
0(ξ) = 0; dp0

dx
= C1

h2(x)
+ C2

h3(x)
. (11)

�̃ ′
0(0) = 0, �̃ ′

0(1) = 0;
ũ0(1) = 0, ṽ0(1) = 0;
ũ0(0) = 0,

ṽ0(0) = −1,

1∫

0

ṽ0(ξ) dξ = 0.

(12)

By solving the system of Eqs. (11)–(12), we obtain the following for the field of
velocities and pressure:

�̃ ′
0 = C̃2

2

(
ξ2 − ξ

)
, ṽ0(ξ) = C̃1

ξ2

2
−

(
C̃1

2
+ 1

)

ξ − 1;

C̃1 = −6; C̃2 = 6(1 + �0)

[
1 + η

2
(x2 + x1) + η1

ω(x2 − x1)
(cosωx2 − cosωx1)

]
;

p0 = 6

(1 + �0)
2

(
η̃

2

(
x2 − x21

)
+ η̃

ω
sin

ω(x − x1)

2
sin

ω(x + x1)

2
− η̃

2
(x2 + x1)(x − x1)−

−2η̃1(x − x1)

ω(x2 − x1)
sin

ω(x2 − x1)

2
sin

ω(x2 + x1)

2

)
, (13)

where

η̃ = η

1 + �0
; η̃1 = η1

1 + �0
.
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Taking into account (13), we obtain the following expression to determine the
function describing the pilot’s molten profile:

�1(x) =
x∫

0

⎛

⎝h(x)

1∫

0

(
ψ̃ ′′
0 (ξ)

h2(x)

)

+
(
ṽ′
0(ξ)

)2

h(x)
dξ

⎞

⎠dx = x − η

2
x2 − η̃1

ω
cosωx + h∗

0.

(14)

An automodeling solution of system (8) and (9) is found in the same way as for
the zero approximation. This allows finding the following for the field of velocities and
pressure:

�̃ ′
0 =

≈
C2

2

(
ξ2 − ξ

)
, ṽ1(ξ) = ≈

C1
ξ2

2
−

⎛

⎜
⎜
⎝

≈
C
1

2
+ 1

⎞

⎟
⎟
⎠ξ + 1,

≈
C1 = 6M ,

≈
C
2

= 6M
(
1 + �̃

)[

1 +
˜̃η
2
(x2 + x1)

3 +
˜̃η1

ω(x2 − x1)
(cosωx2 − cosωx1)

]

,

p1 = 6M
(
1 + �̃

)2

( ˜̃η
2

(
x22 − x21

)
−

˜̃η1
ω(x2 − x1)

(cosωx2 − cosωx1)−

−
˜̃η
2
(x2 + x1)(x2 − x1) −

˜̃η1(x2 − x)

ω(x2 − x1)
(cosωx2 − cosωx1)

)

(15)

where

˜̃η = η

1 − �̃
; ˜̃η1 = η1

1 − �̃
; �̃ = sup

x∈[x1;x2]
�1(x); M = sup

x∈[x1;x2]
∂v0
∂y

∣
∣∣∣
y=0

· �1(x).

Taking into account (6), (8), (13), and (15), we find the bearing capacity and friction
force by the formulas:

W = p∗l
x2∫

x1

(p0 + Kp1)dx; LTP = μ

x2∫

x1

(
∂v0
∂y

∣∣
∣∣
y=0

+ K
∂v1
∂y

∣∣
∣∣
y=0

)

dy (16)

4 Results and Discussion

The theoretical and experimental studies allowed to establish that the combination of
the adapted profile of the pilot’s support surface and a fusible surface coating, which is
optimal in terms of bearing capacity and friction force, allows increasing the bearing
capacity by 15–17% and reducing the friction force by 10–12% (Table 1). Satisfactory
convergence of theoretical and experimental results has been established,which confirms
the reliability of the developed theoreticalmodel. Technical tests using a frictionmachine
showed a significant (up to 22%) reduction of the wear spot and longer life of lubricating
film (up to 25%).
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Table 1 Experimental study

Replicate experiments Friction coefficient

Conventional Fusible coating Fusible coating and adapted profile

1 0.0048 0.0038 0.0024

2 0.0051 0.0040 0.0025

3 0.0057 0.0041 0.0024

4 0.0061 0.0044 0.0027

5 0.0067 0.0048 0.0028

Average 0.0052 0.0042 0.0025
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Micropolar Lubricants in a Bearing
with a Low-Melting Base Ring Coating
and a Porous Slider Surface Coating

A. M. Mukutadze, A. N. Opatskikh(B), and V. M. Prikhodko

Rostov State Transport University (RSTU), 2, Rostovskogo Strelkovogo Polka Narodnogo
Opolcheniya sq., Rostov-on-Don 344038, Russia

Abstract. In the study, an asymptotic self-similar solution is found for the zero
(without considering the melting) and first (considering the melting) approxima-
tion based on the equation describing the flow of a liquid lubricant and a molten
coating in the running clearance of wedge-shaped sliding support with micropolar
properties, the continuity equation, the Darcy equation describing the lubricant
flow in the porous coating body, and the equation describing the profile of the
molten contour of the guide surface. As a result, the fields of velocities and pres-
sures in the lubricating and porous bodies are determined with and without con-
sidering the melting. Using the equation for the field of velocities and pressures,
a function describing the molten guide coating contour, as well as the bearing
capacity and friction force are determined. The impact of the molten guide coat-
ing parameters, the porous layer thickness, as well as N2 i N1 characterizing the
micropolar lubricant properties are estimated.

Keywords: Sliding support · Hydrodynamics · Micropolar lubricant ·
Low-melting coating · Molten coating · Melt · Asymptotic solution · Asymptotic
solution · Self-similar solution

1 Introduction

A sufficient number of publications [1–9] are dedicated to developing a mathematical
model of the micropolar lubricant flow in the bearing running clearance. They provide
simulationmodels of the hydrodynamic regime of lubricationwith amicropolar lubricant
in the absence of the low-melting metal coating melt on the working surfaces.

A feature of the existing simulation models for the considered bearing designs oper-
ating on micropolar lubricants and melts of low-melting metal coatings is the lack of
self-sustaining lubrication [10–21]. To ensure the self-sustaining lubrication of journal
bearings and damping properties, not only low-melting coating on one surface but also
a porous layer on the another is needed. This study provides a calculation of the hydro-
dynamic flow of a lubricant and a molten coating with micropolar rheological properties
in the running clearance and the porous coating body.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
Lecture Notes in Mechanical Engineering, https://doi.org/10.1007/978-3-030-85233-7_98

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85233-7_98&domain=pdf
https://doi.org/10.1007/978-3-030-85233-7_98
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2 Research Objective

The flow of a liquid lubricant and a molten metal coating in the running clearance and
porous coating of a thrust bearing is studied. In this case, the surface of the guide with a
low-melting coating moves at a velocity u*, and the inclined slider with a porous coating
is fixed (Fig. 1).

Fig. 1 Calculation scheme

The calculation scheme is built in theCartesian coordinate system x′o′y′.The contour
of the working slider surface is coated with a porous material, and the guide surface with
a low-melting metal, the melt contour of which is described as follows:

y′ = h0 + x′tgα, y′ = −η′f ′(x′). (1)

3 Basic Equations and Boundary Conditions

To solve this problem, we use the well-known dimensionless flow equations of a microp-
olar liquid, the continuity equations, the Darcy equation, and the equation describing the
profile of the molten contour of the guide surface:

∂2u

∂y2
+ N 2 ∂υ

∂y
= 1

μ

dp

dx
,

∂2υ

∂y2
= υ

N1
+ 1

N1

∂u

∂y
,

∂u

∂x
+ ∂v

∂y
= 0;

∂2P

∂x∗2 + ∂P

∂y∗2 = 0,

d�(x)

dx
= K

h(x)∫

−�(x)

(
∂u

∂y

)2

dy.

(2)
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Using the universally accepted simplifications, let us write down the boundary condi-
tions for the system of equations in the lubricating and porous layer between the inclined
slider and the guide as follows:

υ = 0, v = 0, u = 0, at y = 1 + ηx = h(x);
υ = 0, v = 0, u = −1 aty = −�(x);

p(0) = p(1) = pa
p∗ ; p = P at y∗ = 1 + ηx + H̃

h0
;

u = M̃
∂P

∂y∗ at y∗ = 1 + ηx + H̃

h0
;

∂P

∂y∗ = 0 at y∗ = 1 + ηx;

(3)

where

M̃ = kl

h30
, η = ltgα

h0
,K = 2μ0u∗

h0L′ .

To pass to dimensionless variables, the standard technique is applied:

u′ = u∗u; v′ = u∗εv; υ ′ = υ∗υ; p′ = p∗p; y′ = h0y; N 2 = κ

2μ + κ
;

N1 = 2μl2

κh20
; l2 = γ

4μ
;

ε = h0
L

; υ∗ = u∗

2h0
; p∗ = (2μ + κ)Lu∗

2h20
; x′ = Lx.

(4)

in a porous layer:

x′ = Lx∗; y′ = Ly∗; P′ = p∗P. (5)

In the further solution, we will consider the clearance smallness along with the
equality υ = 0 on both moving and fixed surfaces and average the second equation of
system (2) over the lubricating layer thickness; as a result, from Eq. (2), we obtain:

∂2u

∂y2
+ N 2

2N1h(x)
(2y − h(x)) = e

1
μ
dp

dx
,

υ = 1

2N1h(x)

(
y2 − h(x)y

)
,

∂u

∂x
+ ∂v

∂y
= 0,

∂2P

∂x∗2 + ∂P

∂y∗2 = 0

d�(x)

dx
= K

h(x)∫

−�(x)

(
∂u

∂y

)2

dy.

(6)
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Let us expand the function�(x) by theK parameter characterizing themolten surface
coating:

�(x) = −K�1(x) − K2�2(x) − K3�3(x) − ... = H (x), (7)

According to the universally accepted simplifications of the velocity components,
the boundary conditions for the contour y = −�(x) will have the form:

v(0 − H (x)) = v(0) −
(

∂v

∂y

)∣
∣∣∣
y=0

H (x) −
(

∂2v

∂y2

)∣
∣∣∣
y=0

H 2(x) − . . . = 0;

u(0 − H (x)) = u(0) −
(

∂u

∂y

)∣
∣∣∣
y=0

H (x) −
(

∂2u

∂y2

)∣
∣∣∣
y=0

H 2(x) − . . . = −1.

(8)

Considering (3) and (8), the asymptotic solution of system (6) will be written as
follows:

v = v0(x, y) + Kv1(x, y) + K2v2(x, y) + ...

u = u0(x, y) + Ku1(x, y) + K2u2(x, y) + ...

�(x) = −K�1(x) − K2�2(x) − K3�3(x) − ...

P(x) = P0 + KP1(x) + K2P2(x) + K3P3(x)...

(9)

Using (9), from (6), we obtain a system of equations and appropriate boundary
conditions:

• for zero approximation:

∂2u0
∂y2

+ N 2

2N1h(x)
(2y − h(x)) = 1

μ

dz0
dx

,
∂v0
∂x

+ ∂u0
∂y

= 0 ,
∂2P0

∂x∗2 + ∂P0

∂y∗2 = 0

(10)

υ0 = 0, v0 = 0, u0 = 0, at y = 1 + ηx;
υ0 = 0, u0 = −1, v0 = 0, at y = 0;
P0(0) = P0(1) = pa

p∗

p0 = P0 at y
∗ = 1 + ηx + H̃

h0
;

u0 = M̃
∂P0

∂y∗ at y∗ = 1 + ηx + H̃

h0
;

∂P0

∂y∗ = 0 aty∗ = 1 + ηx

(11)
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• for the first approximation:

∂2u1
∂y2

= 1

μ

dP1

dx
;

∂v1
∂x

+ ∂u1
∂y

= 0;

d�1(x)

dx
= K

1+ηx∫

−�0

(
∂u0
∂y

)2

dy;

∂2P1

∂x∗2 + ∂P1

∂y∗2 = 0

v1 =
(

∂v0
∂y

)∣∣∣∣
y=0

· �1(x);

u1 =
(

∂u0
∂y

)∣∣∣
∣
y=0

· �1(x);

(12)

υ1 = 0, v1 = 0, u1 = 0 at y = 1 + ηx;
P1(0) = P1(1) = 0,

�(0) = �(1) = h∗,

p1 = P1 at y
∗ = 1 + ηx + H̃

h0
;

u1 = M̃
∂P1

∂y∗ at y∗ = 1 + ηx + H̃

h0
;

∂P1

∂y∗ = 0at y∗ = 1 + ηx;

(13)

The self-similar solution for the system of Eqs. (10) and (11) will have the form:

u0(x, y) = ∂ψ0(x, y)

∂x
+ U0(x, y);

v0(x, y) = −∂ψ0(x, y)

∂y
+ V0(x, y);

ψ0(x, y) = ψ̃0(ξ);
ξ = y

h(x)
;

V0(x, y) = −ṽ(ξ) · h′(x);
U0(x, y) = ũ0(ξ);
ũ′
0(ξ) + ξ ṽ′

0(ξ) = 0.

(14)
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SubstitutingEq. (14) into the systemof (10) and (11), we obtain a systemof equations
and appropriate boundary conditions:

ψ̃ ′′′
0(ξ) = C̃2;

ũ′′
0(ξ) = C̃1 − N 2

2N1
(2ξ − 1);

dp0
dx

=
(

C̃1

h2(x)
+ C̃2

h3(x)

)

;

ψ̃ ′
0(0) = 0, ψ̃ ′

0(1) = 0; ũ0(1) = 0 , ṽ0(1) = 0; υ(0) = υ(1) = 0,

(15)

ũ0(0) = 1, ṽ0(0) = 0,

1∫

0

ũ0(ξ) dξ = 0, p0(0) = p0(1) = e
pa
p∗ ,

u = M̃
∂P

∂y∗ at y∗ = 1 + ηx;
(16)

Solving the problem (15) and (16), we obtain the calculation formulas:

ψ̃ ′
0(ξ) = C̃2

2

(
ξ2 − ξ

)
, C̃1 = 6,

ũ0(ξ) = C̃1
ξ2

2
− N 2

2N1

(
ξ3

3
− ξ2

2

)
−

(
N 2

12N1
+ C̃1

2
+ 1

)

ξ + 1.

C̃2 = −C̃1

(
1 + 1

2
η

)
,

p0 = C̃1
η

2

(
x − x2

)
+ pa

p∗

(17)

Considering (17), the Darcy equation is solved as follows:

P0
(
x, y∗) = R0

(
y∗) + η

2

(
x2 − x

)
C̃1 + pa

p∗ (18)

Substituting Eq. (18) into the Darcy equation in the system (10) for the function
R(y∗), we obtain:

R′′
0

(
y∗) + η

2

(

1 + α
pa
p∗ − α2

2

(
pa
p∗

)2
)

C̃1 = 0 (19)

R0(0) = pa
p∗ ; ∂R

∂y∗ = 0 at y∗ = 1 + ηx + H̃

h0
(20)

Solving the problem (19) and (20), we obtain the calculation formula:

R
(
y∗) = −C̃1η

(

1 + α
pa
p∗ − α2

2

(
pa
p∗

)2
)(

y∗

2
+

(

1 + ηx + H̃

h0

)

y∗
)

+ pa
p∗ (21)
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Solving M̃ ∂P0
∂y∗

∣∣∣
y∗=1+ηx+ H̃

h0

= ∫ 1
0 ũ0(ξ)dξ , we get the following equation for C̃1:

C̃1 = 6

−12M̃ η
(
2 + H̃

h0

)
+ 1

(22)

Then we obtain the calculation formula for pressure (zero approximation):

P0 = 3η
(
x2 − x

)

−12M̃ η
(
2 + H

h0

)
+ 1

+ pa
p∗ (23)

To determine the function of the molten guide contour considering (17), we obtain:

d�1(x)

dx
= h(x)

1∫

0

(
ψ ′′
0 (ξ)

h2(x)
+ ũ′

0(ξ)

h(x)

)2

dξ. (24)

Solving (24), we obtain the calculation formula:

�1(x) =
[
C̃2
1

12

(
−x + η

2
x2

)
+

(

4 + N 4

720N 2
1

)(
x − η

2
x2

)]

+ h∗. (25)

The self-similar solution of the system of Eqs. (12) and (13) is sought in the same
way as for the system of (10) and (11); as a result, for the field of velocities and pressures,
we obtain the formulas:

ψ̃ ′
1(ξ) =

≈
C2

2

(
ξ2 − ξ

)
,

ũ1(ξ) = ≈
C1

ξ2

2
−

⎛

⎝
≈
C2

2
+ M

⎞

⎠ξ + M ,

≈
C2 = − ≈

C1

(
1 + 1

2
η

)
,

P1 = 3Mη
(
x − x2

)

12M̃η
(
2 + H̃

h0

)
+ 1

,

(26)

where

M =
∣
∣∣∣∣
sup

x∈[0;1]

(
∂u0
∂y

)∣
∣∣∣
y=0

· �1(x)

∣
∣∣∣∣
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Considering (10), (12), (23), and (26), for the bearing capacity and friction force,
we have:

W = p∗L
1∫

0

(
p0 + Kp1 − pa

p∗

)
dx =

(2μ0 + κ0)L2u∗η
4h20

⎡

⎣ 1

12M̃ η
(
2 + H̃

h0

)
− 1

+ KM

12M̃ η
(
2 + H̃

h0

)
+1

⎤

⎦,

Lmp = μ

1∫

0

[
∂u0
∂y

∣
∣∣∣
y=0

+ K
∂u1
∂y

∣
∣∣∣
y=0

]

dx = μ

[(
1 − η

2

)
(1 + KM ) − N 2

12N1

(
1+η

2

)]
.

(27)

For numerical analysis, the following ranges of parameters have been used:

H̃ = 0.00055 ÷ 0.003; μ0 = 0.001022 Ns/m2; η = 0.3 . . . 1 m;
l = 0.1256 . . . 0.1884 m; u∗ = 1 . . . 3 m/s;
h0 = 10−7 ... 2 · 10−6m; K = 0.0000022 . . . 0.00052;
pa = 0.08 ÷ 0.101325 MPa; L′ = 35.33 . . . 38.1N/m2

Based on the numerical calculation results (average values of the measuring range
have been used to build the plots), the plots have been built shown in Fig. 2.

Fig. 2 Dependence of the bearing capacity and the friction factor on the parameter K character-
izing the melt, the lubricating film thickness H̃ , and the bond parameter N

4 Conclusions

1. A refined simulation model has been obtained for a wedge-shaped sliding bearing
operating under hydrodynamic lubrication on a micropolar liquid lubricant, ensured
by the molten low-melting guide surface coating.
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2. A significant contribution of the K parameter characterizing the molten low-melting
guide surface coating, the bond parameter N, and the lubricating film thickness H̃ is
shown.
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Abstract. One of the current trends in increasing the bearing capacity of plain
bearings is the use of texturing of friction surfaces. To determine the influence
of the parameters of the regular microgeometry of the friction surfaces on the
hydromechanical characteristics of the “shaft-bearing” tribo-interface, experimen-
tal studies were carried out on an II 5018 friction machine II 5018. A model
friction unit was developed that allows reproducing test conditions comparable
to the real operating mode of sliding bearing of internal combustion engine. To
assess the effect of texturing on the operation of plain bearings, three types of
regular microgeometry were investigated. The study was based on the analysis of
the Gersi-Striebeck diagrams for journal bearing, corresponding in its geometric
characteristics to the connecting rod bearing of the crankshaft of the VAZ 21,083
engine. The results indicate that the texturing of the liners affects the operation
of journal bearings. Of the three texturing samples under study, the option has
been chosen that has the highest bearing capacity, and therefore makes it possible
to achieve a change in the friction mode from liquid to boundary at higher loads
than in other considered texturing samples. The work was carried out in the lab-
oratory “Tribotechnics” named after V.N. Prokopyev, Department of Automobile
Transport, South Ural State University (Chelyabinsk).

Keywords: Texturing surfaces · Friction machine · Bearing capacity ·
Hydromechanical characteristics

1 Introduction

In terms of energy losses due to friction, piston machines, including piston internal
combustion engines, occupy leading positions in power engineering. Up to 30% of
energy in such machines is lost to overcome friction losses [1, 2]. In terms of friction
losses, the crankshaft sliding bearings take the second place after the “piston-cylinder”
tribo-coupling (TC). Thus, reducing frictional losses in these key vehicles is one of the
important goals in the design of piston machines. The main ways to reduce these losses
include the use of coatings that reduce the coefficient of friction, improved surface
treatment technologies, the use of energy-efficient lubricants, and a textured bearing
surface. It should be noted that the selection of a lubricant is of great importance to
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A. A. Radionov and V. R. Gasiyarov (eds.), Proceedings of the 7th International Conference on Industrial Engineering (ICIE 2021),
Lecture Notes in Mechanical Engineering, https://doi.org/10.1007/978-3-030-85233-7_99

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85233-7_99&domain=pdf
https://doi.org/10.1007/978-3-030-85233-7_99


852 K. Gavrilov et al.

reduce friction losses in tribo-couplings. However, friction in the lubricated parts still
accounts for about 25% of the power loss in reciprocating compressors and internal
combustion engines [3].

The potential for taking into account microroughnesses in improving the tribological
properties of friction units is one of the key points in ensuring the hydrodynamic friction
regime of the vehicle. Microprofiling is designed to reduce friction in tribo-couplings,
increase their bearing capacity, reduce wear, and improve the reliability and efficiency
of friction units. So, the main types of microprofiling in the piston–cylinder interface
include cylinder honing and piston skirt texturing.

Texturing of friction surfaces of hydrodynamic tribo-couplings is one of the promis-
ing methods of microprofiling and is the creation of a regular microprofile on the surface
in the form of some kind of three-dimensional image texture (mesh or lines with cer-
tain geometric dimensions, depth, location) obtained with a laser (laser texturing) or in
another way. Surface texturing promotes hydrodynamic effects. As the lubricant flow
approaches the unevenness, the pressure increases, as a result ofwhich an additional bear-
ing capacity is created, which improves the working conditions of the tribo-interface and
increases its resource.

A secondary lubricating effect acting in the mixed lubrication mode is also known.
The liquid located in the lower part of the microrelief can be considered as a secondary
source of lubrication resulting from the relative movement of surfaces, which reduces
friction in contact [4]. The studies by Hamilton and Allen [5, 6] were the first to look at
these phenomena. It has been established that microroughness by adding “irregularities”
to one surface of a parallel mechanical seal of a rotating shaft can increase the bearing
capacity of the support.

The use of textured surfaces to improve the characteristics of friction units of
machines and mechanisms is not a new concept. Since 1965, more than 400 publi-
cations on surface texturing can be found, most of which have been published over the
past two decades [7]. Among them, more than half of the studies are purely theoretical
in nature and are based on various forms of the Reynolds, Navier–Stokes, or Stokes
equations. Optimum parameters of surface texturing were found for basic friction units
for various purposes, such as support bearings of rotary machines [8], mechanical seals
[9], thrust bearings [10], and cylinder liners [11]. However, factors such as oil viscosity,
density, and temperature, as well as surface deformation, were ignored in early models.

About a third of publications are related to experimental approaches. Most exper-
iments were carried out with traditional tribometers (unidirectional pin-on-disc tests
[12–16] or with piston friction rings [17–21]), while other studies were carried out on
real components, including thrust bearings [22–25] and mechanical seals [26–28].

The wide spread of the practical application of texturing of friction surfaces of tribo-
couplings is restrained due to insufficient knowledge of the mechanisms that provide an
increase in the bearing capacity due to the presence of microtexture on friction surfaces.

The aim of this work is an experimental assessment of the tribotechnical parameters
of hydrodynamic tribo-couplings, taking into account the regular microgeometry of the
friction surfaces.
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2 Description of Experimental Equipment

The experiment was carried out on an II 5018 machine. This machine is designed to
test various friction, anti-friction, and lubricants for friction and wear in a wide range
of loads and speeds. Measured parameters are friction moment, friction distance, and
temperature. The standard friction unit designed for testing according to the “shaft-
sleeve” scheme of the II5018 friction machine is not suitable for research for a number
of reasons. Firstly, the roller and bushing running surfaces require additional processing.
Secondly, the sleeve has no anti-friction coating. Thirdly, a large number of studies
require the manufacture of a large number of bushings. In addition, there is no closed
lubricant circulation system.

In this regard, for experimental research, the II 5018 friction machine has been
modified—a model friction unit has been developed, a standard friction chamber has
been modified, a system of continuous supply of lubricant to the bearing under pressure
with the possibility of oil heating has been mounted. The scheme of the developed
friction unit is shown in Fig. 1.

Fig. 1 Scheme of the developed experimental friction unit: 1—shaft; 2—bearing; 3—bearing
housing; 4—temperature sensor; 5—reservoir for lubricant; 6—oil filter; 7—pump; 8—backdrain;
9—manometer; N—load
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Due to the beating of the lower sample, due to the designflaws of the frictionmachine,
the model friction unit was assembled only with the upper journal bearing. This made it
possible to achieve better repeatability of measurement results.

Before the experiment, the beat of the roller, simulating the crankshaft journal, was
measured using an indicator. To measure the actual load, a BU 4263 measuring strain
gauge was used. To measure the roughness of the friction surfaces, an ABRIS-PM7
contact profilometer was used. To analyze the effect of regular microgeometry of friction
surfaces on the operation of plain bearings, the samples under study were textured by
the drilling method. The texturing parameters of the friction surfaces were measured
using a Coolingtec digital microscope. An MT-2.5 low pressure manometer was used to
measure the oil supply pressure to the bearing. The temperature of the bearing housing
and oil at the bearing inlet and in the reservoir were measured using thermocouples.
Thermocouples for measuring the oil temperature were used in conjunction with two-
channel OVEN 2TRM1 meter-regulators.

3 Problem Statement and Experiment Planning

For an experimental assessment of the influence of the parameters of regular micro-
geometry of friction surfaces on the hydromechanical characteristics of the “shaft-
bearing” tribo-interface of the internal combustion engine (ICE), samples were prepared
corresponding to the bearing—crankshaft journal (Fig. 2).

Fig. 2 Photographs of models: 1—roller; 2—liner without texturing; 3—liners with different
surface texturing

The roller was made of alloy steel, which is closest to the material of the ICE
crankshaft. Mechanical properties of steel: ultimate strength σ T = 590 MPa, hardness
HB= 174…217MPa. For the experiment, liners of the standard size of the VAZ 21,083
engine were used (radial clearance 25μm,width b= 20.5mm, diameter d= 47.85mm).
The roller geometry is shown in Fig. 3a, and the values of the roller and liner roughness
parameters are given in Table 1.

To analyze the effect of regular microgeometry of friction surfaces on the operation
of plain bearings, three types of regular microgeometry were applied to the liners by
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Fig. 3 a Roller; b liners with different surface texturing

Table 1 Roller and liner roughness parameters

Parameter Value before experiment

Roller Liner

Arithmetic mean deviation of the profile Ra, μm 0.044 0.116

Roughness height at ten points Rz, μm 0.039 0.398

Maximal profile height Rmax, μm 0.224 0.798

The arithmetic mean of the microroughness step Sm, μm 59.302 37.57

drilling. Texturing parameters are shown in Fig. 3b and in Table 2. The appearance of
the applied microdimples is shown in Fig. 4.

Table 2 Bearing surface texturing options

Type of texturing Number of microdimples areas Diameter (d, μm) Depth (h, μm)

1 (full texturing) 300 500

2 (ϕ1 = 0…45; ϕ2 = 135…180) 300 500

1 (ϕ = 55…125) 300 500

During the experiment, the axial load F was increased with a step of 250 N from 500
to 5000 N, the time of one step was 30 s. The lower and upper load limits were limited
by the capabilities of the experimental setup. At each step, the friction torque and oil
temperature were recorded.

Before the experiment, a set of controlled parameters was formed: the angular speed
of rotation of the shaft, the axial load on the bearing, the type of roller surface treatment.
The ranges of variation of the controlled parameters, determined by the capabilities of
the experimental setup, are shown in Table 3.
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Fig. 4 Geometry of the microdimples under the microscope

Table 3 Bearing surface texturing options

№ Controlled parameter Change range Number of levels L

1 Shaft speed n, min–1 500 1

2 Roller surface finish
(μm)

Ra = 0.044 1

3 Bearing loading
cycle (N)

500…5000 1

In the course of experimental studies, a Gersi-Striebeck diagram was taken for each
sample using the following procedure:

1. Measurement of the roughness parameters of the roller and liner surfaces before
assembly.

2. Assembly of the plain bearing: installation of the upper liner in the bearing housing,
installation of the roller on the shaft of the friction machine, connection of the oil
supply, thermocouple, sealing the friction chamber by installing a transparent cover
made of organic glass.

3. Warming up the oil in the tank to the required temperature.
4. Starting the frictionmachine and the friction unitwithout load, fixing the zero friction

moment, which characterizes the friction loss in the spindle of the friction machine.
5. Running-in the bearing after warming up to the required temperature. It is carried

out by stepwise loading of the bearing from 500 to 5000 N with a step of 250 N
and subsequent reduction of the load in the reverse order. In this case, all friction
parameters are recorded: frictionmoment, load, liner temperature, contact stress. The
transition to the next step of loading is carried out after the stabilization of the friction
torque at the current step. It should be noted that the maximum specific bearing load
equal to 5.1 MPa corresponds to the real value of the load on the connecting rod
bearings of the VAZ 21,083 engine.
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6. Removing theGersi-Striebeck diagramdirectly. In this case, the operating conditions
of the bearing (load, angular velocity, and oil temperature) are selected in such a
way as to fix the area of minimum friction coefficients on the diagram, indicating
a change in the type of lubricant in the bearing from liquid to boundary. In our
case, the speed of rotation of the roller was 500 rpm, and the load changed in steps
similar to the running-in stage. After reaching the maximum load and fixing the
friction parameters, the load was removed from the bearing and the value of the zero
friction moment was again recorded. The diagram was fixed six times. The friction
coefficient was recalculated using the obtained values of the friction moment and
averaged over six measurements.

4 Processing of Experimental Research Results

The averaged results of measurements and recalculation of the friction coefficient for
bearings with different texturing are shown in Fig. 5. The following designations are
accepted in the figures: ftp—friction coefficient, λ—Gersi number.

Fig. 5 Comparison of Gersi-Striebeck diagrams for bearings with different liner texturing

The obtained results indicate that the texturing of the liners affects the operation of
the plain bearings. In this case, depending on the location of texturing on the surface of
the liners, different values of the friction coefficients can be obtained. Of the considered
options for texturing the bearing, the liner with center-texturing showed the best results.
The diagram for this type of texturing has a minimum at values of the characteristic
of the bearing operating mode λ in the range of 150…160. While for other options,
the minimum coefficient of friction is achieved when the characteristic values of the
operating mode of the bearing λ are in the region of 200…300. Thus, a bearing with
a center-textured liner has a greater bearing capacity; the friction mode changes from
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liquid to boundary mode at higher loads than in other considered texturing options. The
results obtained are in good agreement with the results of other researchers.

5 Conclusion

For experimental research, the II 5018 friction machine was modified—a model friction
unit was developed, a standard friction chamber was modified, a system of continuous
supply of lubricant to the bearing under pressure with the possibility of oil heating was
mounted. This made it possible to provide test conditions comparable to the actual oper-
ating mode of the bearing as part of a piston machine. The results of the experiment
showed that a bearing with a partially textured liner has a higher bearing capacity com-
pared to a fully textured and smooth bearing, and the friction changes from liquid to
boundary friction for it at higher loads.

Acknowledgements. The research was funded by RFBR and Chelyabinsk Region, project
number 20-48-740030.
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Abstract. The article presents the results of a computational experiment on the
influence of volumetric electromagnetic forces on the characteristics of the flow of
a magnetorheological fluid in a long channel between two parallel plates. A brief
description of the new developed variational principle based on the generalized
Lagrange equations for the case of a non-Newtonian fluid flow with allowance for
electromagnetic forces is given. As a verification problem, the comparison of the
calculation results based on the developed generalized variational Lagrange prin-
ciple with the results of solving the hydrodynamic equations, that were obtained
analytically, and the results of a computational experiment inComsolMultiphysics
and Ansys Fluent, is given. The results of the computational experiment showed
that the developed generalized variational Lagrange principle is applicable for
solving problems of the flow of non-Newtonian fluids taking into account vol-
umetric forces. The results for the Lagrange variational principle, the analytical
solution, and the simulation results in Comsol Multiphysics and Ansys Fluent are
in good agreement and have little divergence.

Keywords: Lorenze force · Functional · Lagrange variational principle ·
Analytical solution · Computational fluid dynamics

1 Introduction

Currently, there are many approaches to solving problems of hydrodynamics that can
be conditionally divided into classical and variational cases. The classical approach of
mathematical modeling is based on solving a variety of differential equations taking into
account a set of initial and boundary conditions [1–3]. The classical modeling approach
includes many different methods of numerical modeling that give accurate results with
small residuals. The greatest difficulty is the nonlinearity of the differential equations
being solved [4–7]. For this work, the basic principle is the variational principle of
J. Lagrange that is convenient to use for modeling stationary flows of viscous media.
The justification of the Lagrange variational principle is described in sufficient detail in
paper [8]. Justification of variational principles equivalent to solving systems of partial
differential equations is usually performed using generalized Euler–Lagrange equations
[9, 10].
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2 Generalized Lagrange Equations for the Case of Viscous
Incompressible Non-Newtonian Media Flow with Allowance
for Mass Forces

Let the velocity field �ν be the rotor of some auxiliary field �a : �ν = ∇ × �a. Thus, the
generalized Lagrange functional takes the form:

J ∗
L (am) =

∫

�

�νd�, (1)

where �ν = ∫
TdH—viscoplastic potential.

Velocity components in Cartesian coordinates have the form:

νi =∈ijk ∂ak/∂xj, (2)

where ∈ijk—Levi Civita symbol [11–14].
In scalar notation, functional (1), taking into account the Gershal–Bulkley model,

takes the following form:

J ∗
L =

∫

�
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q0
2
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]
d�. (3)

For the integrand, the Euler equations are written:
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(5)

Equation (5) is equivalent to boundary conditions. Euler–Lagrange Eqs. (4) for func-
tions ym = am taking into account the Stokes formula ξij = (

∂νi/∂xj + ∂νj/∂xi
)
/2 take

the form:

− ∈ mjk
∂

∂xj

(
∂smpk
∂xp

)
= 0. (6)

By transformations, we obtain the following equation:

∇ × (∇ · Dσ ) = 0. (7)
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Taking into account equality ∇ × (∇ · Dσ ) = ∇ × (∇ · Tσ ) [8], it can be argued that
the search for a stationary value of functional (1) is equivalent to solving the vorticity
transport equation:

∇ × (∇ · Tσ ) = 0. (8)

Unknown functions must satisfy conditions (5), which are equivalent to boundary
conditions. The fulfillment of these conditions can be achieved in several ways. The
most common is to fix the values of unknown functions and their gradient components
on the surface.

The vorticity transport equation for the case of taking into account the mass forces
has the following form [15]:

∇ × (∇ · Tσ + ρf ) = 0, (9)

where ρ—density and f—mass force.
To take into account the mass forces, it is necessary to supplement the integrand.

For simplicity, we will further consider the additional term separately. The force of
interaction between themagnetorheological fluid and the appliedmagnetic field (Lorentz
force) was used as the mass force: �f = �Hrot �H , where �H is the magnetic field strength.
The Lorentz force �f has components �f = [

f1f2f3
]
. For the integrand, the additional term

has the following form:
∫

�

(
ρ�f · ⇀

ν
)
d� =

∫

�

(
ρ�f

(
∇ × ⇀

a
))

d�. (10)

In Cartesian coordinates, the equation takes the following form:

∫

�

[
ρf1
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− ∂a2
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)
+ ρf2
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d� (11)

For the indicated integrand, the Euler–Lagrange equations are written. For y = a1 :
ρ

∂f2
∂x3

− ρ
∂f3
∂x2

= 0. For y = a2 : ρ
∂f3
∂x1

− ρ
∂f1
∂x3

= 0. For y = a3 : ρ
∂f2
∂x1

− ρ
∂f1
∂x2

= 0.
The written expressions correspond to the differential operation of the rotor of the

Lorentz force in the expression (11):

∇ × (∇ · Tσ + ρf ) = ∇ × (∇ · Tσ ) + ∇ × (ρf ). (12)

Thus, the modernized Lagrange functional taking into account the mass forces takes
the form:

J ∗
L (am) =

∫

�

(
�ν + ρ�f (∇ × �a)

)
d�, (13)

Finding the minimum of this functional is equivalent to solving the modernized
vorticity transport Eq. (9).
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3 The Magnetorheological Fluid Flow Between Two Parallel Plates

Simulation of fluid flow was also carried out with two programs: Comsol Multiphysics
and Ansys Fluent. Both software have their own characteristics for calculating the flow
of magnetic fluids [16, 17]. Comsol Multiphysics has difficulties with calculating the
flow of magnetic fluids in thin layer that is associated with the meshing peculiarities.
Ansys Fluent uses the built-in add-onmodel to calculate the flows ofmagnetorheological
fluids that has features for calculating flows under the influence of strong magnetic fields
that should significantly reduce the velocity profile over the channel section. In these
cases, the presented model incorrectly considers the fluid flow profile. In this regard,
highly stressed flows were not considered in this work.

The geometry of the flow of the magnetorheological fluid is identical for both pro-
grams. The fluid flow occurs in a limited volume � = L1 × 2L2 × L3,L3 = 1. There
is a pressure drop along the axis x1, p(0, x2) = p0, p(L1, x2) = p1 (Fig. 1). The main
parameters of the flow area: L1 = 1 m, L2 = 75 ·10−6 m, p0 = 1 ·105 Pa, p1 = 1.5 ·105
Pa. The problem is axisymmetric, and the height of the computational domain is half
the height of the channel.

Fig. 1 Flow area and boundary conditions for a symmetric flow area

Ansys and Comsol Multiphysics use the equations of hydrodynamics typical for the
classical formulation of the problem of fluid flow between parallel plates, which for this
problem have the form:

∂p
∂x1

= ∂
∂x2

(
μ∂ν1

∂x2

)
+ ρf1,

∂p
∂x2

= 0, ∂ν1
∂x1

= 0, ρf1 = const. (14)

To solve the problem in both selected programs, a set of boundary and initial con-
ditions is set for the equations of hydrodynamics and magnetic field. The solution in
Comsol Multiphysics is made by the finite element method, in Ansys Fluent the solution
was obtained by the method of control volumes.

In the solution process, Ansys took into account the K-Epsilon turbulence model
[18, 19]. ANSYS CFX uses the Coupled Algebraic Multigrid technology solver [20].
The solution was made on a mesh that consisted of 100 mesh elements along the channel
gap width and 100,000 mesh elements along the channel length. The solution process
was carried out on the basis of achieving convergence criteria, which were chosen as
root mean square residuals (RMS) equal to 10–6. On average, the solution converged in
250–300 iterations.

The numerical solution of the variational problem can be conveniently obtained by
one of the direct variationalmethods, for example, the Ritzmethod [10, 14]. The problem
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of finding the optimal function that gives the minimum value to the functional is reduced
to the problem of finding the extremum of a function of several variables. In this case,
the stream function � is specified using the orthonormal Legendre series Pi(x̃2) in the
region with an interval [-1, 1] in dimensionless coordinates [9]:

� =
N∑
i=0

αiPi(x̃2) = α01 + α1x̃2+
N∑
i=1

αi+1

(
2i + 1

i + 1
x̃2Pi(x̃2) − i

i + 1
Pi−1(x̃2)

)
(15)

where αi—unknown coefficients and N—polynomial degree.
The solution of the variational problem is associated with the search for a set of

values αi (i = 0…N) at which functional (1) takes a minimum value. The search for the
minimum of a function of several variables was carried out using the built-in algorithm
for finding the extremum in GNU Octave [21].

As a reference solution, we used an analytical solution for the classical setting, which
can be defined as:

ν1 = 1

2μ

p0 − p1
L1

(
x22 − L22

)
− 1

2μ
ρf1

(
x22 − L22

)
, (16)

4 Results

In the course of the study, the simulation of the flow of a magnetorheological fluid in an
applied external magnetic field was carried out. The magnetic field strength was varied
in the range 0–15,000 A/m with 6 variations. The simulation results are shown in Fig. 2.

Figure 2 shows that the results of the analytical solution and the solutions obtained
by other methods agree well. For zero strength of the applied magnetic field, the maxi-
mum error is no more than 1%. The velocity profile at zero strength corresponds to the
Poiseuille flow. For the variational solution for all magnetic field strengths, the maxi-
mum error is no more than 1.5·10–6%. This indicates a high accuracy of the variational
approach to modeling fluid flows.

The maximum error in the deviation of the analytical solution and the Comsol solu-
tion is about 40% at the magnetic field strength. A similar error value is created at the
flow boundary in the near-wall region. This is due to the fact that a laminar flow model
was used to simulate the fluid flow. Similar results were obtained using Ansys Fluent.
This solution is characterized by a higher average calculation error in relation to the ana-
lytical solution. The average error was 1.4%. The maximum deviation of the velocity
profile from the reference was obtained for an external magnetic field strength of 6000
A/m. The error in this fluid flow regime was 5.1%.

5 Conclusion

Within the framework of this study, the results of modeling the flow of a magnetorhe-
ological fluid under the action of an external magnetic field were obtained. The results
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Fig. 2 Results of modeling the flow of magnetorheological fluid

obtained by the variational approach are in excellent agreement with the reference ana-
lytical flow. The results obtained byCFDprograms agree quitewell, with relatively small
mean computational errors. The results obtained allow us to say that these software pack-
ages can be used for more complex cases of calculating the flow of magnetorheological
fluids.
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Abstract. Deformational cutting is a method that permits to obtain microfinning
on the surface of the steel parts. The main difference between conventional cutting
process anddeformational cutting is that the chips are cut formone sidewhile being
straightened up as fins which remain as a functional part of the workpiece. A tool
cuts and deforms the surface layers, forming a finned structure since the undercut
layers are connected to the main body of the workpiece. The width of the slot gaps
between the fins can be from tens to hundreds of micrometers with a depth of gaps
up to 1 mm. The article describes a method for increasing the wear resistance of
stainless AISI 321 chrome-nickel steel via the creation of microfinning produced
by deformational cutting and embedding two different solid lubricants into the
slot gaps between fins. The results of the metallographic study have shown that
the material of the created fins experienced severe plastic deformation, which was
accompanied by a partial transformation of metastable austenite into martensite
and a twofold increase in the surface layer hardness. The results of wear tests in
the conditions of unlubricated sliding friction have shown that the application of
microrelief with embedding solid lubricants substantially increased the surface
wear resistance of stainless austenitic steel.

Keywords: Surface modification · Deformational cutting · Austenitic steel ·
Solid lubricants · Hardness · Sliding bearing ·Wear rate

1 Introduction

The crucial task in the machine-building industry is increasing the product life cycle of
sliding bearings. Low cost, high load capacity, and durability of sliding bearings are their
major advantages. Sliding bearings are subjected to such damages as scuffing, plastic
deformation within the contact zone, and wear resulting in the failure of the unit and
machine as a whole [1].

Friction bearings operating in the conditions of a corrosion environment or high tem-
peratures are manufactured from stainless austenitic chrome-nickel steel characterized
by high corrosion resistance, good weldability, and technological effectiveness [2–4].
However, the low surface hardness limits the use of these steels in friction units due to the
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low wear resistance characteristics. Increasing the wear resistance of corrosion-resistant
austenitic steels is an urgent line of research.

The use of liquid lubricants increases the performance of plain bearings by reducing
the coefficient of friction.As a result, thewear resistance of the sliding surfaces increases.
In some friction units, the use of liquid lubricants is not applicable. This problem can be
solved by applying solid lubricant materials (SLM) located inside the friction surface
structure.

There are various methods for creating a system of small pockets in the fiction
surfaces [5–9]. The subsequent filling of these pockets with SLMs allows avoiding the
application of liquid or grease lubricants.

As an advanced method for creating pockets for SLM filling, it is proposed to use the
deformational cutting method (DCM), which makes it possible to create narrow vertical
or inclined slotted splits on the surface. DCM is the cutting-deformational processing
method, which makes it possible to create a macro- and microrelief structure on the sur-
face in form of finning without chip formation [10]. Figure 1 demonstrates the principle
of DCM.

Fig. 1 Concept of deformational cutting method. 1—DCM tool, 2—treated surface, 3—finned
surface, 4—cutting edge, and 5—deforming edge

Via varying the tool geometry and processing conditions, it is possible to obtain any
necessary fin pitch, groove width, height, and fin angle [11]. Filling the surface relief
with SLMmakes it possible to decrease the friction factor and to increase the operational
life of the product [12].

TheDCMis not accompanied by chip formation,while thematerial of the created fins
is subjected to severe plastic deformation [13], which increases the application effective-
ness of steels with metastable austenitic structure subject to the transformation-induced
plasticity effect [14, 15]. The combined austenite–martensite structure determines a high
level of strength characteristics and plasticity [16–18].
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2 Methods

The investigationwas performed onCr-Ni austenitic steel AISI 321 (18-8 Cr-Ni stainless
steel, titanium stabilized).

Samples for the testing of the surface specificwear rate in unlubricated sliding friction
were made in the form of disks with a diameter of 40 mm.

The sample surface preparation scheme is shown in Fig. 2.

Fig. 2 Stages of surface preparation with the placement of solid lubricants in the friction surface
structure.aMicrofiiningbyDCM,bFormedmicrofinning, cFilling of slot gapswith solid lubricant
material, and d Grinding to remove sharp edge tips

A microrelief in the form of a spiral groove with a pitch of 0.2 mm was created by
the DCM to the end surface of the disk. The cutter made of H10F cemented carbide
(Sandvik Coromant) was used to create microfinning. The side cutting edge angle was
ϕ = 42°. Clearance angles: α = α1 = 3° [19]. The depth of DCM was 0.2 mm, tool
feed was 0.2 mm/rev. The dimensions of the created microfins are presented in Fig. 3a.
Expanded graphite and Teflon thin sheets were pressed into the microrelief. The sharp
fin tops were deleted after SLM embedding (Fig. 3b).

Fig. 3 Schematic drawing of surface microrelief; a After DCM; b After SLM embedding

Metallographic studies of the austenitic steel structure after DCM were performed
using an Olympus GX-51 optical microscope (magnification of ×500). For revealing
the finned surface microstructure, etching in a 10% solution of oxalic acid was used.



870 D. V. Tsukanov et al.

Hardness was measured using a DuraScan 20 hardness tester under a load of 50 g.
The qualitative structurewas examined using aHitachi SU8010 scanning electronmicro-
scope operating in themode of secondary and back-scattered electrons (operationalmag-
nification of×4500 and an accelerating voltage of 15 kV), equipped with an attachment
for carrying out micro X-ray spectral analysis with the AZtec software application.

Wear tests were carried out without liquid lubricants using the Nanovea T-50 tri-
bometer using the “rod-disk” scheme. The sliding linear velocity was V = 0.1 m/s, and
the rod loading was F = 10 N. Tribotechnical characteristics were evaluated based on
the test results of three pairs of samples. In this arrangement, the tested samples were
the disks, while the rod (counter face) had the ball-shaped end with a diameter of 6 mm
made from AISI/ASTM 52100 chromium steel having the hardness of 64 HRC (Fig. 4).

Fig. 4 Friction test diagram

3 Results and Discussion

The microstructure of the fin material after DCM is presented in Fig. 5.
Microhardnessmeasurements,whichwere performedon the sampleswith the created

fins, made it possible to establish that the severe plastic deformation occurred within the
whole fin volume (Fig. 6). In the as-received condition (heat treatment: annealing), the
hardness of the steel surface was 180 HV, while after deformational cutting, the hardness
of the created microrelief was twice high: 375–410 HV.

The results of structure examination using a scanning electron microscope operating
in the mode of secondary electrons demonstrated that the created microrelief contained
traces ofmartensite, whichwas formed because of severe plastic deformation.Martensite
plates appear under a microscope in the form of needles (Fig. 7).

A study of the specific wear rate during the wear test in the conditions of unlubri-
cated sliding friction made it possible to find out that an increase in the hardness of the
created microrelief surface resulted in a decrease in the specific wear rate by 1.9 times
as compared with annealed samples (Fig. 8). Embedding SLM into the finned surface
resulted in a decrease in the specific wear rate: After embedding Teflon into the splits,



Surface Modification of AISI 321 Steel by Solid Lubricants 871

Fig. 5 Microstructure of the fin material of AISI 321 steel, ×500

Fig. 6 Hardness of AISI 321 steel before and after deformational cutting

the wear rate decreased by 7.5 times as compared with annealed samples, while after
embedding expanded graphite, the wear rate decreased by 22 times. The creation of
microrelief and embedding SLM also made it possible to decrease the friction factor.
The results illustrating changes in the friction factor are presented in Fig. 9.

4 Conclusion

Deformational cutting of Cr–Ni stainless steel with the structure of metastable austenite
is an effective method for material hardening. Based on the results of microhardness
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Fig. 7 Structure of the finned surface of AISI 321 steel, SEM, ×4500

Fig. 8 Specific wear rate of AISI 321 steel after DCM and SLM embedding

measurements and microstructure studies, it was established that the DCM made it
possible to increase the material hardness by more than two times, while martensite was
contained in the fin structure.

The results ofwear tests in the conditions of unlubricated sliding friction have demon-
strated that DCM application makes it possible to decrease the specific wear rate of AISI
321 steel approximately by 1.9 times as compared with annealed samples. Embedding
Teflon into the slotted structure of microrelief resulted in a decrease in the specific wear
rate by 7.5 times as compared with annealed samples, while after embedding expanded
graphite, the wear rate decreased by 22 times. Embedding SLMs also made it possible
to decrease the friction factor for AISI 321 steel.
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Fig. 9 Changes in the friction factor of steel AISI 321 after DCM and SLM embedding
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Technical Requirements for Lubricating Flanges
Devices of Locomotive Wheelsets

I. A. Mayba(B)

Rostov State Transport University, 2, Sq. Rostovskogo Strelkovogo Polka Narodnogo
Opolcheniya, Rostov-on-Don 344038, Russia

Abstract. The work carried out extensive studies to date information environ-
ment in the field of development, implementation, and evaluation of the oper-
ational efficiency of the lubrication devices crests of wheel pairs locomotives
and analyzed international practice and application features flanges lubrication
devices and lubricants for contact “wheel-rail”. Among the topical issues that
require appropriate design solutions are the issues of increasing the efficiency of
the LDFL devices. Designworkwas carried out to develop technical specifications
for lubrication devices for wheelset flanges of locomotives (hereinafter referred
to as USGL devices) in accordance with GOST 15.902-2014 system of product
development and launching into production. Railway rolling stock. The order of
development and putting into operation. According to the results of tests, USGL
devices were allowed to put into mass production and admission to use in the
infrastructure of OJSC “Russian Railways”. The purpose of the work is to formu-
late normative indicators governing the main characteristics of effective devices
for lubricating the flanges of wheel pairs of locomotives that meet the regulatory
requirements for equipment that is installed on traction rolling stock.

Keywords: Project · Tests · Ridge lubrication device · Technical requirements ·
Project stages ·Methodology

1 Introduction

In the course of the research publishing groups of foreign and Russian scientists were
considered [1–17]. It is established that the considered subject “Systems, wheel flange
lubricating device for lubricatingmaterials for the contact ‘wheel-rail’” is of considerable
interest. The variety of subjects of the presented patents indicates an active search for
optimal solutions in the subject area under consideration. Nevertheless, the general
analysis shows that, despite the large number of studies in the subject area of patent
search, the optimal system for ridge lubrication of a locomotive wheel that meets all the
requirements in accordance with the operating conditions has not been found yet. Based
on this, the generalization of known approaches and the search for new ways to solve
this problem seems important and promising.
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2 Materials and Methods

The object of this research is devices for lubricating the flanges of locomotive wheelsets.
The use of such devices on rolling stock allows you to obtain the following advantages:

• significantly reduce the wear rate of the wheel flanges (tires) and increase their
resource;

• to reduce lateral wear of rails and increase their service life;
• to reduce resistance to movement and reduce the cost of electricity (diesel fuel) for
traction;

• to reduce the probability of derailment by reducing the coefficient of friction;
• to reduce non-production costs associated with downtime of the rolling stock when
replacing and turning wheels (tires) and grinding rails.

The purpose of the work is to formulate normative indicators governing the main
characteristics of effective devices for lubricating the flanges of wheel pairs of locomo-
tives that meet the regulatory requirements for equipment that is installed on traction
rolling stock.

3 Results

The analysis performed allowed to formulate and define themain sections of the technical
specification for the LDFL development devices and their content. The main results of
the research are presented below.

1. Technical requirements

Product type.
LDFL devicesmust have a basic configuration with device options in various designs

(modifications) with the ability to install on various types of locomotives and be a
mechanical feed drive fixed on the bogie frame or on the axle box of the wheelset,
oriented with its guide to the wheel crest at the point as far as possible from brake shoe
brake linkage.

Requirements for the purpose.
The LDFL devices must apply a solid lubricating element (referred to as SLE) to

the wheel flange using a rotaprint method and have a continuous feeding cycle and
automatically apply SLE.

LDFL devices must comply with the main technical characteristics:

• maximum weight, kg, no more than 15;
• limiting dimensions, mm—600 × 600 × 600 (length × width × height);
• limiting dimensions of the feed mechanism guide, internal (for section), mm:
• 30 × 500 (diameter × length) and/or 40 × 60 × 500 (height × width × length);
• the force of the drive spring, N, in the range of 10–60.
• Mean time between failures must be at least 120 thousand operation cycles.
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• the average service life must be at least 20 years.

Interoperability requirements.
The LDFL device must be functionally compatible with all types and series of loco-

motives on which it is installed. The overall installation and connection dimensions of
LDFL should not change the overall dimensions of the locomotives.

Requirements for resistance to external influences and survivability.
LDFL devices must be manufactured in climatic version U category 1 in accordance

with GOST 15,150. Limiting operating values of air temperature during operation are
lower—minus 50 °C; upper—plus 45 °C.

When fastened in the elements of the first stage of spring suspension, it must remain
operational and be resistant to mechanical influences in the form of dynamic loads
arising from the movement of the locomotive from the superstructure of the track. If a
wheelset is attached to the axle box, the LDFL must remain operational and be resistant
to dynamic forces arising in contact between the wheel and the rail when the locomotive
moves along uneven tracks.

Failure Criteria and Limit State.
The state of the LDFL, corresponding to the resource failure of its basic element,

is the limit. Failure of LDFL is an event in which the device does not perform its basic
functions or does not meet its basic characteristics.

General requirements for assessing reliability methods.
The compliance of the LDFL with the reliability requirements established in this

technical specification at the development stage of the life cycle is assessed by the
calculation method using data on the reliability of the components in accordance with
GOST 27.301.

The compliance of LDFL with the reliability requirements at the stage of the life
cycle “Operation” is assessed by the calculation and experimental method, according to
the test program developed and agreed with the customer at the stage of development
of working design documentation. The initial data for test planning (rejection level,
customer risk, acceptance level, and supplier risk) should be defined in the reliability
test program.

The developermust submit a product reliability report for approvalwith the customer,
containing the following information: list of LDFL failures; analysis of the types of
consequences; and criticality of failures in accordance with GOST27.310.

Ergonomic and technical aesthetics requirements.
LDFL devices must meet the requirements for ergonomics in accordance with

GOST20.39.108.
Requirements for operation, maintenance, repair and storage.
The LDFL devicemust function normally andmaintain its characteristics throughout

the service life in conditions that meet the requirements of the technical specification.
LDFL should be installed on the elements of the bogie and/or axle box unit of

the traction rolling stock. The installation procedure, installation diagram, installation
and connection dimensions, and their deviations are carried out in accordance with the
operating manual of the corresponding type of LDFL and the drawings of the design
documentation.
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USGL devices must ensure the possibility of changing the SLE at locomotive
turnover points or their maintenance points in the amount and with frequency in accor-
dance with the operating manual of the corresponding type of U SG L device and
drawings of design documentation.

The control of the pressing force of the SLE to the surface of the wheel flange should
be carried out using an exemplary compression dynamometer of the third category in
accordance with GOSTR 55,223 or its calibrated analogue.

Welded joints of UATL fastenersmust be checked for compliance in accordance with
GOST 3242. 3.7.6. The introduction of the UATL device into operation, its maintenance
and repair should be carried out by persons who have passed the appropriate safety
instructions for working on the rolling stock.

Repair of the LDFL device should be carried out at specialized enterprises by trained
specialists. Documents containing data for carrying out repair work must be contained
in the repair documentation.

The warranty period for the LDFL device is at least two years from the date of
installation on the locomotive, or not more than 3 years from the date of manufacture
and transfer to the customer.

LDFL devices must allow storage in a heated warehouse in a standard package for
at least three years.

Transportation requirements.
LDFL devices in standard packaging must allow transportation by any type of trans-

port, subject to the rules for the carriage of goods established for this type of transport
in accordance with the requirements of GOST 15,150. The temperature range of the
environment during transportation must correspond to the climatic version of the LDFL
device.

Safety and health requirements.
LDFL devices must meet the requirements of GOST 34,394 for fire safety, be trau-

matic, its components must not contain toxic materials that emit harmful gases and other
substances during combustion and during normal operation.

The production of the LDFL device must be carried out in accordance with GOST
2.2.2.1327-03 “Hygienic requirements for the organization of technological processes
and requirements for production equipment”.

Manufacturability requirements.
The design of the LDFL device must ensure its production using modern technolo-

gies, from modern materials in accordance with GOST14.201.
Environmental protection requirements.
During the production of the LDFL device, emissions into the atmosphere must be

periodically monitored in accordance with GOST17.2.3.01.
Wastewater treatment should be monitored periodically in accordance with

GOST17.1.4.01.
Disposal requirements.
The storage of the LDFL device taken out of service before their disposal must be

carried out in accordance with the requirements of GOSTR 55,838. The LDFL device
must be disposed of by the method of complex processing for secondary use.

2. Technical and economic requirements
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The use of LDFL should increase the resource of locomotive wheelsets. Changes in
technical and economic indicators should ensure the economic feasibility of using
LDFL in comparison with analogues.

3. Requirements for types of collateral.
Metrological, diagnostic, and regulatory support of the LDFL device should be car-
ried out in accordance with modern requirements and current regulatory documents
GOSTR 51,672, GOST 27,518.

4. Requirements for raw materials, materials, and components.
As a rawmaterial in the productionof theLDFLdevice, commercially availablemetal
products (high-quality metal products, shaped metal products, pipe metal products,
sheet metal products, hardware and raw materials, high-quality steels, non-ferrous
metals), mainly of domestic production, should be used.

5. Requirements for conservation, packaging, and labeling.
Conservation of the LDFL device must be carried out in accordance with the require-
ments of GOST9.014. The LDFL device must be packed in accordance with GOST
23,170.
The packaging of the LDFL device must ensure its integrity during loading and
unloading operations, transportation, and storage. By agreement with the consumer,
it can use various types of containers and packaging that ensure the safety of products.
The LDFL device must be printed on the shipping container or label. Transport
marking must be carried out in accordance with GOST 14,192.

6. Special requirements.
The patent purity of the developed LDFL device must be ensured in relation to the
following countries: Russia, USA, EU countries, Japan, and Canada. Search depth
is 10 years. By decision of the manufacturer, LDFL can be certified in any of the
existing voluntary certification systems.

7. Requirements for documentation.
The UATL documentation set must contain:

(a) technical conditions;
(b) design documentation;
(c) operational documentation in accordance with GOSTR 2.601;
(d) a document on patent purity and non-copyright infringement.
(e) repair documentation in accordance with GOST2.602

8. The order of implementation and acceptance of the development stages work.
The work must be carried out in accordance with the requirements of GOST15.902.
Place of preliminary and acceptance tests is a manufacturer, factory. Acceptance of
work stages is carried out in accordance with the requirements of GOST15.902.

9. Stages of the device LDFL development (Table 1).

4 Discussion

The obtained research results represent the completed regulatory requirements for LDFL
devices, which should be guided by the development of new and existing wheel-rail
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Table 1 Stages for the development of the LDFL

Stage name List of works

Development of technical specifications Analysis of the latest achievements and
prospects for the development of domestic and
foreign science and technology in the field of
activation of friction processes; conducting
patent research. Coordination of technical
specifications

Development of working design
documentation

Development:
• design documentation for a prototype
• repair documentation for repair in
accordance with

• operational documentation for operation in
accordance with

• programs and methods for preliminary tests
of a prototype in accordance

Manufacturing and acceptance tests of
prototypes

Development of a prototype preparation of
production for the manufacture of a prototype
Manufacturing of a prototype conducting
acceptance tests of a prototype. Preparation of
a set of experimental equipment for
installation on a locomotive

Preliminary tests of the prototype Preliminary tests of prototypes during the trial
run of the locomotive at the railway range.
Consideration of the results of preliminary
tests. Correction (if necessary) of design and
operational documentation according to the
results of preliminary tests of the prototype
with the assignment of the letter “O”

Acceptance tests of prototypes and acceptance
of R&D results

Acceptance tests. Correction of design and
operational documentation (if necessary).
Assignment of technical documentation of a
prototype of the letter “O1 1” or “A”.
Consideration of the acceptance test protocol.
Consideration of the results of the ROC by the
acceptance committee

Work results Terms of reference for the development. A set
of design, technological, repair, and
operational documentation for LDFL devices

contact lubrication devices modernization. The presented material is instruction for the
formation of technical specifications and technical conditions of lubrication devices cre-
ated on scientifically based criteria for their operability and operational reliability. At the
same time, it should be considered that the developed criteria are based on the regulations
adopted by OJSC “Russian Railways”, which implies the possibility of expanding the
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requirements depending on the specifics of the place of application of flange lubrication
devices in a particular country.

5 Conclusion

During the research, a regulatory framework was created for design work in the field
of creating devices for the flanges lubricating of wheel pairs of locomotives, which
allows developers to operate effective devices for ridge lubrication that meet the current
requirements of standards and regulatory documents of OJSC Russian Railways, which
is the basis for increasing operational traction reliability of rolling stock.
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Abstract. Questions of guidance and erasure of the varnish (oxide-nitrous) film
on the collectors and contact rings of electric machines are constantly in the field
of view of specialists in electrical mechanics. The varnish film is a solid lubricant
that reduces the coefficient of sliding friction in the unit of the sliding-current
assembly (SCA) of electric machines, which in turn reduces the wear of standard
brushes, collectors and slip rings. The absence of a polish film (the impossibility
of formation) increases the wear of the brushes by hundreds of times. At the
same time, too much thickness of the polish film can also lead to splitting of the
brushes due to the occurrence of molecular coupling forces and even not starting
the electric motor. Therefore, the control over the corrosion state of the polish film
in the SCA is undoubtedly an urgent problem. This work is devoted to an attempt
to apply an inexpensive solution for effective cleaning of metal contact surfaces
of electric machines (EM) from negative formations using a talc-filled composite
inserted in the form of a briquette in the standard window of the brush holder on
the sliding track of high-power electric machines.

Keywords: Polishing film ·Wear · Brushes · Collector and slip rings · Electrical
machines · Talcum powder · Sanding block · Carbon deposits

1 Introduction

The reliability of electric machines that have a sliding-current assembly (SCA) unit in
their composition largely depends on the wear rate of collectors and current-carrying
brushes, which is determined by the presence of a surface polish film [1–3]. The polish
film acts as a lubricant for the contact surfaces of the stationary electric brushes and the
collector, as well as a protective cover film with a transient resistance, for the implemen-
tation of a stable electrical transfer. According to the regulatory regulations, the value of
the transition resistance of the varnish film is not normalized due to its possible structural
transformation, and the thickness is in the range of (5–100) nm. The polish film consists
of the oxide component of the metal, which has a composition of oxides with different
stoichiometry, and the carbonaceous brush material on top of it, and other components
that are part of the brush product.
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The presence of a “normal” polish film, as shown by the research, means that the
resistance of the film passage is the most significant resistance of all possible resistances
standing in the path of the current passage from the traverse to the collector metal. The
polish film is in a dynamic equilibrium at which the process of its formation and its
destruction occurs due to the grinding action of the brushes.

On the surface of the collector or contact ring of electric machines of direct and
alternating current of general industrial use, even in conditions of acceptable switch-
ing, non-conductive spots—“carbon deposits,” which are thick oxide films, are often
formed [4–6]. The appearance of spots-deposits of chemical origin is also noted [6, 7].
In addition, under certain atmospheric conditions and unfavorable switching modes of
operation of an electric machine, often accompanied by increased sparking, the forma-
tion of an oxide-nitrous compound polish film of high thickness and resistance occurs
[8–10]. These negative processes worsen the current distribution across parallel brushes.
The concentration of the current load on individual brushes often leads to increased wear
of standard carbon brush materials and in some cases even to their splitting. [11–13].

In DC motors, multi-brush units of a sliding-current collector with parallel working
brushes designed to supply working currents to the rotating parts of an electric machine
are widely used. As the experience of operating brush-collector units of rolling mill
engines shows, in most cases, there are three acute problems: high wear of electric
brushes, their sparking as a result of switching processes, as well as an unacceptably
high temperature of the blade.

For the same reason, in the absence of preventive measures, electromechanical ero-
sion of collectors and rings often occurs,whilewear can go beyond the repair dimensions,
followed by rejection of current-collecting rings and collectors [14–17]. On high-power
electric machines (on turbo generators), this leads to large additional capital expendi-
tures both for unscheduled repair activities due to the need to replace contact pairs with
new ones, financial losses for the purchase of new complete sets, and time losses and
increased labor intensity due to additional dismantling and installation activities.

Currently, the problem of eliminating the so-called carbon deposits which are tightly
adhered oxide-acidic films and other salt deposits of chemical origin (impairing EM
commutation) is solved by manual mechanical removal with abrasive skins or grinding
stones. Depending on the design, they have versions with clamping handles (rings) and
are marked 90602–90672 N, as well as additional designations of the grinding stone
grain size (C, M, F, P). In this case, it is recommended to carry out processing first with a
coarse-grained bar and then sequentially using several bars with a gradually decreasing
grain size from C to P [16–18].

It is quite a difficult task. These devices have a significant drawback, which is deter-
mined by the subjective pressure effect of the maintenance and repair personnel. In
addition, the hard grains of the abrasive component of the grinding stones saturate the
material of the surface layer of the collector or ring, which leads to an increase in the
intensity of electroerosive wear of the collector and brushes. Additionally, hard abrasive
materials lead to the formation of blockages at the edges of the plates with a depth of
0.2–0.5 mm, reducing the contact area of the collector brush, ring-brush [19–21].

All these processes often lead to uneven wear of the metal surface and, as a result,
to an increased level of arcing.
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In someproblematic cases, a laborious operation is required bymilling the cylindrical
rotating surface due to “carbon deposits” and “circular fire.” Using a turning tool with
a cutting part made of tungsten-cobalt alloys of the VK-8 type for turning the working
surface of the collector or slip ring often leads to the formation of burrs on the edges
of the collector plates and rings, which worsen the mechanical connection between the
brush and the ring or collector. The deburring operation is extremely time consuming
and often done by hand [22–27].

1.1 Experimental Technique

The implementation of the technical solution was carried out on the basis of obtaining
briquettes of powdered talcum powder on a bakelite bond varying the pressing pressure
of the mixture. The pressing pressure was selected experimentally, allowing to achieve
high strength indicators of the briquette, which was then normalized (heat-treated) at
a certain temperature and time in the electrical box. The device for grinding the metal
surface of the SCA was a non-conductive grinding brush made of a composite material,
obtained by heat treatment with temperaturemixing of a powder of a certain brand of talc
and bakelite varnish, leading to the formation of a resinmixture due to the polymerization
of the varnish (Figs. 1 and 2).

Fig. 1 Mixer for preparing a mixture of talc and binder

Subsequently, it was subjected to pressing in a mold (Fig. 3).
Vertical hydraulic top pressure press with a force of 60 tons (Fig. 4) without heating

plates used directly for pressing briquettes. A feature of this press is the presence of
an individual hydraulic drive and specialized equipment that allows to work in a semi-
automatic mode.

To press out the finished briquettes, a vertical press with a force of 3 tons was used
(Fig. 5).
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Fig. 2 Bath with stirring Z-shaped paddles

Fig. 3 a Side view talcum powder compression mold; b Top view

After pressing out the briquettes, a visual inspection is performed for the appearance
of cracks. Past control the briquettes are in the process of heat treatment.

Heat treatment is the final stage of the technological process ofmanufacturing a semi-
finished grinding brush, during which the compressed briquettes are subjected to heating
and aging in order to give them the necessary properties. During the heat treatment, the
binder is converted from a viscous state to a solid state, which gives the briquettes the
required mechanical strength.

Dimensions of the contact surface of the grinding brush are equal to the current-
collecting brushes. The grinding brush is installed on the slide track, instead of the
standard brush. Each grinding brush is fastened with glue to a used standard brush and
is spring-loaded in the brush holder with a standard brush spring.

Figure 6 shows a brush-collector unit, which includes: collector 1, collector brushes
2 in standard brush holders 3, grinding brush 4, bonded with glue with a used standard
brush 5.
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Fig. 4 Bath with stirring Z-shaped paddles

Fig. 5 Vertical press for extruding briquettes
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Fig. 6 Brush-collector unit with compound grinding brush

The work of the proposed technical solution in the brush-collector unit is carried
out as follows. When the collector rotates, the grinding brushes clean the surface of the
collector or slip ring where the collector brushes slide. Thickness of the polish film, in
addition to visualization, was accessed by the value of its resistance.

The resistance of the polish film along the collector track was measured using a
digital milliohm meter and silver-plated probes (Fig. 7).

Fig. 7 Installing test leads for determining the resistance of the polish film. (1) false brush; (2)
silvered probes; (3) collector plate
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The assessment of the strength propertieswas carried out on a universal tensile testing
machine of the R-5 type, which is used to check the compressive strength of the finished
briquette. The method for checking the ultimate compressive strength is standardized by
GOST 23,775-79. The briquettes recommended for use have hardness indicators within
the permissible value, regulated by TU 1911-002-02,068,344-2017.

To assess the ultimate strength, we took 1 sample from a batch measuring 10 × 10
× 10 mm. The tests are carried out on a universal tensile testing machine, type R-5. The
load on the sample was applied in such a way that the direction of application of the
force was parallel to the pressing plane, and the speed of movement of the moving part of
the machine did not exceed 20 mm/min. The load increased continuously and uniformly
until the sample was completely destroyed, with the force Q fixed at the moment of
destruction. Knowing the initial area of the sample S*, the compressive strength was
calculated, which should be at least 4–5 MPa:

σ = Q

S
(1)

The thermal imager “Testo 875”was used tomonitor the temperature of the processes
associatedwith the heating of the compositemixture and the contact temperatures during
grinding and switching (Fig. 8).

1.2 Discussion of Experimental Results

A preliminary assessment of the possibility of using a talc composite as a grinding agent
was evaluated on grinding-universal machines (GUM), modernized for a test bench.
These machines had an additional window where a spring-loaded talc-filled composite
was inserted and then fixed with a rubber plug (Fig. 9).

The composite was located on the sliding track of standard brushes. The collector
of the electric machine had “carbon deposits” on the surface obtained in non-optimal
switching conditions. The results of experiments on removing the polish filmwith talcum
powder are presented in Table 1.

In the case of using the proposed grinding brush, the surface of the copper collector
is completely cleaned from the oxide-acidic film and carbon deposits. The accuracy of
mating the grinding briquette with the surface to be cleaned is significantly increased.
The productivity of the process is increased (10–15 min), and the labor intensity of the
grinding operation is reduced.

Grinding brushes efficiently clean the surface of the collector or ring of an electric
machine without disturbing the surface profile of the rings or the collector. Due to the
low adhesion to the metal surface of talc, its grinding dust is easily blown out of the
contact area.

The dimensions of the pilot-industrial mold make it possible to produce grinding
briquettes corresponding to the geometric dimensions of standard industrial turbogen-
erators. In order to improve the material consumption of the process, it is possible to
use used standard brushes as a carrier of the grinding briquette and allows you to easily
adjust the size of the grinding briquette to the size of the standard brush. The proposed
technical solution has priority in the Federal Institute of Industrial Property [28]. We
offer deliveries of batches of non-conductive grinding brushes on high-power EMs to
producers of electrical energy on contractual terms.
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Fig. 8 Thermal imager machine Testo 875

Fig. 9 Test bench with a window for grinding composite
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Table 1 Reducing the thickness of the polish film when grinding with a talc-filled composite of
a copper collector

№ Resistance of the polished film (Ohm)

Time of the resistance measurement of the polished film (h)

Initial value After 3 min of grinding After 10 min of grinding After 15 min of grinding

1 0.47 0.4 0.3 0.03

2 0.52 0.48 0.32 0.02

3 0.5 0.43 0.27 0.03

4 0.5 0.44 0.3 0.03
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