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Preface

This volume of Lecture Notes in Mechanical Engineering contains selected papers
presented at the 5th International Conference on Design, Simulation,
Manufacturing: The Innovation Exchange (DSMIE-2022), held in Poznan, Poland,
on June 7–10, 2022. The conference was organized by the Sumy State University,
Poznan University of Technology, and International Association for Technological
Development and Innovations, in partnership with Technical University of Kosice
(Slovak Republic), Kielce University of Technology (Poland), University of West
Bohemia (Czech Republic), Association for Promoting Innovative Technologies—
Innovative FET (Croatia), and Society for Robotics of Bosnia and Herzegovina
(Bosnia and Herzegovina).

DSMIE Conference Series is the international forum for fundamental and
applied research and industrial applications in engineering. The conference focuses
on a broad range of research challenges in the fields of manufacturing, materials,
mechanical, and chemical engineering, addressing current and future trends in
design approaches, simulation techniques, computer-aided systems, innovative
production approaches, Industry 4.0 strategy implementation for engineering tasks
solving, and engineering education. DSMIE-2022 brings together researchers from
academic institutions, leading industrial companies, and government laboratories
worldwide to promote and popularize the scientific fundamentals of engineering.

DSMIE-2022 received 159 contributions from 20 countries around the world.
After a thorough peer-reviewed process, the Program Committee accepted 84
papers written by 337 authors from 16 countries. Thank you very much to the
authors for their contribution. These papers are published in the present book,
achieving an acceptance rate of about 53%. Extended versions of selected best
papers will be published in scientific journals: Management and Production
Engineering Review (Poland), Journal of Engineering Sciences (Ukraine),
Advances in Thermal Processes and Energy Transformation (Slovak Republic),
Assembly Techniques and Technology (Poland), Machines (Switzerland), and a
special issue of Sustainability (Switzerland) “Industry 4.0 Technologies for
Sustainable Asset Life Cycle Management.”
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We would like to thank members of the Program Committee and invited external
reviewers for their efforts and expertise in contributing to reviewing, without which
it would be impossible to maintain the high standards of peer-reviewed papers. One
hundred five Program Committee members and 23 invited external reviewers
devoted their time and energy to peer-reviewing manuscripts. Our reviewers come
from all over the world, represent 19 countries, and are affiliated with more than 80
institutions.

Thank you very much to keynote speakers: Prof. George-Christopher Vosniakos
(National Technical University of Athens, Greece), Prof. Dariusz Mazurkiewicz
(Lublin University of Technology, Poland), Prof. Szymon Wojciechowski (Poznan
University of Technology, Poland), Prof. Sahin Yildirim (Erciyes University,
Turkey), Dr. Valdimir Dolgikh (Seco Tools AB, Sweden), and Mr. Krystian Kogut
and Przemyslaw Pasich (InterMarium, Poland).

The book “Advances in Design, Simulation and Manufacturing V” was orga-
nized in two volumes according to the main conference topics: Volume 1—
Manufacturing and Materials Engineering and Volume 2—Mechanical and
Chemical Engineering. Each volume is devoted to research in design, simulation,
and manufacturing in the main conference areas.

The second volume consists of four parts. The first part aims at ensuring
vibration reliability of turbines, studying the behavior of a rod under external loads
and the stress–strain state of structures. Recent advancements in rotor dynamics and
stability of centrifugal pumps for nuclear power plants are also presented in this
part. Moreover, this part included research works on the influence of inertial loads
on the operation of overhead crane girders and the dynamics of a particle by a
curvilinear surface under rotation. Finally, supersonic flows in blade channels are
also studied in this part.

The second part includes a model of the pneumatic unit and a new method for
optimization synthesis of vibro-impact systems. Also, it presents studies in
designing hydraulic motors, modeling lifting particles of technological material by
a vertical auger, and reducing working fluid pulsations in hydraulic machines.
Finally, the effect of manufacturing tolerances on the hydrodynamic characteristics
of plain bearings is also presented in the second part.

The third part is devoted to designing and modernizing fuel oil heating and tar
cooling systems, oilfield wastewater systems, and heat exchange equipment. It
demonstrates studies in comparative evaluation of the contact elements efficiency
for barium sulfide solution carbonization and the application of low-frequency
mechanical vibrations to develop highly efficient continuous extraction equipment.
This part includes modeling hydraulic resistance and spray transfer in stabilized
multiphase systems, designing reactors with mechanical mixers in biodiesel pro-
duction, and justification of vibroventrentic external load during mechanical
pressing of glycerin-containing products. Research on reducing granular material
losses in a vortex chamber and designing wheat fiber with pumpkin pectin plant
additive for use in the meat industry is also presented in this part.
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The fourth part is based on recent developments in gas-dynamic cooling sys-
tems, designing marine diesel engines, and combined air cooling systems. Exhaust
heat recovery in an integrated energy plant, jet-reactive turbine circular efficiency,
and innovative hybrid power plant design are also included. Finally, this part is
devoted to ensuring the efficiency of cooling air at the inlet of a marine engine with
exhaust gas recirculation by ejector and absorption refrigeration.

We appreciate the partnership with Springer Nature, iThenticate, EasyChair, and
our sponsors for their essential support during the preparation of DSMIE-2022.

Thank you very much to DSMIE team. Their involvement and hard work were
crucial to the success of the conference.

DSMIE’s motto is “Together we can do more for science, technology, engi-
neering, and education.”

Vitalii IvanovJune 2022
Ivan Pavlenko

Oleksandr Liaposhchenko
José Machado

Milan Edl
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Abstract. The solution to the problem of the power turbines vibration reliability
at failures arising as a result of resonant frequency hit in the operating range of a
rotor considering the randomness of the support rigidity change on the foundation
is considered. The study finds a complex machine-building object - the steam tur-
bine housing on the foundation. The subject of the study is the failure as a result
of vibration resonance in the operating frequency range. The reason for failures
can be various design and technological imperfections. They can be divided into
two groups: imperfections resulting from design and creation, and on the other
hand - deviations from the design parameters as a result of the long-time oper-
ation. A special factor in the occurrence of various imperfections (deviations) is
the time over which the probability of trouble-free operation decreases. To solve
the problem, the methods of oscillation theory, reliability, and the widely used
finite element method are used. Based on experimental data on the accumulation
of rigidity imperfections on the foundation, the series of calculations of natural
frequencies and forms, which are once again compared with experimental data,
is carried out. The obtained results determined the probability of failures in the
operating frequency range from the most dangerous resonances.

Keywords: Industrial growth · Steam turbine · Stiffness · Fatigue failures ·
Eigenvalue · Reliability · Energy efficiency

1 Introduction

The actual power unit of the power plant is a complex system of turbines and a generator
connected by a standard rotor and foundation [1, 2]. In addition to these elements, there
are other essential systems and units, but they are not connected by a single foundation
and are partially or entirely located in other workshops [3]. Typically, a single steam
turbine system includes high (HP) and medium (MP) pressure cylinders, several low-
pressure cylinders (LP), the generator, and the generator exciter [4]. The most pliable are
the outriggers of the low-pressure rotor bearing, structurally made in one piece with the
LP housing, which rests on the foundation through the plate balcony [5, 6]. Therefore, all
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the LP housing structural elements are involved in reinforcing the bearings of the rotor
bearings. This fundamentally distinguishes the fastening system of the rotor LP from the
rotors HP, MP, and generator, whose bearing supports rest directly on the foundation.
This approach is not generally accepted but is implemented in hundreds of actually
created energy blocks [3, 7]. Many of these units are still in operation.

2 Literature Review

The authors have previously conducted numerical studies of various models of dynamic
characteristics of the turbine-generator-foundation system elements and similar systems
in general [8, 9]. Multiple approaches to modeling the turbine-generator-foundation
systemand comparing the efficiency of their application are described in [8]. The features
of assessing the reliability of complex systems are described in [9]. The results of field
tests [10, 11] allowed us to propose the following model of the turbine unit: LP, which
is a complex system of shells, plates, and rods; foundation in the form of the system of
plates and rods; other equipment [12, 13] is modeled in the form of concentrated masses.

When designing the foundation for turbines, from the very beginning, there is pos-
sible random scatter in the modulus of elasticity of concrete, associated with the man-
ufacturing technology [14–16], which was higher at thermal power plants and nuclear
power plants in the last century in the missing coalition [3, 10]. Recently, due to the
depletion of the resources of most power plants in Europe, the task of modernizing
existing power plants and using renewable energy [17, 18] has become urgent [18, 19].
It is economically advantageous to carry out a partial replacement of equipment, for
example, leaving the old foundation to install a new turbine and generator. Therefore,
considering the statistical variance of the characteristics of the stiffness of the resistance
is an important problem since during the service life, there are temporary changes in the
structure of concrete [3, 20]. This requires consideration of the rigidity of the LP body
support as a random variable.

3 Research Methodology

Wewill use the solution to the reliability problem according to the followingmethod: (1)
creation of the mathematical model; (2) construction of geometric and computational
models; (3) conducting a series of calculations of natural frequencies and forms of the
system; (4) verification of the obtained intermediate results reliability; (5) obtaining
reliability characteristics; (6) analysis of the obtained results.

We will use well-known approaches to the theory of oscillations, reliability, and the
finite element method for mathematical modeling.

3.1 Mathematical Model for the Analysis of Natural Frequencies and Forms

The simple-element problem statement of the system natural frequencies has the form
[8, 21]:

(
K − p2i M

)
Vi = 0, i = 1 ÷ n, (1)
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where K, M are the matrices of stiffness and mass, respectively, p2i is the natural
frequency for Vi natural form.

The method of iterations in subspace was used to determine the natural frequencies
and forms.

3.2 Mathematical Model for Reliability Analysis

When solving the reliability problem, it is assumed that the rigidity of the body support
on the foundation C is a random variable whose probability density f (C) obeys the nor-
mal law with known parameters: mC is the average (nominal) value; δ2C is the variance.
The maximum limit value C corresponds to a rigid support. Since the stiffness param-
eters of the system under study are random [22, 23], the natural frequency spectrum
ωi (i = 1, ..., n) will also be random. It is assumed [9] that in the small neighborhood of
the nominal values of the natural frequencies Pi(mC), as a function of the stiffness C,
can be approximated by the Taylor series while preserving only the linear terms:

ωi(C) = ωi(mc) + (C − mc)
dωi

dC

∣∣∣∣C=mc
, (i = 1, ..., n). (2)

In this case, the relationship betweenωi andC will be linear and the probability densities
of the natural frequencies fi(ωi)will obey the normal law with mathematical expectation
mωi and variance δ2ωi

, which according to the Eq. (2) are determined from the relations:

mωi = ωi(mC); δ2ωi
=

[
dPi

dC

∣∣∣∣
C=mc

]2

δ2C (3)

The derivative dPi/dC is determined using finite-difference equations, the central
differences were used in this paper.

The vibration reliability of the system [24–26] when considering failures that occur
as a result of the natural frequencies in the operating range [ωn, ωk ], can be estimated
by the failure probability Qi (Q = Σ Qi), which represents the probability of the natural
frequency ωi(i = 1, ..., n) in set operating range:

Qi = P(ωH ≤ ωi ≤ ωB) =
∫ ωB

ωH

f (ωi)dωi (4)

The final reliability value will be assessed by its integrated indicator - the availability
factor Kg.

Kg = t

t + t
(5)

The availability factorKg (the probability of an operable state of the systemat an arbitrary
moment in time) is the ratio of the time of good operation tCP (without failures) to the
sum of the times of good operation and forced downtime of the object (tCP + tB) or their
mathematical expectations.
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3.3 Construction of Geometric and Computational Models

Based on the drawings of an actual steam turbine, the basis of the geometric model was
created. Then, using the finite element method, a computational model of the system
was created. Figure 1 shows the symmetrical part of the lower half of the steam turbine
K-325-25,3 housing for 1, 2, and 3 streams.

Fig. 1. Calculation model. Forms of natural oscillations 8.

Accounting for the stiffness of only the lower half of the LP housing simplifies
the calculation scheme. The system of masses considers the upper part. The plane of
symmetry passes through the rotor axis. The lower parts of the LP of all streams are
made in a single body, so they have a standard support balcony and are installed in one
cell of the frame foundation. In addition, a feature of this design is a single rotor MP
and LP 1st flow, which requires modeling of the LP housing as a shell and articulation
with the LP housing into a single model. This version of the design of the LP is used
for all turbines of the K-320-240 type, which were installed at many power plants in
Eastern Europe and Asia in the 60-80s of the last century [27, 28]. Almost half of them
have already exhausted their project resources. The latest modification of this series is
the turbine K-325-25,3. It has the same dimensions but more power and efficiency.

The computational model (Fig. 1) has 3325 finite elements, 3186 nodes, and 19062
degrees of freedom. Quasi-shell finite elements in the form of a linear combination of
plates for bending and flat stress were used for modeling. The LP building lies freely on
the foundation. The support on the foundation was modeled by a system of stiffnesses
attached to each particular unit of the supporting balcony. The reliability of the frequency
analysis results is based on a comparison with another model, which has 24458 degrees
of freedom. The average error in the values of natural frequencies is 6%.
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4 Results

4.1 Calculations of Natural Frequencies and Forms of the System

Numerical calculations of natural frequencies and forms of oscillations are performed
when varying the value of the stiffness of the foundation in the range from one rigid
fastening to C = 1 · 107 N/m2. It is known from experimental data that the stiffness of
foundation individual elements can vary significantly [29, 30]. This intensified, espe-
cially with the transition from monolithic foundations to prefabricated ones. Analysis
of experimental data showed a scatter of stiffness up to 50% for one foundation struc-
ture and several times for foundation structures of monolithic and prefabricated types.
A wide range is chosen to vary the foundation stiffness based on this. The calculation
results are shown in Table 1.

From Table 1, it is seen that the whole spectrum of frequencies, depending on the
stiffness of the support, can be divided into two parts: sensitive frequencies and insensi-
tive. The values of the latter do not depend on the support rigidity. Some deviations of
these frequencies are possible (P11, P4), but they are minor and related to their prox-
imity at a given stiffness of moving frequencies. Analysis of the oscillation’s forms
showed that these frequencies belong to the “local”, i.e., their forms are determined by
the oscillations of individual structural elements: the housing walls, guide flows, etc.
These frequencies cannot be the cause of failure when changing the stiffness charac-
teristics of the foundation, and„ therefore can be excluded from the spectrum in the
reliability analysis. Analysis of the oscillations forms of sensitive frequencies showed
that they belong to the “global”, i.e., their forms are determined by the oscillations of
most structures. It is seen in Figs. 1 and 2 shows the type of eigenforms for 8 and 13
eigenfrequencies.

Comparison of the obtained natural frequency values with the experimental values
(Table 1) shows a good correlation, indicating the obtained results’ reliability. The limited
experimental data is associated with the experiment method, where the measurements
were performed discretely and in the range of 30–52 Hz. This is due to the high cost of
experiments and the inadmissibility of measurements near the resonance.

Figure 3 shows a graph of the dependence of the values of “global” natural frequen-
cies on the stiffness of the support, which shows that the frequency P8 takes values in
the operating range (48–52 Hz), and the frequency P13 can get into it. Therefore, these
factors will have the most substantial impact on the structure reliability in the studied
model of failure.

4.2 Calculations of Reliability Indicators

Table 2 shows the values of the failure probability Qi, mathematical expectations mωi ,
variance δωi and the frequency gradient dωi

dC for the “global” natural frequencies of the
LP when varying the values of the stiffness of the support in the range 1 · 107..4 · 108
N/m2. The operating frequency range was taken equal to 48–52 Hz.

There is a high failure probability of the frequency P8 in the operating range (Table
2). The natural form of this frequency (Fig. 2) is characterized by the joint deformation of
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Table 1. The natural frequencies (Hz) of the LP when varying the stiffness of the support.

№ The value of the stiffness of the support (107 N/m2)

Experimental Rigid 1000 100 70 40 20 10 7 5 3 1

1 – 28 27.9 26.8 26.2 24.8 22.1 18.5 16.5 14.6 11.9 7.2

2 31 32.0 31.5 29.1 28.7 28.3 28.0 28.7 29 27.9 27.8 27.7

3 42 41.3 40.9 38.9 38.3 36.8 33.7 27.4 24.7 21.6 17.3 10.4

4 45.3 45.4 45.4 45.4 45.3 45.4 45.3 45.3 45.3 45.3 45.3

5 45.4 45.4 45.4 45.4 45.4 45.4 45.3 45.4 45.4 45.4 45.4

6 45.6 45.6 45.6 45.6 45.6 45.6 45.6 45.6 45.6 45.6 45.6

7 55.2 55.2 55.2 55.2 55.3 55.2 55.2 55.3 55.3 55.3 55.2

8 – 56.5 56.5 56.1 55.8 54.6 50.3 45.7 44.0 43.0 42.0 41

9 – 60.5 60.4 59.5 59.1 58.2 57.4 57.2 57.2 57.1 57 56.7

10 61.7 61.7 61.7 61.6 61.6 62 61.5 61.5 61.5 61.5 61.5

11 62.6 62.5 62.2 62.1 62.1 61.6 61.9 61.7 62.2 62 62

12 66.7 66.7 66.7 66.8 66.7 66.6 66.7 66.6 66.6 66.6 66.5

13 – 68.5 68.5 67.7 66.5 63.2 58.7 55.6 54.2 53.3 52.2 51.0

Fig. 2. Forms of natural oscillations 13.
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Fig. 3. Effect of natural frequencies on the uniform stiffness of the foundation.

Table 2. Characteristics of LP vibration reliability.

Eigenvalues Qi mωi δωi
dωi
dC

P1 3.52E−19 22.06 2.9230 4.497E-8

P2 0.00 28.00 0.0950 1.461E-9

P3 5.574E−4 33.67 4.4066 6.779E-8

P8 0.6128 50.29 2.2683 3.490E-8

P9 0.00 57.44 0.2550 3.920E-9

P13 4.651E−4 58.71 2.0266 3.118E-8

bending and torsion of the structure as a whole, so to change the value of this frequency
requires completion of the entire structure.

Summing up the probabilities of failures at different frequencies, we get the final
valueQ = 0.6138. Given that the park resource of steam turbines is 270 thousand hours,
and the repair time is 1248–1560 h, we get the time of failure-free operation 104 274 h
and availability factor (formula 5) Kg = 0.987.

5 Conclusions

Mathematical models for solving the problems of natural oscillations and the reliability
of the turbine unit are formulated considering random imperfections. Geometric and
computational models building are completed. A series of natural frequencies calcula-
tions and forms of the system, comparisons with experimental data are performed. The
natural frequencies in the spectrumwith high sensitivity to the rigidity of the foundation,
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the forms of which are characterized by the global deformation of the whole system, are
determined. Reliability characteristics are determined, which show a high probability of
getting individual natural frequencies in the operating range. This can lead to accidents
in the system under study. The uptime and availability factors have been calculated.
The time of failure-free operation given in the study is slightly longer than the time
recommended by factories of 70–100 thousand hours before repair. However, this time
is determined by the wear of the flow path (blades, diaphragms), which is also affected
by the vibration level. Therefore, the study results correlate well with long-term experi-
mental studies of factories to manufacture steam turbines. Additional research is needed
to determine effective measures to prevent system failure.

References

1. Avramov, K., Nikonov, O., Uspensky, B.: Nonlinear modes of piecewise linear systems forced
vibrations close to superharmonic resonances. Proc. Inst.Mech. Eng. 233(23–24), 7489–7497
(2019)

2. Garmash, N., Glyadya, A., Gontarovskiy, P., Shulzhenko, N.: Estimating the vibrations of
turbounit-foundation-base system exposed to seismic loads. Bull. NTU “KhPI” 10(1232),
25–29 (2017)

3. Herz, F., Nordmann, R.: Vibrations of Power Plant Machines. Springer, Cham (2020). https://
doi.org/10.1007/978-3-030-37344-3

4. Xie,D., Zhang,H., Zheng,H.,Huang,X.,Guo,Y., Ziyue,M.:Numerical study on deformation
of gland seal housing at LP ends on a nuclear steam turbine. In: ASME Turbo Expo 2018:
Turbomachinery Technical Conference and Exposition, pp. 1–10 (2019)

5. Garmash,N.G.,Grishin,N.N.,Gontarovskii, P.P., Shul’zhenko,N.G.: Torsional vibrations and
damageability of turboset shaftings under extraordinary generator loading. Strength Mater.
47(2), 227–234 (2015)

6. Avramov, K., Martynenko, G., Martynenko, V., Rusanov, A.: Detection of accident causes
on turbine-generator sets by means of numerical simulations. In: IEEE 3rd International
Conference on Intelligent Energy and Power Systems (IEPS), pp. 51–54 (2018)

7. Khadersab, A., Shivakumar, S.: Vibration analysis techniques for rotating machinery and its
effect on bearing faults. Procedia Manuf. 20, 247–252 (2018)

8. Krasnikov, S.V.: Features of modeling the system of turbine unit with a variable contact zone
of its stator parts. SN Appl. Sci. 3(10), 1–15 (2021). https://doi.org/10.1007/s42452-021-047
73-4

9. Zhovdak, V.A., Iglin, S.P., Mishchenko, I.V.: The reliability prediction of structures with
randomparameters subjected to stationary stochastic input. TechnisheMechanik 17(1), 51–65
(1997)

10. Abrosimov, N., Chikhachev, I.: Studies of the dynamic pliability of the system “turbine unit-
foundation-base” of the head unit with a capacity of 1200 MW before laying the shaft line.
Izv. VNIIG Vedeneeva 173, 12–20 (1984)

11. Kank, H., Kobayashi, M., Tanaka, M., Matsushita, O., Keogh, P.: Vibrations of Rotating
Machinery, vol. 2. Advanced Rotordynamics: Applications of Analysis, Troubleshooting and
Diagnosis. Springer, Tokyo (2019). https://doi.org/10.1007/978-4-431-55453-0

12. Marchenko, A., Grabovskiy, A., Tkachuk, M., Shut, O., Tkachuk, M.: Detuning of a super-
charger rotor from critical rotational velocities. In: Ivanov, V., Pavlenko, I., Liaposhchenko,
O., Machado, J., Edl, M. (eds.) DSMIE 2021. LNME, pp. 137–145. Springer, Cham (2021).
https://doi.org/10.1007/978-3-030-77823-1_14

https://doi.org/10.1007/978-3-030-37344-3
https://doi.org/10.1007/s42452-021-04773-4
https://doi.org/10.1007/978-4-431-55453-0
https://doi.org/10.1007/978-3-030-77823-1_14


Vibration Reliability of the Turbine Unit’s Housing 11

13. Panchenko, A., Voloshina, A., Luzan, P., Panchenko, I., Volkov, S.: Kinematics of motion
of rotors of an orbital hydraulic machine. In: IOP Conference Series: Materials Science and
Engineering, vol. 1021, no. 1, p. 012045. IOP Publishing (2021)

14. Panchenko, A., Voloshina, A., Titova, O., Panchenko, I., Caldare, A.: Design of hydraulic
mechatronic systems with specified output characteristics. In: Ivanov, V., Pavlenko, I., Lia-
poshchenko, O.,Machado, J., Edl,M. (eds.) DSMIE 2020. LNME, pp. 42–51. Springer, Cham
(2020). https://doi.org/10.1007/978-3-030-50491-5_5

15. Ivanov, V., Pavlenko, I., Trojanowska, J., Zuban, Y., Samokhvalov, D., Bun, P.: Using the
augmented reality for training engineering students. In: 4th International Conference of the
Virtual and Augmented Reality in Education, VARE 2018, pp. 57–64 (2018)
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Abstract. This paper justifies the primary conditions for the strength, rigidity,
and stability of the part’s structural elements (a mechanism). They presented the
theoretical and practical part of the conditions for checking the strength of a beam
(Rod).Graphically presented the stressσn, τn in height.We investigated the behav-
ior of the rod (beam) model when calculating the tensile-compressive strength.
Based on the results obtained, plots of longitudinal forces were constructed. It was
found that at each point of the cross-section, internal bonds (forces-N) arise, which
are evenly distributed. It should be noted that the constructed plots of tensile forces
were carried out based on improved equilibrium equations. In this case, the axial
force formed on the first section was determined by the algebraic sum of all forces
located only on one side of the section. We investigated the strength conditions
that did not exceed the limits of permissible limit norms. We also investigated the
main parameters and limits of permissible norms of reference reactions, confirm-
ing a reliable test for all three main strength conditions. It should also be noted that
the SolidWorks software product performed computer modeling based on strength
analysis, whichmade it possible to design themain structural elements of this part.
Also, to study the behavior of the calculated beammodel under various influences
in terms of static, part stability, natural frequency fluctuations, and external load
application.

Keywords: Detail · Deformation · Reference reactions · Strength conditions ·
Cross-section · Statistical equations · Plots · Numerical analysis · Manufacturing
innovation

1 Introduction

The study of real bodies is currently an urgent task since parts’ behavior and model
can deform (strain is a physical quantity, the result of a deforming load), changing
their shape, position, and dimensions. Therefore, it is essential to consider the definition
of all possible sizes of elements of any structure, in which the size of the part and
their shape will not exceed the specified values, which are mainly determined by the
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operating conditions. It is also important to remember the stability of the structure itself
and maintain the shape of the balance and size.

It should be noted that the deformation of bodies occurs due to the application of
external force loads to them. When the body and its critical (dangerous) points, lines,
or cross-sections are deformed, they move to another plane or space relative to their
original (initial) position. Thus, one of the essential tasks of applied mechanics is to
assess the strength and rigidity of any structure to ensure reliable and actual dimensions
of the cross-section of the part.

2 Literature Review

After considering the scientific work presented in [1], it can be stated that the authors
experimented with a general estimate of the flexural strength of the most significant
productivity of the working areas of beams. At the same time, the research teams used
such starting materials that contained small elements of fiber and alloy, which in turn
caused destruction and cracks in the samples. In [2], the results of the reliability of the
circular moment of a beam (rod) based on stress concentration coefficients and using the
Monte Carlo modeling method are analyzed and justified. The authors of [3] focused
their attention on the behavior of models of curved composite beams under constant
load. At the same time, the limits of the maximum load, the maximum deviation, and
the spread of a deep crack that occurred at the bends of the most dangerous points were
not considered. In scientific studies presented in [4], standard conditions for the strength
and shear of a part (beam) were considered.

It should be noted that the authors used outdated RC system designs. The scientific
results covered in [5] are unusual. The authors pay special attention to the study of
cross-sections and inclusions, which can improve the stress coefficient due to thermal
expansion and the pyroelectric effect. Works [6] aim to experimental and analytical cal-
culations of bendingmodernization ofT-shaped beamsusingCFRP sheets. It is important
to note that these structural materials do not fully provide the primary operating con-
ditions. In [7], numerical intervention is based on strengthening steel beam profiles.
Cold-formed steels that were used to make part profiles were subjected to various man-
ufacturing scenarios and could bend. In this experiment, only a monotonous load was
used. Research teams [8] investigated a fiber-based aggregate beam’s width and crack
propagation. The main goal was to reduce the spread of these cracks, as this is essential
for protecting any reinforcement from various types of corrosion.

The authors of [9] investigated the technology and software tools for controlling
samples made of structurally inhomogeneous materials. It should be noted that the pro-
posed algorithm for recognizing problems of destruction (deformation) of samples is
effective since it allows analyzing the surface and internal connections of materials,
which makes it possible to improve the strength and stability of parts for any purpose.
The efficiency of the DIC system for measuring beam reinforcement is highlighted in
[10]. The authors investigated the strength-to-weight ratio of the part, its durability, and
its low price. Linear differential results (LVDT) measurements were tested using a DIC
system. Papers [11–13] performed numerical studies of the dynamic responses of var-
ious mechanical systems. Also, based on the obtained results, a model was developed
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to simulate the study of the structural reaction of a T-shaped beam (rod) [14]. This sim-
ulation model functions only under shock load conditions. Works in [15] are based on
the bending behavior of beams considered for stretching. It was found that high stress
reduces the plasticity of the beam and violates the primary tensile condition [16]. In
addition, samples made from hardened rebar have been shown to exhibit better limiting
moments and ductility than samples made from hardened steel [17]. The main problems
of vibration of beams (rod) are justified in the works [14]. The authors propose solving
equations using linear variables and Coriolis force [18]. The article [19] is devoted to
studying an S-shaped beam with uniform bending.

The extensive use of the ANSYS program with artificial neural networks is applied
in [20, 21] for nonlinear analysis of the finite element beam method. In [22–24], new
methods for strengthening are proposed. Polymer (CFRP) ropes were studied based
on a T-shaped test cross-section that causes transverse displacement. Critical moments
were recorded with the intervention of a monotonous load mode. The authors of this
study claim that fatigue cracks strongly influence the manufacture of such structures and
mechanisms. They propose to solve this problem using the methods of mathematical
equations of Johnson and Cafoll. However, the literature review does not allow us to
thoroughly study the behavior and model of parts under the influence of external force
load. Thus, it is proposed to pay more attention to the cross-sectional dimensions of the
rod (beam) based on improving the primary strength conditions.

3 Research Methodology

3.1 Primary Conditions for the Strength, Rigidity, and Stability of the Part

The article’s primary purpose is to study reliable dimensions of the cross-section of a
part (rod) using the SolidWorks software product, which is affected by external power
loads.

It is necessary to perform calculations for the strength and rigidity of the beam to
ensure the necessary stability of the elements of any structure or mechanism. To meet
the strength conditions, the dimensions of the cross-section of the part (beam) must be
determined from the conditions that the possibility of destruction is excluded under any
action of an external force load. In turn, the destruction of the sample occurs due to the
highest values of tangential stresses or normal stresses or the overlap of a simultaneous
combination of them. Therefore, these values are limited to certain permissible values
and are set by the following main parameters: σ is the normal stress; τ is the tangential
stress.

It should also be noted that the following main elements of the study should be taken
into account when calculating strength:

1. Design calculation (external loads acting on the material are known in advance, as a
result of which it is necessary to find the dimensions of the cross-section of the part
(rod)).

2. Verification calculation (structurally inhomogeneous material and part dimensions
are known in advance. A mandatory condition for this calculation is to check the
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conditions of the external power load and whether this structure or mechanism will
withstand the external power load acting on it).

3. Correlation of the designed and tested calculations (previously known inhomoge-
neous material, part dimensions and its load scheme. The primary purpose of this
calculation is to find out certain permissible values of normal and tangential stresses
and what maximum external load the beam (rod) can withstand).

All the main elements (calculations) are based on certain strength conditions, which
should not exceed the limit values: 100 mm2–148 mm2. Under which the effective value
of the external force stress should not exceed the permissible values. That is, we get:
σmax ≤ σ and τ ≤ τ .

It should be noted that the stiffness conditionswere calculated based on themaximum
values of linear and angular deformations. We obtain:

�l ≤ [�l], θ ≤ [θ ] (1)

where �l – changing the part size; [�l] – acceptable values for this change; θ , [θ ] –
angular deformation, the angle of twisting of the structure (mechanism) and permissible
values of this value.

3.2 Theoretical Part of Checking the Strength of a Beam (Rod)

Three main strength conditions must be met to implement and test the strength of a beam
part:

1. the primary condition must correspond to the following ratio:

σmax = Mmax

Wz
≤ σ (2)

It should be noted that the check must be performed in the section where: M (x) =
Mmax.

2. τ = Qmax ·Sz
d ·Iz ≤ τ . The condition must be met in the section where: Q(x) = Qmax.

3. σr =
√

σ 2
n + 4τ 2n ≤ σ . This check should be performed in the cross-section of the

most problematic area of the part (beam), where: M(x) = Q(x) acts simultaneously.
In this section of themost problematic zone, it is necessary to select a dangerous point
of application of force F, which is simultaneously affected by normal and tangential
stresses reaching large values σn, τ n. In this case, the dangerous and problematic
point of the part (beam) is the point “n”, which is responsible for the transition from
one element of the part to another. We get:

σn = M (x) · yn
Iz

=
M (x) ·

(
h
2 − t

)

Iz
, τn = Q(x) · Sp

d · Iz =
Q(x) · b · t ·

(
h
2 − t

2

)

d · Iz ,

(3)

where: Iz – the moment of inertia relative to the axis z; Spz – the static moment of the
axis area z.
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Figure 1 shows plots of external stresses σ and τ , which are affected by large values
of stresses σn, τ n at the dangerous point «n» of the section.

Fig. 1. Stress distribution σn, τn by height.

From this Fig. 1, it can be seen that the cross-section method determines the normal
forces that occur in cross-sections. In this case, each section divides the beam (rod) into
two parts. In this case, the actual direction of the normal force applied in relation to the
cross-section is established when considering the equilibrium of one part of the part to
another. To do this, it is necessary to consider the elementary equilibrium equation. If
its weight is not considered when the part is stretched or compressed, then the normal
forces must be determined using the specified external forces Fi. It was found that at
each point of the cross-section, the internal bonds (forces) are evenly distributed. Thus,
the internal forces per unit cross-sectional area are further determined by the normal
stress σ .

4 Results

4.1 Model of Behaviour of the Rod (Beam) in the Calculation
of Tension-Compression

It should be noted that any tensile-compressive calculation is based on the basic strength
conditions that must comply with certain normative mathematical norms, we obtain:

σmax ≤ [σ ], σmax = Nmax

A
,

Nmax

A
≤ [σ ] (4)

where N – longitudinal force; A – the cross-sectional area of the part (beam), measured
in πd2/4.

In this way, you can plot the longitudinal forcesN in order to get the maximum value
of Nmax. Figure 2 shows the cross-sectional area in individual places where an external
power load is applied. Where: l = 600–700 mm, F = 11750 [H], the material of the
beam (rod) is steel, [σ ] = 158 [H/mm2].
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Fig. 2. The cross-sectional area of external power load application.

In Fig. 2, the formation of certain areas of cross-sections and end sections at the
places where external forces are applied is visible. There is a selection of 3 sections
I, II, III in this case. In turn, in the section in which a tensile or compressive external
force is applied on plot N, we observe specific changes in fixed jumps by the amount of
external force. So, in Fig. 3a) we present and consider plot I. And in Fig. 3b) section II
is presented:

Fig. 3. Plot area, where: a) plot area I; b) plot area II.

From the presentedFig. 3a) it can be seen that the equilibrium is equal to the following
relation, we get:

∑
Fi = 0. In this case, for the condition F − N1 = 0, we use the

following rule: the axial force formed on section I is determined by the algebraic sum
of all forces located only on one side of the section. We found out that force F is tensile.
Hence we got, N1 = F . Thus, we obtained the following value of the force N1 = F ,
which will be constant for the entire section (region) I.

After that, we considered the characteristic cross-section that occurs at the border of
sections I and II (Fig. 3b)). It is worth noting that a compressive force of 3F acts in this
section. According to the above rule, we conclude that the jump must be made to the
negative zone by an amount of 3F. That is, we get the following relation:F−3F = −2F .
After that, we consider the cross-section at the end of the selected area of Section II. we
obtain the following equilibrium conditions:

∑
Fi = 0,F − 3F − N2 = 0 (5)

This leads to the following relation we get: N2 = F − 3F = −2F . It should be noted
that this is a constant value that acts on section II. It was found that the tensile force
3F acts in the cross-section of sections II and III. We get the following mathematical
relation: −2F + 3F = F .
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Considering the last section that occurs at the end of the region of section III, we can
write the equilibrium equation on different sides of the section:

To the left → F − 3P + 3P − N3 = 0; It follows that N3 = F .
To the right → F − N3 = 0; From here, we get: N3 = F .
Accordingly, the strength conditions will take the following form:

2F

A
≤ [σ ] (6)

From here, we get: A = πd2
4 = 2·11750

158 ≥ 148,7 mm2. It follows that d ≥ 1, 13
√
A ≥

13,7 mm. Therefore, the more considerable value in the direction of the common value
will be d = 14 mm.

4.2 Ensuring Beam Strength Based on Static Equations

To check the support reactions in certain sections Q(x) andM(x) of the beam (Fig. 4), it
is necessary to perform a full-strength check of the part (point 3.2), as well as select the
I-beam section.

Fig. 4. General view of the beam (rod) diagram.

It should be noted that the normal and tangential stresses, in this case, are σ = 170
MPa, τ = 70MPa. In Fig. 4. the load diagram and transverse force plots are presented, as
well as the bending moment of the beam is recorded. This study of the support reactions
on certain sections of the beam (rod) showed that the plots Q(x) and M(x) are equal to
the following parameters: Mmax = 62 kNm, Qmax = 40 kNm. We found that the most
dangerous cross-section is the section in zone C, where M(x) = 50 kNm and Q(x) =
20 kNm. The main parameters and limits of permissible norms of reference reactions,
which were obtained based on the study (Fig. 4), are presented in Table 1.
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Table 1. Basic parameters and limits of permissible norms of reference reactions.

Basic parameters Limits of acceptable standards

RA, kN 15

RB, kN 40

WZ, cm3 406

IZ, cm4 5500

SZ, cm3 230

h, mm 260

b, mm 140

d, mm 7,0

t, mm 10,1

Therefore, we can conclude that a full test for all three main strength conditions is
performed. Thus, this means that the strength of the selected part (beam) is fully ensured.

4.3 The Behavior of a Part (Beam) Using Computer Modelling

Computer simulations were performed in SolidWorks software. Since it was this func-
tional modeling complex that allowed us to model a solid-state object by the finite
element method. In Fig. 5, the model of the part–beam (rod) behavior is presented.

Fig. 5. Part model using the SolidWorks software system, where: a) part model-beam (rod); b)
generation of a finite element grid of the part-beam (rod).

As a result of the simulation performed by the SolidWorks system, we calculated
the strength and rigidity of the part. Because of modeling, the following basic properties
were set: thermal conductivity, density, Poisson’s coefficient, yield strength; modulus of
elasticity; coefficient of thermal expansion; tensile-compressive strength.
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5 Conclusions

It was found that the maximum stress is ranged from 70 MPa to 170 MPa. It occurs at
certain points in the cross-section, acts on the part, and distributed evenly. At the same
time, all three main strength conditions are met, which lie within acceptable standards,
which allows us to assert the reliability of the calculation results. Based on the calcula-
tions made, the following main factors were predicted: (1) load and voltage distribution;
(2) occurrence of deformation in the part structure; (3) part stability margin coefficient,
natural frequency fluctuations, and their shape; (4) preliminary temperature distribution
in the part structure-beam (Rod); (5) this model’s mass and moment of inertia relative
to the x, y, and z coordinate system.
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Abstract. The floating ballard is one of the main elements of the mooring equip-
ment included in the lock. The reliability of this element largely determines the
performance of this complex hydraulic unit and reduces the costs associated with
the accident rate of both the lock itself and the ships passing through it. The close
relationship between the reliability of the bollard and the magnitude of external
forces (acting on its structure) requires a deep analysis of the stress-strain state
of both the bollard elements and their connection places. The article deals with
studying an actual composite welded structure of a ship’s lock floating bollard
under short-term action of loads exceeding the nominal load due to the dynamics
of mooring operations and weather conditions.The studies were carried out on the
developed 3D model of the device, and the analysis of the stress-strain state of its
elements and the places of their conjugation. Some simplifications were applied,
and the finite element method was used. A graphical representation of the results
of the study made it possible to establish a general picture of the stress-strain state
of the bollard elements, as well as to establish the local places of probable damage.
Based on the results obtained, appropriate conclusions are drawn that determine
possible solutions to the identified problems.

Keywords: Ship lock · Mooring equipment · Floating bollard · Stress-strain
state · Finite element method · Industrial growth

1 Introduction

To date, the mooring of a vessel in a lock chamber is one of the most essential operations
that determine the performance and efficiency of a ship lock. That is why the mooring
equipment used in this operation is subject to increased requirements in terms of its
reliability. The key element of the lock’s mooring equipment is the floating bollard.

The specifics of the operation of this device (in addition to the fact that it is floating)
is in the nature of its loading. Many external factors determine the nature of the loading
of a floating bollard. First of all, it should be noted that the mooring of ships in the
lock is carried out using relatively rigid and heavy ropes. However, the ropes are elastic
elements, and as a result, their stretching under load and subsequent sagging lead to
significant ship movements both along and across the lock chamber. The movement
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of ships is one of the leading causes of inertial jerks with a variable direction, which
are perceived by the design of a floating bollard. Selective, due to the complexity of
the design, the use of devices for damping inertial jerks in mooring systems does not
fundamentally change the situation, and the kinetic energy of jerks remains quite large.
This leads to the destruction (breakage) of the mooring ropes and the global destruction
in the form of the structures of floating bollards.

It should be noted that during the locking of ships, especially heavy ones, another
additional and difficult to take into account when designing a bollard loading occurs,
which affects the elastically deformed state of its elements. Theoccurrence of this loading
is often associatedwith two factors. The first factor in the occurrence of additional bollard
exposure is the excess of the normative hydrodynamic force when filling or emptying
the sluice chamber. Secondly, and no less important factor, is the unpredictable change
in the mass of the moored vessel due to its freezing in the winter.

The analysis of the stress-strain state of the bollard elements under the action of the
indicated loads, both at the stage of designing new devices and those in operation, is
quite relevant.

2 Literature Review

The floating bollard is the main element included in almost any ship lock (Fig. 1a). The
designs of such devices are quite diverse. However, despite the design differences, these
devices have similar design elements that determine their functional purpose, making it
possible to classify these designs as typical.

Fig. 1. Mooring equipment of the ship’s lock: floating bollard (a); floating bollard elements (b)

In a typical floating bollard structure, there is always float 1, which ensures its
buoyancy. Attached to the float is a metal structure 2, made of shaped profiles or sheet
metal, in most cases using welding (Fig. 1b). There are designs in which the metal
structure itself forms the float cavity.

In the event of a change in water level, the vertical movement of the bollard is
ensured by its placement in a special shaft of the mooring pier 3. The metal structure of
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the bollard, which is not part of the float, usually consists of structurally identical upper
carriage 4, which is in the surface position, and the lower carriage, which is below the
water level. On the upper carriage 4, for attaching the mooring piping, an eye 5 is fixedly
fixed, sometimes made in the form of a hook. One or more support rollers 6, located
on the upper and lower carriages, are designed to orient and hold the bollard in the pier
shaft [1].

The operational experience of floating bollards indicates two main types of destruc-
tion (emergencies) that determine its complete or partial failure [2–5]. Simultaneously,
the available data also indicate a precise localization of one or another type of damage
in the pedestal structure. Most accidents with various technological equipment are asso-
ciated with the deformation of loaded parts [6–10]. The picture of destruction, in this
case, is a critical plastic deformation of the guide rollers of the bollard in the shaft, which
causes the bollard to skew, and as a result, it jams. In this case, the destruction of the
concrete structure of the mine is sometimes observed at the points of fastening of the
guides [7]. It has been established that the presented type of bollard failure is a direct
consequence of more severe damage but related directly to the bollard structure itself.
80% of accidents occur, at which the critical plastic deformation of the metal structure of
the bollard (sometimes complete destruction) was recorded at the points of attachment of
the eye and guide rollers on it [11, 12]. The results of the presented studies, particularly
in the infrastructure development [13–16], allow us to state that the main element that
determines the performance of the ship lock mooring equipment system is the bollard
metal structure [17]. Based on the presented conclusions, it should be recognized that
the study of the metal structure of bollards, both at the design stage and during operation,
is one of the priority scientific and applied tasks.

Studies in mathematical modeling of the stress-strain state of the bollard metal struc-
ture at the design stage can significantly reduce the risk of emergencies by creating a
rational bollard metal structure, and research in the process of operation makes it possi-
ble to upgrade existing equipment and thereby increase its reliability. As noted earlier,
the bollard metal structure is a structure that can be classified as a combined one. The
combination, in this case, contains rod, plate, or shell elements [18]. Rarely enough
are metal structures assembled using only threaded or welded joints. As a rule, when
assembling the metal structure of a bollard, these two types of connections are used.
The bulk of the connections are welded, and the fastening of individual elements can be
performed using a threaded connection [19, 20].

To analyze the stress-strain state of the considered metal structure, it is possible to
use several methods known from structural mechanics. Among them, one can single
out the finite difference method, the weighted residual method, variational methods, as
well as the finite element method [21]. At present, the finite element method is the most
common method for solving problems in the mechanics of a deformable elastic body.
This method is based on the approximation of a continuous medium, which is the object
of study, some simple elements interconnected at nodal points. At these points, some
fictitious interaction forces are applied that characterize the action of distributed internal
stresses applied along the joining boundaries of adjacent elements [21, 22].

The development of design technologies makes it possible to model the research
object in a 3D model using CAD systems. Since there is a close relationship between
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CAD and CAE systems, where the finite element method (FEM) has already been imple-
mented, it is quite apparent that this method is used to conduct studies whose subject is
the stress-strain state.

3 Research Methodology

The research object in this article is the existing bollard design (the most loaded upper
part with an eye), which is in actual operation. The subject of the study is the stress-strain
state of structural elements when external loads change in a particular range.

The range of external loads of the ballard is adopted, considering the following
factors. The load on the eye of the bollard (taken during the design of the bollard),
considering the stretching of the ropes and the action of the nominal hydrodynamic
force on the moored vessel of the maximum allowable tonnage when opening the gates
of the lock chamber F1 = 150 kN, is set as the initial one. The experience of operating
a lock in the spring shows that an increase in the water level in the upper cascade of
the lock due to snowmelt can cause a significant increase in the nominal hydrodynamic
force.Whenmodeling such a situation, the load on the eye of the bollard is assumed to be
F2 = 200 kN. The operation of the lock-in winter determines one more factor, which is
taken into account in the simulation. Vessel icing is considered as such a factor, in which
its mass increases by 20… 25% on average. This, in turn, leads to an increase in the load
on the bollard eye to the value F3 = 300 kN. Considering the last factor and determining
the relationship between it and the stress-strain state of the bollard elements is the most
important since the most significant number of damages to the considered bollard was
recorded in the winter period. Other force factors, namely the gravity force of the bollard
metal structure, were not considered since this device has positive buoyancy, and the
gravity forces of the structure are compensated by the expulsion force of the aquatic
environment acting on the float.

The CAD systemAutodesk Inventor was used to creating a corresponding 3Dmodel
based on the object of study. The basis for the creation was a set of working drawings of
the operated bollard (Fig. 2a), specification of the product materials and technological
maps for itsmanufacture. In the 3Dmodeling of the research object, some simplifications
were adopted: the lateral guide rollers 1 and 2 of the real design (Fig. 2a) in the 3Dmodel
are represented by the protrusions in the form of prisms 1 and 2, about 8 units totally
(Fig. 2b). This simplification is based on the fact that damage to the guide rollers is
not fixed in real situations. At this stage, the XYZ coordinate system is introduced into
the model, located by the XY plane at the lower end of the structure. The Z-axis of the
introduced coordinate system passes along the axis of symmetry of the structure.

Considering the structural design of the simulated metal structure and information
about the fixed damages in the developed 3D model, four main elements were identified
for the analysis of their stress-strain state under changing external loading (Fig. 2c).
These include the upper plate 1 for fixing the eye (as the most often deformable one),
which is a “kerchief” element made of rolled stainless steel sheet 1.4541 EN 10088-
1:2019 with a thickness of 30 mm; top 2 and bottom 3 round covers with two segments
removed, made of rolled C45 ISO 6929:1987 structural steel sheet 25 mm thick; eye 4,
made of a rolled round profile of low-carbon steel E 235-C (Fe 360-C) ISO 630:1995
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Fig. 2. Modeling of the bollard structure under study: general overall dimensions of the structure
(a); 3D model with accepted simplifications and coordinate system (b); structural elements under
study and binding of reference points (s)

with a diameter of 100 mm. When conducting studies of the stress-strain state of the
selected elements, it was considered that external loading in the form of a mooring force
is applied at the first reference point A on the eye, located at a distance of ¾ of the height
of the eye from the top cover 2. The loading action is along the X-axis of the adopted
system coordinates.

Analysis of the stress-strain state of the selected elements was carried out using
the ANSYS Workbench CAE system after exporting the developed model from the
CAD system to it. To reduce the error of geometric discretization when constructing a
computational finite element mesh with one cell in the form of a cube with a side of
15 mm, adaptive mesh refinement by cells in the form of a cube with a side of 5 mm
is implemented, which is used in some places of the model (the total volume of cells is
increased by 18%). Adaptive mesh refinement is performed in the Solid186 block of the
used CAE system. The nodes of each finite element of the computational grid of finite
elements are subject to restrictions on 6 degrees of freedom, which determine their zero
displacements and rotation angles.

The verification of the adequacy of the developed model and the corresponding
computational finite element mesh was carried out by comparing the results of the
test calculation of the bending stresses of element 4 (eye) both using the FEM and in
the case of its simplified modeling by a beam with a uniform cross-section at a place
determined by the second reference point B (see Fig. 2c). Simultaneously, the upper
and lower elements of the “kerchief” of the bollard metal structure were considered as
hinged supports of this beam, limiting its movement along the OX axis of the adopted
coordinate system and making it statically determinate.

The calculated bending stresses, in this case, are obtained by the ratio of the obtained
bending moments along the axis of the beam correlated to the area of its cross-section,
which determines the expression

σ = Mnz/(Wnz) (1)
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where Mnz is the value of the bending moment in a particular section n, perpendicular
to the longitudinal axis Z of the considered beam; Wnz is the area of the beam in some
section n, perpendicular to the longitudinal axis Z of the considered beam.

The following was obtained when comparing the results of test calculations per-
formed under the action of a load on the reference point of eye A with the value F1 =
150 kN. The stresses at the reference point B are 144.9MPa and 141.3MPa, respectively,
for the FEM and the simplified calculation version. Thus, a relative error of about 2.5%
was established, which allows us to assert that the developed model of the metal struc-
ture of a floating bollard of an actual design is fully adequate and that further research
is possible.

In carrying out further studies, which consisted of a series of calculations of the
considered structure in the accepted range of external loads, it was possible to obtain
specific results in the form of appropriate stress diagrams associated with the geometric
parameters of the elements selected for the study (Fig. 3).

Fig. 3. Stress diagrams when modeling a bollard by the finite element method: under the action
of a load F1 on the eye (a); under the action of load F2 on the eye (b); under the action of the load
F3 on the eye (c)

4 Results

In the course of the studies carried out, it was found that in the case of variation in the load
applied at the reference point A by the values F1= 150 kN, F2= 200 kN F3= 300 kN at
the second reference point B, the position of which, in the accepted coordinate system,
is determined by the values X = 715 mm, Y = 0 mm, Z = 800 mm, corresponding
stresses arise σ1 = 144.9 MPa, σ2 = 193.2 MPa, σ3 = 289.5 MPa. This determines the
relationship between the load change and the stresses and shows the consistency of the
simulation with the actual situation.

Graphical interpretation of the calculated stress distribution diagram on element 1
“kerchief” in a plane parallel to the XY plane of the adopted coordinate system shows
the following (Fig. 4a).
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Fig. 4. Distribution of stresses in a structural elements bollard: eltment 1 (a); element 2 (b);
element 3 (c); element 4 (d) (ryx - distance between Y direction and axis X; rxy - distance between
X direction and axis Y)

With different loading options, the stress distribution in this element has an apparent
symmetry.When theY coordinate has a value of−250mmor 250mm(which determines
the width of the “kerchief”), the presence of the most significant stresses is recorded. In
the case of an increase in the X coordinate (which determines the height of the “gusset”),
as it approaches element 4, the stress level gradually increases, and in the area close to
element 4 (X ≈ 550 mm), the calculated stresses are maximum.

Graphical interpretation of the calculated stress distribution on element 2 (top cover)
shows the following (Fig. 4b). The pattern of stress distribution on this element is also
symmetrical. As for the selected element 1, the maximum stresses are fixed in the case
when the Y coordinate reaches the value of −250 mm or 250 mm. As the X coordinate
increases, the stresses on element 2 first increase, then decrease, then gradually increase,
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and finally increase sharply. At the value of the coordinate X = 370 mm, which deter-
mines the overlap of elements 1 and 2, the stresses decrease. This is due to a sharp change
in the total cross-section of these two elements due to their permanent connection by
welding. When the coordinate X ≈ 550 mm, thus defining a place close to element 4, a
significant increase in the voltage on element 2 was recorded.

Graphical interpretation of the calculated stress distribution on element 3 (bottom
cover) shows the following (Fig. 4c). The stress distribution on this element is also
symmetrical. But in contrast to the distribution of stresses on elements 1 and 2, the value
of the Y coordinate −250 mm or 250 mm for element 3 determines the presence of the
lowest stresses. As the X-coordinate increases, the stresses on element 3 first increase
and then decrease. At X = 550 mm, the maximum stress values were recorded for the
element under consideration.

Graphical interpretation of the calculated stress distribution on element 4 shows
the following (Fig. 4d). At different loading values, the stress on the inner and outer
surfaces of element 4 gradually increases with the increase in the Z coordinate, which
determines the place of application of the external load. When the coordinate takes the
value Z≈ 750mm, determining the place of connection between elements 1, 2 and 4, the
stress values are maximum. Moreover, the stresses on the inner surface of the element
of element 4 are 25% greater than on its outer surface.

Thus, based on the study, it follows that the stress peak point is located at the junction
of elements 1, 2, and 4.

5 Conclusions

Based on the research carried out, the following conclusions were obtained:

1. Comparative analysis of the results of the calculation of the stress-strain state at the
selected reference point, obtained in the case of using the createdfinite elementmodel
of the device under consideration and its simplified calculation model, indicate their
identity with a relative error of 2.5%, which confirms the adequacy the developed
model and the reliability of the results of the conducted numerical simulation.

2. The stress peak point established during the study, located at the junction of elements
1, 2, and 4, allows a number of works to optimize the shaping of the connected
elements and technological requirements when creating the connection itself. Given
that the connection is welded, it is possible to recommend using additional strength
elements at the junction or an increase in the height of the “kerchief”, which will
increase the overlap between the elements and increase the area of the welds.

3. The obtained data provide a theoretical basis for installing warning sensors about
the force state of the ship’s floating bollard at the place of the stress peak or in its
immediate vicinity.

4. The use of the proposed system of control sensors will allow organizing service for
the preliminary cleaning of ships from snow and ice in winter before locking.
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Abstract. The paper ensures the vibration reliability of the centrifugal pump
CPN 600-35 for the water supply of an industrial circuit at nuclear power plants
by improving its technical designs. The main aim of the research is to develop an
approach for parameter identification of rotor dynamics and analyze the dynamic
stability of the rotor movement. For this purpose, the modified design of the
centrifugal pump CPN 600-35 was developed. Also, the main parameters of the
rotor dynamics model (e.g., equivalent stiffness and discrete mass) were evaluated
based on the parametric identification approach. Moreover, the eigenfrequencies
and the correspondingmode shapes of free oscillations were obtained based on the
finite element method. Finally, the dynamic stability of the rotor movement was
studied based on the developed mathematical model of its oscillations considering
the circulating and internal friction forces. Finally, based on the Routh-Hurwitz
criterion, the stability region of rotor movement in terms of the dimensionless
frequency and friction coefficient was analytically obtained.

Keywords: Energy efficiency · Oscillations · Critical frequency · Discrete-mass
model · Parameter identification · Circulating force · Internal Friction ·
Routh-Hurwitz criterion · Industrial growth

1 Introduction

Ensuring centrifugal machines’ energy efficiency and vibration reliability is one of the
primary tasks in their design and operation [1]. This problem is to provide rotation
stability and a sufficiently low vibration level. It is aggravated by the presence in power
machines not only centrifugal forces caused by imbalances, with a frequency equal to
the rotational speed but also by high-frequency forces (e.g., blade component) with the
frequencies many times higher than the rotor speed [2].

Notably, in the case of stability loss, which can be estimated based on a linear model
of rotor oscillations, the total amplitudes may not exceed the permissible. Nevertheless,
unacceptable self-oscillations occur, which are typical for nonlinear dynamic systems.
Their presence can be determined based on spectral analysis [3]. In this case, an inap-
propriate state of rotor dynamics can be detected using special equipment, which is not
always ensured during the operation of power machines.
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According to the mentioned above, the rotor dynamics and stability of centrifugal
pumps for nuclear power plants is an urgent problem, particularly considering the internal
friction [4]. Its solving is supplemented by up-to-date computational means in their
comprehensive combination with the analytical methods.

Therefore, the main aim is to develop a general approach for ensuring the vibration
reliability of centrifugal pumps for nuclear power plants.

The scientific novelty of this study is in considering a single-mass model of rotor
dynamics. In this model, equivalent mass and stiffness are determined by the parameter
identification approach based on the finite element analysis of rotor dynamics [5]. In
this case, stability conditions are determined by an analytical dependence. Moreover, it
should analyze the impact of the main design parameters and operating modes on the
dynamic stability of the rotor movement.

2 Literature Review

Recent advancements in rotor dynamics and stability are presented in a number of
scientific publications worldwide.

Zhou et al. [6] carried out a multiple-frequency synchronization experiment with a
dual-rotor actuation vibration system.As a result, the stability criterion between eccentric
rotorswas developed based on the Poincare–Lyapunov principle. Kumar andAffijulla [7]
studied rotor dynamics for power systems. As a result, a rotor stabilitymonitoring system
was proposed. Li et al. [8] investigated leakage and dynamic characteristics for different
annular gas seals operating in supercritical turbomachinery. As a result, it was shown that
the inlet swirl brake significantly reduces the preswirl velocity, lowering the crossover
frequency to maximize the operational frequency range. Chao et al. [9] proposed the
hierarchical power flow control methodology in smart grids. As a result, rotor stability
with demand-side flexibility was enhanced. Chelabi et al. [10] highlighted advancements
in analyzing the spatial accelerating flow in a mixed turbine’s rotor. Sokolov et al. [11]
proposed the methodology for designing automatic rotary motion electrohydraulic drive
to ensure technological equipment’s vibration reliability.

Also, Li et al. [12] proposed the methodology of dynamic balancing for magnetic
bearings supporting rigid rotors based on extended state observers. Filsoof et al. [13]
studied critical aeroelastic modes of a tri-rotor wind turbine. As a result, it was shown
that the dynamics of the lower rotors change significantly both in eigenfrequencies
and damping ratios. Chen et al. [14] investigated dynamics of the vibration system
driven by three homodromy eccentric rotors using control synchronization. As a result,
the fundamentals for designing vibration machines using control synchronization were
provided. Yashchenko et al. [15] studied the impact of bearing housings on centrifugal
pump rotor dynamics.

Additionally, Shrestha and Gonzalez-Longatt [16] carried out a parametric sensi-
tivity analysis of rotor angle stability indicators. As a result, the methodology was pro-
posed to estimate critical fault clearing time, eigenvalue points, damping ratio, frequency
deviation, voltage deviation, and generator’s speed deviation. Li et al. [17] studied the
dynamics and stability of a rotor-bearing system with the bolted-disk joint. Krol et al.
[18] investigated the vibration stability of spindle nodes to ensure optimal parameters
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of the technological equipment. Jiang [19] proposed a comprehensive approach based
on finite element analysis and multi-objective optimization to study the dynamics of
flexible rotor-bearing systems.

Additionally, Li and Tang [20] simulated a numerically high-speed rolling bearing-
dual rotor spindle system through discrete modeling dynamics. Zhang et al. [21] studied
dynamic characteristics of a novel pocket damper seal with self-regulated injection.
Liu et al. [22] proposed a passivity-based control system for quad-tilt rotor unmanned
aerial vehicles. Zhao et al. [23] studied vibration characteristics of the helical gear
rotor system considering a mixed modification. Also, Osadchiy et al. [24] developed
an integrated technology for manufacturing gear systems. Moreover, Volina et al. [25,
26] and Pylypaka et al. [27] studied the movement of blades in centrifugal machines.
Finally, Saeed et al. [28] investigated nonlinear dynamics and motion bifurcations of the
rotor active magnetic bearings system with a novel control scheme.

Moreover, a number of scientific results were obtained in enhancing the tribological
characteristics of functionalmaterials [29]. Particularly, Tarelnyk et al. [30] developed an
up-to-date method for surfacing steel shafts. Also, Martsynkovskyy et al. [31] proposed
protecting shafts and couplings.Moreover, Svirzhevskyi et al. [32] analyzedmethods for
evaluating thewear resistance of the contact surfaces for rolling bearings. Finally, Kotliar
et al. [33] proposed an approach for ensuring rotor systems’ reliability and performance
criteria.

3 Research Methodology

3.1 The Design of the Centrifugal Pump

The multistage centrifugal pump CPN 600-35 ensures the water supply for an industrial
circuit at nuclear power plants. Its nominal parameters are feed 600 m3/h, head 35 m,
and operating frequency 1500 rpm.

The pump design must correspond to the following national standards concerning
rules and regulations in the nuclear power industry according to the requirements of
SE “NNEGC “Energoatom”: SOU NAEK 158:2020 “Ensuring technical safety. Tech-
nical requirements for the design and safe operation of equipment and pipelines of
nuclear power plants with the WWER”, 159:2020 “Ensuring technical safety. Welding
and surfacing of equipment and pipelines of nuclear power plants with the WWER”,
160:2020 “Ensuring technical safety. Quality control of the base metal welded joints and
surfacing of equipment and pipelines of nuclear power plants with the WWER”; PNAE
G-7-002-86 “Rules of strength calculation for equipment and pipelines of nuclear power
plants”.

According to the requirements presented above, the following design of the cen-
trifugal pump CPN 600-35 for nuclear power plants (Fig. 1) has been developed within
the research project “Fulfillment of tasks of the perspective plan of development of a
scientific direction “Technical sciences” Sumy State University” ordered by theMinistry
of Education and Science of Ukraine (State Reg. No. 0121U112684).
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Fig. 1. The assembly of the centrifugal pump CPN 600-35.

The design of the rotor is presented in Fig. 2. It contains a couple of bearing supports.
The first one is the spherical double-row rolling bearing SKF 22314 Ewith the following
characteristics: basic dynamic load rating 413 kN; maximum fatigue load 45 kN; maxi-
mum rotation speed 4500 rpm. The second one is double back-to-back angular contact
ball bearings SKF 7315 BECBJ with the following parameters for each bearing: basic
dynamic load rating 104 kN; maximum fatigue load 4.15 kN; maximum rotation speed
5300 rpm.

Fig. 2. The assembly (a), the traditional design scheme (b), and the single-mass design scheme
(b) of the rotor: m – local masses of bearings, kg; Id – impeller’s diametral moment of inertia,
kg·m2
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3.2 Parameter Identification of a Single-Mass Model

The problem of rotor dynamics is mainly studied using the finite element method. How-
ever, it does not allow us to evaluate the dynamic stability of rotor systems analytically.
Therefore, the parameter identification approach is applied comprehensively with the
finite element analysis and analytical approaches.

The procedure of parameter identification of a single-mass mathematical model of
rotor dynamics is based on the hypothesis that the compliance of the rotor and its first
eigenfrequency can be the same as for the finite-element model. In this regard, the
following equations should be satisfied:

ce = Funit

xres
;me = ce

ω2
1

, (1)

where ce – equivalent stiffness, N/m;me – equivalent mass, kg; Funit – unit force applied
at the impeller’s mass center at a near-zero value of operating frequency, N; xres –
resulting displacement of the impeller’s mass center, m; ω1 – the 1st eigenfrequency.

3.3 The Mathematical Model of the Single-Mass Rotor Dynamics

The proposed model of rotor dynamics in a complex form is as follows (Fig. 3):

mez̈ + cez = Dω2
0e

i(ω0t+ϕ) + Fc + Fb + Fq + Fζ , (2)

where z = x + i·y – complex displacement of the mass center; x, y – components of
the mass center’s displacement in the plane perpendicular to the rotation axis, m; D –
permissible residual imbalance, kg·m; ω0 – operating speed, rad/s; t – time, s; ϕ – phase
shift, rad; i – imaginary unit.

Fig. 3. The design scheme of rotor oscillations: x, y – global coordinates; x1, y1 – local
coordinates; C0 – the geometric center of the cross-section; C – the mass center of the rotor.
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This model also includes the hydrodynamic forces acting to the impeller, particularly
hydrodynamic stiffness forceFc proportional to the displacement, damping forceFb pro-
portional to the velocity, and circulating forceFq proportional to the cross-displacements
[34]:

Fc = −c0z;Fb = −b0ż;Fq = iq0z, (3)

where c0 – coefficient of the hydrodynamic stiffness, N/m; b0 – damping factor, N·s/m;
q0 – coefficient of the circulating force, N/m.

The hydrodynamic coefficients are determined by the following dependencies [35]:

c0 = πd0l0
4h0

�p0; b0 = πμd0l30
24h30

; q0 = 1

2
b0ω0, (4)

where d0, l0, and h0 – diameter, length, and radial gap of the throttle, m; μ – dynamic
viscosity of the operating fluid, Pa·s/m; �p0 – pressure difference on the gap, Pa.

Additionally, the internal viscous friction force proportional to the relative velocity
is considered. Its value in the moving and fixed coordinate systems are as follows [36]:

F1ζ = −ζ ż1;Fζ = −ζ (ż − iω0z), (5)

where ζ – internal friction coefficient, N·s/m.
Overall, the initial differential equation of rotor dynamics (2) takes the form:

mez̈ + (b0 + ζ )ż + [
ce + c0 − i(q0 + ζω0)

]
z = Dω2

0e
i(ω0t+ϕ), (6)

or in projections on the coordinates x and y, and considering formula (4):
{
meẍ + (b0 + ζ )ẋ + (ce + c0)x + 1

2 (b0 + 2ζ )ω0y = Dω2
0cos(ω0t + ϕ);

meÿ + (b0 + ζ )ẏ + (ce + c0)y − 1
2 (b0 + 2ζ )ω0x = Dω2

0sin(ω0t + ϕ).
(7)

3.4 Dynamic Stability of the Rotor Movement

It is known that internal friction does not affect the amplitude-frequency response.
However, the impact of this force on rotor stability was not considered entirely.

The dynamic stability of the rotor’s motion can be studied according to the Routh-
Hurwitz criterion [37]. In this case, components in the right parts of Eqs. (3) are zero,
and the differential operator p is introduced. Consequently, the system of linear algebraic
equations can be obtained:

{ [
mep2 + (b0 + ζ )p + ce + c0

]
x + 1

2 (b0 + 2ζ )ω0y = 0;
− 1

2 (b0 + 2ζ )ω0x + [
mep2 + (b0 + ζ )p + ce + c0

]
y = 0.

(8)

Therefore, the internal friction increases the terms concerning damping and the
circulating forces.

The corresponding characteristic equation is as follows:
∣∣∣∣

[
mep2 + b0p + ce + c0

1
2 (b0 + 2ζ )ω0

− 1
2 (b0 + 2ζ )ω0 mep2 + (b0 + ζ )p + ce + c0

]∣∣∣∣ =
∑4

j=0
ajp

4−j = 0, (9)
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where the following coefficients have been introduced:

a0 = m2
e; a1 = 2(b0 + ζ )me; a2 = (b0 + ζ )2 + 2(ce + c0)me;

a3 = 2(b0 + ζ )(ce + c0); a4 = c2 + (b0 + ζ )ζω2
0 + 1

4b
2
0ω

2
0.

(10)

The negative parts of solutions pj determine the stability region of rotor movement.
According to the Routh-Hurwitz criterion, this requirement is completely satisfied for
the following inequalities:

⎧
⎨

⎩

aj > 0;
�2 = a1a2 − a0a3 = 2me(b0 + ζ )

[
(ce + c0)me + (b0 + ζ )2

]
> 0;

�2a3 − a21a4 = me(b0 + ζ )
[
(ce + c0)(b0 + ζ )2 − me(b0 + 2ζ )2ω2

0

]
> 0.

(11)

The first two of these inequalities are automatically satisfied. However, the last one leads
to the following stability condition (Fig. 4):

ψ(χ) <
2(1 + χ)

1 + 2χ
, (12)

where the following dimensionless frequency ψ and friction ratio χ have been
introduced:

ψ = ω0

ωcr
;χ = ζ

b0
, (13)

where ωcr – critical frequency,

ωcr =
√
ce + c0
me

= ω1

√
1 + c0

ce
. (14)

Fig. 4. The stability region of rotor movement.
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Therefore, despite the internal friction not affecting the amplitude-frequency
response, it impacts the rotor stability. Moreover, according to the stability criterion,
the maximum operating frequency should be less than the maximum value ψωcr , where
the dimensionless coefficient varies in a range of 1 ≤ ψ < 2 depending on the value of
the internal friction coefficient ζ . Remarkably, if the dimensionless frequency ψ < 1,
the rotor motion is stable for a whole range of change in the internal friction coefficient.

4 Results

The initial data for dynamic analysis and stability of the designed centrifugal pump
CPN 600-35 based on the finite-element model is summarized in Table 1. The calcula-
tions are realized using the authors’ operating file “Critical frequencies of the rotor” of
the computer algebra system MathCAD.

Table 1. The initial data of the dynamic analysis.

Section no. Length, m Diameter, m Local mass, kg Moment of
inertia, kg·m2

Stiffness, N/m

1 0.045 0.036 – – –

2 0.036 0.060 – – –

3 0.064 0.060 24.37 0.391 –

4 0.149 0.065 – – –

5 0.07 0.070 – – –

6 0.026 0.070 4.35 – 1·1012

7 0.005 0.090 – – –

8 0.057 0.086 – – –

9 0.090 0.082 – – –

10 0.057 0.086 – – –

11 0.005 0.090 – – –

12 0.019 0.075 – – –

13 0.042 0.075 3.47 – 1·1012

14 0.053 0.075 3.47 – 1·1012

15 0.026 0.068 – – –

16 0.105 0.060 – – –

The traditional design scheme corresponding to Fig. 2 and Table 1 is presented in
Fig. 5.

The first three resulting mode shapes of free oscillations are presented in Fig. 6.
The corresponding critical frequencieswere obtained using the finite elementmethod

using the authors’ operating file “Critical frequencies of the rotor” of the computer
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Fig. 5. The traditional design scheme of the rotor: – bearing support; – local mass; –
moment of inertia.

Fig. 6. The mode shapes of free oscillations, obtained using the program “Critical frequencies of
the rotor”.

algebra system MathCAD. The corresponding values are: ωcr1 = 702 rad/s, ωcr2 =
2525 rad/s, and ωcr3 = 9995 rad/s.

The reliability of this model is proved by the similar results obtained using the
ANSYS software (Fig. 7).

Fig. 7. The 1st (a), 2nd (b), and 3rd (c) mode shapes of free oscillations, obtained using the
ANSYS software.
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The comparison of the results obtained using the MathCAD and ANSYS software
is presented in Table 2.

Table 2. Comparison of the results.

Software Eigenfrequency, rad/s

1st 2nd 3rd

MathCAD 702 2525 9995

ANSYS 687 2432 8723

Relative error, % 2.2 3.8 14.6

The relative error for evaluating the 1st eigenfrequency ω1 does not exceed 2.2%.
Therefore, the authors’ methodology, realizedwithin the operating file “Critical frequen-
cies of the rotor”, is reliable for the designed centrifugal pump CPN 600-35 for nuclear
power plants.

Notably, since the 1st critical frequency ωcr1 = 732 rad/s is 4.47 times higher than
the operating speed ω0 = 157 rad/s, detuning from the resonance is equal to 347%.
Therefore, mechanical vibrations can be considered according to the international stan-
dard ISO 1940-1:2003 “Mechanical vibration – Balance quality requirements for rotors
in a constant (rigid) state – Part 1: Specification and verification of balance tolerances
(IDT)”.

According to formula (1), the equivalent stiffness can be determined using the finite
element method using the authors’ operating file “Forced oscillations of the rotor” of the
computer algebra systemMathCAD.After calculations, the corresponding value is equal
to ce = 2.02·107 N/m.Also, the equivalentmass (1) is equal tome = 41.0 kg. Also, for the
particular case study, the following physical and geometrical parameters of the throttling
gaps have been considered: pressure difference �p0 = 3.43·105 Pa; dynamic viscosity
of the operating fluid at normal conditions μ = 1.0·10–3 Pa·s. According to the pump
design (Fig. 1), the following geometrical parameters of the radial throttle have been
considered: diameter d0 = 0.2245m; length l0 = 0.045m; gap h0 = (0.25…0.30)·10–3 m.

According to formulas (4) and (13), the following parameters have been evaluated:
damping factor b0 = 99.1…171.4 N·s/m.

Due to the results presented by Roy and Tiwari [38], for a similar rotor, and under the
common assumption that the variation coefficient is equal to 0.2, the friction coefficient
in a three-sigma range is equal to ζ = 8…32 N·s/m. According to formula (14), the
dimensionless friction ratio χ = 0.047…0.323, and the dimensionless frequency ψ =
0.180…0.186.

Finally, themaximumdimensionless frequency (12) is equal toψmax = 1.608. There-
fore, since this value is 8.64 times higher than the value ψ = 0.186, the rotor motion is
stable with a margin of 764%.
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5 Conclusions

Thus, in the paper, the centrifugal pump CPN 600-35 for the water supply of an indus-
trial circuit at nuclear power plants has been modernized. This design corresponds to
national standards concerning rules and regulations in the nuclear power industry accord-
ing to SE “NNEGC “Energoatom” requirements, i.e., SOU NAEK 158:2020, 59:2020,
160:2020, and PNAE G-7-002-86.

For ensuring vibration reliability of the designed pump, the parameter identifica-
tion approach has been applied jointly with the finite element analysis and analytical
modeling. As a result, the equivalent mass and stiffness of the rotor system have been
evaluated. The mathematical model of rotor dynamics has been developed considering
inertia, stiffness, damping, circulating, and internal friction forces.

Since the operating speed of 157 rad/s is significantly less than the first critical
frequency of 702 rad/s, detuning from the resonance equals 347%. Therefore, dynamic
balancing of the rotor should be carried out according to the international standard
ISO 1940-1:2003.

Moreover, the first three eigenfrequencies have been calculated numerically using
the ANSYS software and the developed operating file “Critical frequency of the rotor”
of the computer algebra system MathCAD. Each program is based on the finite element
method. The relative difference between the first two eigenfrequencies does not exceed
4%.

Finally, based on the Routh-Hurwitz criteria, the dynamic stability of the rotor move-
ment has been assessed in terms of operating frequency and friction coefficient, and the
corresponding stability region has been built. Notably, for the designed rotor, its motion
is dynamically stable with a margin of 764%.

Notably, the presented research corresponds to the objective “Increasing the pressure
of the stages of pumping units and ensuring the vibration reliability of the functional ele-
ments of the complex hydrodynamic system based on improving the design of pumping
equipment of nuclear power plants (NPPs) by developing technical designs forwater sup-
ply pumps and auxiliary systems” according to the Agreement No. BF/26-2021 between
Sumy State University and Ministry of Education and Science of Ukraine.
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Sumy State University” ordered by the Ministry of Education and Science of Ukraine (State Reg.
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Abstract. Crane spans with prestressed girders operate under the same condi-
tions, modes, and load capacities as conventional cranes. The load-carrying capac-
ity of their spans must be provided with high strength and stiffness in two planes -
in the main vertical plane and the horizontal plane. However, studies of the stress-
strain state of a crane with a prestressed bridge operating in the horizontal plane
have not been conducted. A mathematical model of the pre-stressed main beam
has been developed in the paper. An analysis of its deformed state from the plane
of cargo suspension and under the simultaneous influence of vertical and horizon-
tal forces has been carried out, which allowed establishing. The obtained results
can be further used to design bridge-type cranes with prestressed span beams to
increase their lifting capacity and extend their service life without disassembly. As
well as improving the existing structures and engineering methods of calculation,
both at the design stages and under real operating conditions.

Keywords: Industrial growth · Bridge crane · Stress-strain state · Prestressed
beams · Beam deflections

1 Introduction

The paper deals with the issues related to bridge-type cranes with prestressed spans.
Such cranes are used to a limited extent in the industry [1]. It should be noted that cranes
with prestressed span girders have considerably less weight, owing to less moment of
inertia of beam section that positively influences on many other parameters improving
operating conditions of the machine and is a significant advantage [2]. At the same time,
such span beams aremore deformable, which can lead to structural failure ormalfunction
[3].

This is because themetal structures of such cranes are more deformable than conven-
tional cranes [4], whichmay be one of the causes of performance failure and unnecessary
energy consumption to overcome the track gradient [5]. These factors are among those
that limit the use of these cranes.

At the same time, cranes with prestressed span girders have significantly less weight
and smaller dimensions than conventional cranes and a lower cost of the crane’s metal
structure, which can be 75–80% of the cost of the crane.
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Note that the operation of cranes with pre-stressed beams occurs under the same
conditions, operating modes, and the same lifting capacities as usual, for which the
calculation in the design of the crane bridge is carried out following the established
design combinations of loads - “a” (IIa, Ia) and “v” (IIv, Iv) [6]. The combination of
loads “a” corresponds to the mode of lifting the load or its braking when lowering (with
the other mechanisms turned off). In this case, the crane bridge is loaded in the plane of
the suspension of the load with vertical loads [7]. Prevention of the destruction of the
crane bridge and the occurrence of permanent deformations with a given probability is
guaranteed if the conditions are met [8].

σa = (−EJ1)y′′

W1
≤ Rm, y ≤ [

y
]

(1)

The combination of load “v” corresponds to the mechanism of the crane’s movement
when the load is suspended. Thus, the crane bridge experiences an oblique bend, as it is
loaded in two planes: in the plane of the suspension of the load (xoy) by vertical loads,
and from the plane of the suspension (xoz) - by the horizontal inertial load Fu. Then the
condition for preventing its destruction will have the form

σIIB(IB) = (−EJ1)y′′
1

W1
+ (−EJ2)z′′

W2
≤ Rm, (y + z) ≤ [

y
]
, (2)

where EJ1, EJ2 - is the rigidity of the crane bridge when bending in the plane of the
suspension and from the plane of the suspension of the load, respectively; W1, W2

- moments of inertia of the section in the same planes, respectively; R - design steel
resistance; m - coefficient of working conditions; y, z [y] - the deflections of the span
beam, in the planes xoy, xoz and the allowable deflection, respectively.

Thus, during the operation of a pre-stressed crane bridge in conditions of oblique
bending, the bridge must be provided with high strength and rigidity in two planes - in
the main vertical plane xoy and the horizontal - xoz. This condition must be considered
in matters related to the calculation and design of cranes with prestressed bridges. It
requires additional research in relation to the real operating conditions of the crane. In
this connection, the issues related to the calculation and design of such structures require
special attention and study and are very relevant.

2 Literature Review

The analysis of the publications shows that the mathematical models of span beamswere
subjected to separate studies [9], numerical modeling of prestressed beams was carried
out [10]. But at the same time, studies related to oblique bending of beams were carried
out only for conventional crane bridges [11] exposed to transverse [12] and horizontal
inertial loads [13, 14]. Such mathematical models cannot be used in our case. Since the
beams are also exposed to longitudinal compressive forces, which in turn requires the
development and consideration of a different mathematical model.

In addition, studies were carried out for prestressed beams on the issues of their static
stiffness [15]. However, the work of the bridge superstructure was considered only in
the vertical plane [16, 17].
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It should be noted the works where the preformation of the bridge was determined
as the difference between the deflections from the action of transverse forces and the
deflection of the beam from the action of the longitudinal forces of the preliminary stress
and self-tension in the tightening [18, 19]. This also cannot be considered by us, since
prestressed beams refer to systems that do not obey the principle of superposition. And
this approach will not always be correct and gives only approximate results.

It follows from all that there have been no publications related to the operation of a
prestressed beam for load combinations “v”.

This, in turn, requires the development and consideration of a new mathematical
model, where the maximum approximation of the design scheme to the real operating
conditions of the crane is put forward in the first place.

The purpose of this study. Thus, the purpose of this work is to study further the
stress-strain state of a pre-stressed main beam operating simultaneously in two planes.
The issues considered in it are those in which the nature of the action of loads on the
beam is put forward in the first place with the maximum approximation of the design
scheme to the real constructive form.

To achieve this goal, it is necessary to solve the following tasks to develop a mathe-
matical model of a pre-stressed crane bridge, taking into account the work of the main
beams in the horizontal and vertical planes; investigate to analyze the results obtained.

3 Research Methodology

When developing the mathematical model, following the requirements put forward for
the crane bridge operation, we notice that it is necessary to consider two types of bridge
design diagrams: the first for the load combination “a” and the second for the load
combination “v”. When compiling design diagrams, we assume that all elements of the
crane are solid, the beam operates in the elastic stage, and rests on ideal hinges.

Let us introduce the notation

U = cos k1x + sin k1 x tg(0,5 k1l) − 1, (3)

k21 = S

EJ1
(4)

Then the expression of the curve of the crane bridge deflections and bending moments
in the xoy plane will be (Fig. 1)

y = −hU + F

S

(
sin k1a sin k1x

k1 sin k1l
− ax

l

)
, (5)

M = −hS(U − 1) + F sin k1a sin k1x

k1sin k1l
, if 0 ≤ x ≤ (l − a) (6)

y = −hU + F

S

(
sin k1(l − a) sin k1(l − x)

k1 sin k1l
− (l − a)(l − x)

l

)
, (7)

M = −hS(U − 1) + F sin k(l − a) sin k(l − x)

k sin kl
, if l ≥ x ≥ (l − a) (8)
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Fig. 1. Calculation scheme of the bridge for the load combination “a”.

4 Results

With the combination of loads “v” on the prestressed crane bridge acts (in the plane xoz)
horizontal inertial load determined by the masses of the bridge mm, cart mt , cargo m,

and acceleration γ

и  =  (  +   +  ) ⋅
(9)

The design diagram of the span beam, when it works in the horizontal plane, is shown
in Fig. 2.

Fи
x

S S

l

a

zz
x

Fig. 2. Calculation scheme of the bridge for the load combination “v”.

Let’s point

z2 = S

EJ2
(10)

Then, the differential equations of the deflection arrows for the left and right parts of the
prestressed crane bridge, at a = 0,5l, will be, respectively

(11)
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(12)

The total integral of this equation is

z = C1 cos k x + C2 sin k x − 0, 5FHx

S

(13)

The integration constants C1, C3 are determined from the conditions at the ends of the
beam, where the deflections are zero, and C2, C4 - at the point of force Fu, where both
sections of the beam deformation curve have the same deflection and common tangent

C1 = 0, (14)

(15)

(16)

(17)

In our case, the force Fu is applied in the middle of the beam, so the deformation curve
is symmetrical. Thus, we can consider one of the two sections of the beam. After simple
transformations, we obtain the corresponding expression for the beam deflection arrow

(18)

We get the bending moment by differentiating the last expression twice

(19)

According to the obtained expressions, for combinations of loads “a” and “v”, mathe-
matical research of the deformed state of the beamwith the span of l = 10. Deformations
of the bridge are presented in the form of beam deflections.

y/l

[y/l] ;
z/l

[y/l] ;
(z + y)/l

[y/l] (20)

The analysis of the results obtained with the combination of loads “a” has researched
that, with the ratio of forces acting on the beam F/1, 5, the use of prestressing gives a
possibility to minimize the deflection of the span.
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Table 1. Conditional deflections of the main beam.

Fi
Si

Section
al location

Load capacity, Fi, m

F1 = 0,5 F2 = 0,63 F3 = 1,0
Fa
Si

Fb
Si

Fc
Si

Fa
Si

Fb
Si

Fc
Si

Fa
Si

Fb
Si

Fc
Si

Fi
0,75 0,5 l 0,49 0,5 0,69 0,64 0,66 0,92 0,97 0.81 1,26

l −0,08 −0,51 −0,08 −0,66 −0,08 −0,81
Fi
1,0 0,5 l 0,42 0,6 0,73 0,6 0,73 0,94 0,94 0,86 1,62

l −0,11 −0,61 −0,11 −0,74 −0,11 −0,86
Fi
1,25 0,5 l 0,37 0,65 0,75 0,56 0,8 0,97 0,9 0,9 1,3

l −0,16 −0,67 −0,16 −0,69 −0,16 −0,91
Fi
1,5 0,5 l 0,35 0,68 0,76 0,54 0,84 0,99 0,89 0,94 1,67

l −0,18 −0,7 −0,18 −0,86 −0,18 −0,95
Fi
1,75 0,5 l 0,29 0,74 0,79 0,46 0,92 1,03 0,8 1,0 1,3

l −0,25 −0,78 −0,25 −0,95 -0,25 −1,03
Fi
2,0 0,5 l 0,27 0,82 0,86 0,40 1,0 1,1 0,75 1,2 1,4

l −0,3 −0,87 −0,3 −1,04 −0,3 −1,3

The Conditional deflections of the main beam, are shown in Table 1. Deformations
of the bridge in the plane xoy, is shown in Fig. 3; deformations of the bridge in the planes
xoy, xoz, is shown in Fig. 4.

Fig. 3. Deformations of the bridge in the plane xoy.
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Fig. 4. Deformations of the bridge in the planes xoy, xoz.

5 Conclusions

Thus, Table 1 and Fig. 3 show that when the eccentric compressive force S is applied,
the beam’s deflections can be reduced by 50–70%, which has a positive effect on the
deformed state of the span bridge.

Besides, Table 1 and Fig. 4 show that for the combination of “v” loads, an increase
in the magnitude of compressive forces leads to a significant increase in deformations in
the horizontal plane. The ratio of forces F/1.5 (Fig. 4) can be acceptable for the crane
bridge. At the same time, note that the beam deformations at oblique bending (curves
1v and 1c) exceed the limits of deflections from temporary load F of the usual bridge
without unloading devices. It requires special attentionwhen designing prestressed crane
bridges.

The results obtained in this work can also be used in the future for modernization
to increase their carrying capacity, increase the service life without dismantling, and
improve existing structures and engineering calculation methods during design and in
real operation conditions.
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Organization of Transportation of a Particle
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Abstract. Themovement of a material particle on the inner surface of an inclined
cylinder rotating around its axis with a constant angular velocity is investigated
in the article. When a particle hits the surface of a horizontal cylinder, it begins to
oscillate in the cross-sectional plane of the cylinder with a certain amplitude in the
angular dimension. Its value depends on the incidence point, friction coefficient,
and initial absolute velocity. Differential equations of movement in projections on
the axis of a fixed coordinate system are compiled. They are solved numerically.
Under the appropriate initial conditions, which are determined analytically, the
particle in absolute movement can be stationary, being at a point on the cylinder at
a certain distance from the lower point in the angular dimension in the direction of
the rotation of the cylinder. Some movement cases are described when the angle
of inclination of the cylinder’s axis to the horizontal plane is greater, equal, or
less than the friction angle on the cylinder’s surface. An analytical solution for
the last case that describes the particle’s movement after stabilization is found.
Visualization of the obtained results is made.

Keywords: Angular velocity · Horizontal cylinder · Differential equations ·
Axial direction · Friction force · Industrial growth

1 Introduction

Cylindrical surfaces are an integral part of agricultural machinery. In hoisting and trans-
port machines, such surfaces are casing, inside which the active working body rotates.
An inclined cylinder that rotates around its axis is used in drum grain dryers [1] and
inertial separators [2, 3]. The interaction of particles of material with the surface of the
cylinder, which rotates around its axis, leads to their sliding, the character of which
depends on the angle of the cylinder inclination.
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2 Literature Review

Many research works are conducted on increasing the reliability and durability of
machines in general and their components. It is proposed to solve this problem in various
ways. For example, in [4], a new technique to sulfide the surfaces of details with electrical
discharge machining are proposed. The authors of [5] a way to strengthen the surfaces
of steel components, including cementation and nitriding processes, is presented. In
[6], applying a multilayer coating using electrical discharge machining is devised. But
it is not a secret that such recommendations are insufficient [7]. In similar works, the
surfaces are proposed to be improved by developing new ways to strengthen surfaces,
which is expensive. Instead, this question can be solved easier by methods of geometric
modeling.

Engineering practice often dealswith the problems of geometric designing of objects,
which are proposed to solve in different ways. For example, within a multidimensional
space by approximating a solution to differential equations [8]; by the method of mul-
tidimensional parabolic interpolation [9]; by means of interpolation of geometric space
[10] and so on. It is even easier to take the final terms as the initial conditions. In such
a case, the geometric designing of technological objects comes down to finding the
analytical dependencies of their interaction. Such interaction in mechanical engineering
is the interaction between the working body and material. It takes place during sepa-
ration of mixtures [11, 12], aspiration separation [13], soil fertilizing [14] and prilling
[15], etc. The movement of a single particle cannot be identified with a movement of
material, which consists of individual particles, but it allows identifying laws of the
movement, which can be transferred to the material. In [16], the results of studies of
particle movement on rough surfaces and in [17] – in the rotary disasters were presented.
Also, dynamic analysis of a particle in accelerating flow is presented in [18].

However, in some cases, the study of body motion can also be reduced to a particle
[19]. This applies to the case when the inertia forces from the body’s rotation can be
neglected due to the small angular velocities of their rotation [20]. Therefore, the range of
applied problems that require an analytical description of the movement of a particle on
a plane is multifaceted. Based on the foregoing, the research aims to find the movement
patterns for a material particle on the inner surface of a cylinder rotating around an axis,
set at an angle to the horizon.

3 Research Methodology

The parametrical equations of a cylinder with a horizontal axis directed along the OX
axis can be written:

X = u; Y = Rsinα; Z = −Rcosα, (1)

where R is the radius of the cylinder (a constant value);
α and u are independent variables of the surface. Moreover, α is the angular coordi-

nate, u is the linear coordinate (length of the generatrix of the cylinder). The sign “–”
in the last Eq. (1) is taken to ensure that the value α = 0 corresponds to the lowest
generatrix, where is the particle’s initial position.
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At the beginning, the particle is at point A on the lower generatrix (Fig. 1a). Let us
rotate the cylinder around the axis with a constant angular velocity ω. During time t, it
rotates at an angle ωt, and its lower generatrix moves to point C. The particle also moves
but does not reach point C because it slides on it (Fig. 1b). Suppose it has reached point
B, which corresponds to the angle of sliding α. Since the axis of rotation is horizontal,
the trajectory is the arc. If the cylinder is inclined, a component of the force of gravity
arises and causes the particle to slide in the OX direction.

Firstly, let us consider themovement of a particle on the surface of a horizontal cylin-
der. If a specific dependence connects the variables α and u of the surface, for example,
of time t, Eq. (1) will be transformed into the equation of one variable, describing a line
on the cylinder. This line is considered a sliding trajectory, and the dependencies α =
α(t) and u = u(t) are unknown and should be found. To find them, it is necessary to
compose a system of differential equations of motion of the particle in the projections
on the axes of the coordinate system OXYZ.

Fig. 1. Illustrations for drawing up equations of movement of a particle: a) axonometric image of
the cylinder; b) projection of the cylinder when the axisOX is directed at the observer and applied
to the particle at the point B forces.

The equation of the movement of a particle is mw = F , where w is the vector of
absolute acceleration, F is the resulting vector of forces applied to the particle. Such
forces are the force of gravity mg (m is the mass of the particle, g is the acceleration
of gravity), the reaction of the surface N, and friction force f·N (f is the coefficient of
friction). Let us find the directing cosines (the unit directing vectors of action of forces).
The force of gravity is directed downwards, so the projections of the directing vector:

mg : {0; 0;−1}. (2)

The friction force f·N is opposite to the velocity vector of relative movement Vr (of
the sliding). Tofind the velocityVr of the relativemovement, it is essential to differentiate
Eq. (1) by time t. Wherein α = α(t) and u= u(t), i.e., Eq. (1), are the equations of the line
on the cylinder (the relative trajectory). To distinguish the equations of line and surface,
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in the equations of the relative trajectory, the lowercase letters with the index “r” are
used instead of the uppercase letters:

ẋr = u̇; ẏr = Rα̇cosα; żr = Rα̇sinα. (3)

The geometric sum of the components (3) gives the value of the sliding velocity of
the particle on the cylinder in relative movement:

Vr =
√
ẋ2r + ẏ2r + ż2r =

√
u̇2 + R2α̇2. (4)

The unit vector of the tangent to the trajectory of relativemovement in the projections
on the axis of the OXYZ system is obtained by dividing (3) by (4). The friction force f·N
is opposite to the vector Vr of relative velocity. Let us write a unit directing vector of
action of the friction force with the opposite sign:

f · N :
⎧
⎨
⎩

−u/
√
u̇2 + R2α̇2;

−Rα̇cosα/
√
u̇2 + R2α̇2;

−Rα̇sinα/
√
u̇2 + R2α̇2

⎫
⎬
⎭. (5)

The reaction of the surface N is directed from a point on the cylinder to the rotation
axis (Fig. 1b). If the radius vector of a point is determined by the 2nd and 3rd expressions
(1), the surface’s reaction can be analogous with the opposite sign. The projections of
the unit reaction vector N take a form:

N : {0;−sinα; cosα}. (6)

The cylinder rotates clockwise at an angle θ = –ω·t. At point A, the generatrix will
occupy point C (Fig. 1b). Let us rotate the cylinder (1) around the axis OX at an angle
θ = –ω·t. After simplifications, equations take the form:

X = u;Y = −Rsin(ωt − α);Z = −Rcos(ωt − α). (7)

Equations (7) with α = α(t) and u = u(t) are the equations of the absolute trajec-
tory of the particle. The cylinder was rotated at an angle θ = –ω·t and the particle
was sliding on it in the opposite direction, was rotated at an angle α = α(t) and took
a position at point B (Fig. 1b). The absolute particle velocity can be found by differ-
entiating Eq. (7) with the indications through the lowercase letters with the index “a”:
ẋa = u̇; ẏa = −R(ω − α̇)cos(ωt − α); ża = R(ω − α̇)sin(ωt − α). By differentiating
Eq. (7) the projections of the vector of absolute acceleration:

ẍa = ü; ÿa = R(ω − α̇)2sin(ωt − α) + Rα̈cos(ωt − α);
z̈a = R(ω − α̇)2cos(ωt − α) − Rα̈sin(ωt − α).

(8)

Since the surface rotates at an angle θ = –ω·t, vectors (5) and (6) must also be rotated
at this angle in the same way as the surface (7), so:

– unit directing vector of action of friction force f·N:

f · N :
{
− u̇√

u̇2 + R2α̇2
;−Rα̇cos(ωt − α)√

u̇2 + R2α̇2
; Rα̇sin(ωt − α)√

u̇2 + R2α̇2

}
; (9)
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– unit directing vector of action of the reaction force N:

N : {0; sin(ωt − α); cos(ωt − α)}. (10)

A vector equation mw = F should be compiled in the projections on the axis of the
fixed coordinate system OXYZ for a horizontal cylinder because (8), (2), (9), (10) are
known:

mẍa = −fN u̇/
√
u̇2 + R2α̇2;

mÿa = −fNRα̇cos(ωt − α)/
√
u̇2 + R2α̇2 + Nsin(ωt − α);

mz̈a = −mg + fNRα̇sin(ωt − α)/
√
u̇2 + R2α̇2 + Ncos(ωt − α).

(11)

By substituting (8) in (11), one can obtain a system of three equations with three
unknown dependencies: α = α(t), u = u(t) and N = N(t). It should be used in the case
when the initial velocity u̇ of the particle is set in the direction of the OX axis. When
ü = u̇ = 0 (i.e., when a particle slides on the circle), the first Eq. (11) becomes the
identity 0 = 0. The solution of the system in respect to α̈ = α̈(t) and N = N(t) gives:

α̈ = g
[
sin(ωt − α) − f cos(ωt − α)

]
/R − f (ω − α̇)2;

N = m
[
R(ω − α̇)2 + gcos(ωt − α)

]
.

(12)

The first Eq. (12) is differential and can be solved independently. It can be assumed
that when a horizontal cylinder is rotating, the particle which is located on it (Fig. 1b,
point A) rotates with the cylinder without sliding to point C, and then it slides down to
a certain point below, and this process will be repeated. Numerical integration of first
Eq. (12) showed that such an assumption is valid only for small angular velocities. An
important role in numerical integration has the initial conditions, which depend on the
nature of the particle’s movement. The initial conditions assumed that the particle is
initially located on the lower generatrix and the angular sliding velocity is absent, i.e.,
α = α̇ = 0. In Fig. 2, the graphs of changes of the kinematic characteristics of the
particle’s movement during 3 s at R = 0.2 m, f = 0.3, and different angular velocities
are presented. The horizontal part of the graph α = α(t) indicates that at this time,
there is no sliding, the particle “sticks” and rotates with the cylinder. “Sticking” (rising)
periodically alternates with sliding (falling). The graph of the change of the difference
of angles ω·t–α shows the amplitude of oscillations.

The graphs show that the amplitude of particle oscillations increases as the angular
velocity of the rotation increases. If at ω = 2 s−1 the particle during rising upwards
rotated at approximately 35° and fell almost to the lower generatrix, then these angles
are respectively 165° and –40° at ω = 10 s−1, i.e., the particle oscillates in a circle,
covering more than half of its arc. With a further increase in the angular velocity ω of
the cylinder rotation, the particle practically “sticks” and rotates with it.

If at the initial moment the particle has an angular sliding velocity α̇ = ω, i.e., at
the beginning of its movement, its absolute velocity of rotation is equal to zero, then the
further movement of the particle will differ from the considered cases. For example, let
us take ω = 10 s−1 (Fig. 2b at the bottom for the initial conditions α = α̇ = 0). Let us
change only one initial condition: α = 0, α̇ = ω. This replacement significantly changed
the character of the oscillations – their amplitude decreased (Fig. 3a).
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Fig. 2. Graphs of changes of the sliding angle α (at the top) and the angle of deviation of the
particle ω·t–α (at the bottom) from zero value in absolute movement: a) ω = 2 s−1; b) ω = 10
s−1.

Fig. 3. Graphs of change of the deviation angle ωt–α from zero value in the absolute movement
at ω = 10 s−1 and different initial conditions: a) α̇ = ω, α = 0; b) α̇ = ω, α = –15°.

Research results have shown that when the angular velocity of rotation increases, the
particle does not “stick”, but oscillates with the same amplitude (within 0°…35°), i.e. the
angular velocity does not affect the amplitude of oscillations, unlike the second initial
condition, supplemented by the first. In Fig. 3a, a graph is constructed for α = –15°,
i.e., at the initial moment, the particle is not located at the lower point of the cylinder
but slightly higher in the rotation direction. The amplitude of oscillations has decreased
(15°…18.5°), and it is evident that in both cases (Fig. 3), oscillations occur relative to
the midpoint (approximately 17°). If the initial condition is α = –17°, the amplitude of
oscillations practically disappears, and the particle remains stationary. This is confirmed
by a solution of the first Eq. (12).

Let the solution of first Eq. (12) be the dependenceα =ω·t+αo. Then α̇ = ω, α̈ = 0.
Substitution of these expressions into the first differential Eq. (12) satisfies the last one.
As a result: –sinα0–f cosα0 = 0, wherence α0 = –Arctgf. Thus, the angle αo is equal
to the angle of friction. For the accepted value of f = 0.3 angle is αo = –16.7°. Under
these initial conditions, the particle will slide on the surface, remaining stationary in the
absolute movement at a certain height from the lower generatrix.

To compile differential equations of movement of a particle, it is necessary to rotate
the cylinder and align all vectors of forces and absolute acceleration according to its
position. The rotation will be done clockwise around the axis OY at an angle β. So, the
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particle sliding direction down along the generatrices coincides with the direction of the
axis OX. The vector of the weight force is directed downwards, i.e., does not change its
direction. The vectors of the remaining forces and the absolute acceleration are rigidly
bound to the cylinder surface or the lines (trajectories) on it, so they must be rotated in
the same way as the cylinder.

After rotation at the angle β, the following expressions can be obtained:

– parametrical equations of the cylinder:

X = ucosβ − Rsinβcosα; Y = Rsinα; Z = usinβ − Rcosβcosα;
– projections of the absolute trajectory:

xa = ucosβ − Rsinβcos(ωt−α); ya = Rsin(ωt−α); za = usinβ − Rcosβcos(ωt−α);
– projections of the absolute acceleration:

ẍaβ = Rsinβ(ω − α̇)2cos(ωt − α) + ücosβ − Rα̈sinβsin(ωt − α);
ÿaβ = R(ω − α̇)2sin(ωt − α) + Rα̈cos(ωt − α);

z̈aβ = Rcosβ(ω − α̇)2cos(ωt − α) − üsinβ − Rα̈cosβsin(ωt − α);
(13)

– projections of the unit directing vector of action of friction force f·N:

f · N :
⎧
⎨
⎩

(Rα̇sinβsin(ωt − α) − u̇cosβ)/
√
u̇2 + R2α̇2;

−(Rα̇cos(ωt − α))/
√
u̇2 + R2α̇2;

(Rα̇cosβsin(ωt − α) + u̇sinβ)/
√
u̇2 + R2α̇2

⎫
⎬
⎭; (14)

– projections of the unit directing vector of action of the reaction force N:

N : {sinβcos(ωt − α); sin(ωt − α); cosβcos(ωt − α)}. (15)

Similarly, as for the horizontal cylinder, a systemof differential equations considering
the rotated vectors (13–15) is made:

mẍaβ = fN (Rα̇sinβsin(ωt − α) − u̇cosβ)/
√
u̇2 + R2α̇2 + N sinβcos(ωt − α);

mÿaβ = −fN (Rα̇cos(ωt − α))/
√
u̇2 + R2α̇2 + N sin(ωt − α);

mz̈aβ = −mg + fN (Rα̇cosβsin(ωt−α)+u̇sinβ)√
u̇2+R2α̇2 + Ncosβcos(ωt − α).

(16)

Let us substitute (13) in (16) and solve it in respect to α̈ = α̈(t), ü = ü(t) and N = N(t):

α̈ = g
Rcosβsin(ωt − α) − f α̇

[
gcosβcos(ωt − α) + R(ω − α̇)2

]
/
√
u̇2 + R2α̇2;

ü = gsinβ − f u̇
[
gcosβcos(ωt − α) + R(ω − α̇)2

]
/
√
u̇2 + R2α̇2;

N = m
[
gcosβcos(ωt − α) + R(ω − α̇)2

]
.

(17)
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4 Results

By numerical integration, the kinematic characteristics of the particle movement inside
the cylinder were obtained, and they significantly depend on two parameters: the angle
of inclination β of the cylinder and the angular velocity ω of its rotation. Figure 4 shows
the absolute trajectories of the particle for a cylinder of radius R = 0.2 m, which is
inclined by an angle β = 15° (less than the angle of friction, which is 16.7° for f = 0.3).

Figure 5 shows the velocity change u̇ = VZ in theOX direction. In one case (Fig. 5a),
the inclination angle is less than the friction angle and more significant in the other
(Fig. 5b).

It can be concluded that the particle’s movement is stabilized, its velocity in the axial
direction is close to a constant value, and the trajectory – to a straight line (Figs. 4a,
and 5a). Such stabilization is possible up to a particular value of the angular velocity
of the rotation. In Fig. 4b, an absolute trajectory at ω = 10 s−1 is constructed (the
oscillations of the particle increase). With a further increase in the angular velocity ω,
the particle “sticks” and rotates with the cylinder. At low angular velocities of rotation
(i.e., to “sticking” of the particle), velocity stabilization is possible only for the angles
of inclination of the cylinder, which are less than the angle of friction. The graph of the
particle sliding velocity in the axial direction at an angle β, more significant than the
friction angle, shows that the sliding velocity increases linearly (Fig. 5b).

Fig. 4. Absolute trajectories of the movement of the particle on the inner surface of the cylinder
at different angular velocities of its rotation: a) ω = 2 s−1; b) ω = 10 s−1.

The “sticking” of the particle occurs when reaching the appropriate angular velocity
at any angle of its inclination. Graphs of changes of the sliding angle α and the distance u
of the particle movement in the axial direction at ω = 20 s−1 and the angle of inclination
β = 45° are constructed in Fig. 6. The graphs show that during time 2 s the particlemoves
at 6 mm and rotates at 1°. A further increase in the angular velocity will lead to complete
“sticking” of the particle. For angles of inclination of the cylinder, which are less than
the friction angle, stabilization is possible when the particle slides at a constant velocity
straightforwardly. Let us find the solution for this case and the horizontal cylinder. It
should be found in the form α = ω·t + αo, supplementing it with a constant velocity in
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Fig. 5. Graphs of the change of velocity u̇ = Vz in the direction of the axis of the cylinder at ω

= 5 s−1 for different angles β of its inclination: a) β = 10°; b) β = 20°.

the axial direction u̇ = VZ = const. Therefore, α̇ = ω, α̈ = 0, ü = 0.Using substituting
these data into the first two Eqs. (18), a system of two equations is obtained:

0 = gcosβsin(−α0)
R − (f ωgcosβcos(−α0))/

√
V 2
z + R2ω2;

0 = gsinβ − (fVzgcosβcos(−α0))/
√
V 2
z + R2ω2.

(18)

Fig. 6. Graphs of changes in the kinematic characteristics of the particle movement at ω = 20
s−1 and the inclination angle of β = 45°: a) the graph of the dependence u = u(t); b) the graph of
the dependence α = α(t).

After solving system (18) regarding αo and Vz, one can obtain:

α0 = −arctg
√
f 2cos2β − sinβ;Vz = Rω

√(
1 + f 2

)
/
(
f 2ctg2β − 1

)
. (19)

The result (19) should be understood as follows. Suppose the particle hits the cylinder
atα0with a relative angular velocity, equal to the angular rotation velocity of and opposite
the direction of its rotation and relative translational velocity along the axis Vz. In that
case, it continues to move at this velocity without oscillation.

5 Conclusions

When a particle hits the inner surface of a horizontal cylinder that rotates with an angular
velocityω around its axis, it begins to oscillate in the cross-sectional plane of the cylinder
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with a certain amplitude in the angular dimension. The amplitude value depends on the
particle’s incidence point, the coefficient of friction, and the initial absolute velocity.
Under the appropriate initial conditions, which are determined analytically, the particle
in absolute movement can be stationary, being at a point on the cylinder at a certain
distance from the lower point in the angular dimension in the direction of the rotation.
When an angle β inclines the cylinder to the horizon, the particle begins to move in the
axial direction, while the amplitude of oscillations decreases. The angle of inclination
of the cylinder is essential: at an angle β, which is less than the angle of friction, there is
a stabilization of movement, oscillations stop, and the particle moves straightforwardly
in the axial direction with a constant velocity; at an angle β, which is greater or equal to
the angle of friction, the stabilization of movement does not occur, the particle moves
accelerated in the axial direction. The value of the angular velocity of rotation has
great importance. When a particular value is reached, the particle practically “sticks”
regardless of the angle of the cylinder.
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Abstract. The article presents a study of the flow of supersonic flow in the inter-
scapular duct of a nozzle with a rotating aperture at low degrees of opening. Mod-
eling and calculation of the working fluid flow were carried out using the Fluent
software package. The construction of computational domains, limited by one
interscapular channel, for different degrees of opening of the nozzle diaphragm
has been carried out. Grids for computational domains have been built. A numer-
ical study of the flow in the interscapular channel of the C-9013R airfoil lattice at
π = 0.3 δ = 0.3 was carried out using the Reynolds Stress turbulence model. A
numerical study of the spatial flow in the interscapular channel has been carried
out. As a result of the calculations performed, the flow patterns in the interscapular
channel and behind it were obtained. The distribution of the kinetic energy loss
coefficients along the grating front at various degrees of opening of the diaphragm
at the inlet to the nozzle apparatus. The results obtained in this work will develop
a method for multi-parameter optimization of cogeneration steam turbines with
controlled steam extraction.

Keywords: Supersonic flow · Rotary diaphragm · Blade channel · Energy
efficiency

1 Introduction

Continuous development and improvement of the design and operating modes of cogen-
eration turbines have led to the use of steam with supercritical parameters. At this point
in time, one of the promising trends in developing thermal power turbines is their oper-
ation at supercritical pressure drops [1]. An increase in the steam parameters entails an
increase in the flow rates in the inter-blade channels of the nozzle and working channels.
In this case, it is necessary to reprofile the flow path to obtain the optimal geometry with
the lowest kinetic energy loss coefficients. The development of optimization methods
for the flow path of heating turbines is an urgent task.
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2 Literature Review

A large number of works are devoted to investigations of transonic and supersonic
flows in channels (reflux channels [2, 3] and other channels [4–7]). But a feature of
cogeneration turbines with adjustable steam extraction is the use of nozzle grids with
rotary diaphragms [4]. The change in the steam flow rate through the turbine under
variable modes is achieved by overlapping, at the inlet, the nozzle apparatus channels
(Fig. 1). The part of the nozzle that blocks the inlet channel is called the rotary diaphragm.

Fig. 1. Regulating turbine diaphragm: 1 - diaphragm; 2 - nozzles; 3 - rotary ring; 4 and 5 –
windows.

The flow structure in the nozzle array channel is greatly influenced by the degree
of opening of the diaphragm δ [8]. Here δ = a

a0
– the degree of opening of the rotary

diaphragm is the ratio of the area of the closed rotary diaphragm to the area of the fully
open diaphragm (Fig. 2).

Fig. 2. Flow in the computational domain. Isolines of Mach numbers at = π = 0,3 δ = 0,3.
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In the process of developing a method for the numerical study of a plane flow around
a nozzle array with a rotary diaphragm, calculations were performed at various degrees
of opening of the rotary diaphragm δ and pressure drops π across the array. As a result
of calculations, for small degrees of opening of the rotary diaphragm, complex flow
patterns were obtained in the blade channel of the nozzle, with the division of the flow
core into supersonic regions, shown in Fig. 2. An additional numerical analysis was
carried out for a more detailed study of these phenomena. The paper presents some
results of a numerical study of supersonic flow in the channel of the nozzle apparatus at
the degree of opening of the rotary diaphragm δ = (0,15 ÷ 0,3).

Numerical studies were carried out using the ANSYS Fluent software package.

3 Research Methodology

The computational area is one blade channel formed by the back and the trough of the
C-9013R profile developed byMEI (Fig. 3). Themain requirement for the computational
grid is a high-quality resolution of physical phenomena occurring in the computational
domain [9, 10]. On the one hand, the grid must ensure the resolution of phenomena in
the boundary layer of the near-wall region and phenomena in the flowing part of the
lattice, and beyond it, arising at transonic and supersonic flow rates (shock waves, flow
separations, wakes), which requires densification of the mesh in the indicated areas. On
the other hand, the size of the grid cells should be limited in terms of the time spent on
performing the calculations.

Fig. 3. Computational area for the S-9013R profile at δ = 1 (a) and δ = 0,15 (b).

The computational domain can be divided into two parts: movable, limited by the
rotary diaphragm, and fixed, limited by the interscapular channel behind the rotary
diaphragm. In this connection, it is possible to construct separate meshes for these
areas once and then, using a non-conformal interface, move them relative to each other,
simulating different degrees of diaphragm opening δ. In practice, due to the need to
compact the mesh at the walls to meet the requirements for the value of y+ ≈ 1, a
poorly matching and curved interface is obtained. Test calculations showed the presence
of “discontinuities” and “jumps” on the isolines of the parameters, which forced to
abandon the use of the non-conformal interface.
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Further, its own grid was built for the computational domain for each of the selected
degrees of opening of the rotary diaphragm. Considering all of the above, the following
approachwas appliedwhen constructing themesh in the computational domain. Since the
position of the shock waves and flow separations in and behind the channel is unknown,
the grid was built to ensure the condition y+ ≈1 in the near-wall region.

The thickness of the boundary layer was divided into 25 sublayers, with an element
magnification factor of 1.2. The rest of the mesh was set equal to the cell size in the last
sublayer. As a result, the number of mesh elements ranged from 1, 8 · 105to 2, 4 · 105,
depending on the degree of opening δ.

The preliminary results obtained (Fig. 4) required more detailed studies of the flow
in the channels of the gratings with rotary diaphragms:

Fig. 4. Flow in the computational domain. Isolines of Mach numbers at π = 0.3, δ = 0.3, k-ω
SST turbulence model.

1. A numerical study of the flow in the blade channel of the C-9013R profile lattice
at π = 0.3 δ = 0.3 was carried out using the Reynolds Stress turbulence model.
The model is used to simulate turbulence and makes it possible to obtain a good
agreement between the results of the calculation of supersonic jet flows with the
experiment’s results [11]. Since the model uses near-wall functions to resolve the
phenomena in the boundary layer, a separate computational domain was built with
a mesh satisfying the condition y+ ≤ 30 with the number of elements ≈63000 pcs.

In Fig. 5 shows the flow pattern obtained in the calculation using the Reynolds
Stress turbulence model. As can be seen from the figure, the flow pattern in the blade
channel obtained by analysis using the Reynolds Stress turbulence model is similar
to the previously obtained flow pattern calculated using the k-ω SST turbulence
model (Fig. 4).

2. Additionally, to assess the possible influence of the profile shape on the flow pattern
in the interscapular channel formed from profiles No. 99 developed by TsAGI. The
profile was chosen because of the similarity to the C-9013R profile in terms of
geometric characteristics. t/b = 2. For profile No. 99, a computational domain was
constructed, corresponding to the degree of opening of the rotary diaphragm δ = 0.3.
The calculation was performed using the k-ω SST turbulence model with the same
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settings of the Fluent CFD solver as for the C-9013P profile. The flow pattern in the
blade channel of the lattice of profiles No. 99 is shown in Fig. 6. As can be seen, in
the blade channel, there are regions similar to the regions obtained when calculating
the flow for the C-9013R profile lattice.

Fig. 5. Flow in the computational domain. Isolines ofMach numbers atπ= 0.3, δ= 0.3, Reynolds
Stress turbulence model.

Fig. 6. The flow in the computational region of the blade channel of the lattice of profiles No. 99.
Isolines of Mach numbers at π = 0.3, δ = 0.3, turbulence model k-ω SST.

3. A numerical study of the spatial flow in the blade channel has been carried out. For
this, the blade channel of the nozzles was simulated with a diaphragm opening of
δ = 0.3 to calculate the spatial flow. The channel height was 80 mm (l/b = 1.3). In
the computational domain, a mesh of Poly-Hexcore elements was built (MosaicTM
technology, which allows you to construct a mesh consisting of hexagonal prisms
in the wall area and to carry out a direct transition from a polyhedral mesh to a
hexahedral mesh bypassing tetra-cells) (Fig. 7).
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Fig. 7. Poly-Hexcore mesh in the computational domain for the C-9013P profile at δ = 0,3.

Since the main task was to confirm the previously obtained flow pattern in the
blade channel, without calculating the kinetic energy loss coefficients, the computational
domain was divided into a relatively small number of elements - a little more than 8
million. All solver settings are the same as for plane flow simulations, using the k-ω
SST turbulence model. The flow pattern in the plane at the height of 40 mm is shown in
Fig. 8.

Fig. 8. Flow in the computational domain. Isolines of Mach numbers at π = 0,3, δ = 0,3.

In all three cases of the verification calculation, a flow pattern was obtained in the
blade channel with the division of the flow core into supersonic regions. Based on this,
a conclusion was made about the presence of similar phenomena in a real nozzles, and
a decision was made to conduct an additional study of the flow in the blade channel of
a nozzles with a rotary diaphragm at low degrees of opening.

For the numerical study of the plane flow, we used the model of a two-dimensional
viscous gas flow of the CFD solver Fluent using a second-order difference method. The
working fluid is a viscous compressible gas - air. To calculate the turbulence phenomena,
the k-ω SST turbulencemodel (Menter’s model) [12] was used. The followingwere used
as boundary conditions at the entrance to the computational domain: air pressure and
temperature, for some part of calculations, airflow and temperature; airflow direction;
the intensity of turbulence; hydraulic diameter.
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Air pressure was set as the boundary condition at the exit from the computational
domain. All calculations were performed in two stages. A “rough” flow calculation was
performed using the FMG utility. The FMG utility uses the ANSYS FLUENT FAS
Multigrid technology to perform calculations on a set of sequentially nested grids. The
calculation starts on the coarsest grid, and the results are interpolated to the next finer
grid as it settles. As a rule, all “rough” calculations, to achieve residual values 10−6,
required no more than 1000 ÷ 2000 iterations. According to the “rough” calculation
results, the mesh was adapted in places of large gradients of the calculated parameters
and to ensure the condition y+ ≤ 1. The adaptation resulted in a mesh with suspended
nodes. For “finishing” calculations, depending on the values of M and δ, the amount of
iterations was 20,000 ÷ 33,000 pieces. The convergence of the calculation was assessed
by establishing the equality of the flow rates at the inlet and outlet from the computational
domain and by establishing the residuals of the kinetic energy loss coefficient.

4 Results

To apply one of the theories describing the phenomena in supersonic flow, it is necessary
to solve the problem of the type of flow in the blade channel. On the one hand, this is
undoubtedly a supersonic flow in the turning channel; on the other hand, due to the
sudden expansion after the turning diaphragm, part of the flow can be considered as the
outflow of a supersonic jet into a cavity with pressure almost equal to the pressure in the
jet.

It is also possible to distinguish two flow regimes in the computational domain. In
the first case, the minimum area is in the throat a2 of the blade channel (Fig. 2) - confusor
flow in the channel. In the second case, at low degrees of opening δ, when the ratio τ of
the channel width at the inlet a to the throat of the grating a2 becomes less than unity -
the diffuser flow in the channel. In Fig. 10 shows the dependence of the flow rate ratio
on the ratio τ of the channel width at the inlet a to the throat of the grating a2. As can be
seen from the graph (Fig. 9), throttling of the flow begins to occur at values of τ > 1.

Thus, at τ = 1.7, the ratio of the flow rates through the nozzle apparatus is G/G0
= 0.99; at τ = 1.4, the ratio G/G0 = 0.97, etc. In this case, the ratio of the flow rates
through the nozzle G/G0 does not depend on the pressure difference π on the cascade
for the same values of τ (δ).

In Fig. 10 shows the calculated area for the degree of opening δ = 0.3 with the
indication of the dashed line, which is the equidistant profile of the trough of the blade
with straight sections at the inlet and outlet, along which π is measured as the ratio of
the static pressure to the total pressure. Since the condition of equality of the flow rates
at the inlet and outlet from the grating must be observed, in the case of a diffuser flow,
a local increase in the velocity in the flow core occurs in the channel to compensate for
the decrease in the flow area due to the overlap of the rotary diaphragm. As can be seen
from the graph in Fig. 10, the pressure ratio immediately after the rotary diaphragm is
significantly less than the critical value (0.525).
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Fig. 9. Dependence of the ratio of airflow rates through the nozzle device G/G0 on τ.

Fig. 10. Distribution of the static pressure ratio to total pressure along the channel at π = 0,3 and
δ = 0,3.

Further, the pressure ratio gradually increases as the flow moves towards the outlet
from the grid. In this case, the flow rate decreases. That is, the flow moves against a
positive pressure gradient. In this case, the interscapular channel is divided into two
regions: at the trough of the blade, there is a region of supersonic flow. There is a region
of the vortex at the back of the blade, subsonic flow. This is confirmed by the distribution
of Mach numbers (Fig. 4) and the position of the regions with a critical drop along the
interscapular channel (Fig. 11).

To simplify the description of the phenomena in the channel, we denote the flow
regions (Fig. 11). After the flow passes through the rotary diaphragm, the flow in the
ABC triangle occurs similarly to the flow in the oblique cut of the nozzle apparatus.
Since the pressure in front of the rotary diaphragm is greater than behind it (Fig. 11),
the expansion of the gas occurs in the oblique cut ABC, which thus plays the role of the
expanding part of the nozzle.

Since the pressure in front of the rotary diaphragm is greater than behind it (Fig. 11),
the expansion of the gas occurs in the oblique cut ABC, which thus plays the role of
the expanding part of the nozzle. The process of gas expansion in a diagonal cut is as
follows. Since the pressure gradually drops from Pcr in section AB to Pin section AC, the
isobars corresponding to intermediate pressures are located approximately in the form
of rays emanating from point A. Thus, in section BC, the pressure decreases gradually,
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Fig. 11. Distribution of static pressure and critical pressure ratio in the interscapular channel at
π = 0,3 and δ = 0,3.

while at point A the pressure drops instantly from Pcr to P, and, consequently, along with
the line AD, which is the boundary of the jet, the pressure will be equal to P. Under the
influence of this pressure difference, a resulting force appears at the boundary of the jet,
directed perpendicular to the axis of the channel, which turns the flow by a certain angle.
As a result of this rotation, the width of the jet increases, and an expanding nozzle is
obtained, which can trigger a supercritical pressure drop [13]. This is what happens in
region 1.

Further, since the flowmoves against a positive pressure gradient, that is, the pressure
in the flow should gradually become equal to the pressure behind the nozzle apparatus, a
shock front appears (shown by a pink line) representing a compression wave, pressure,
and the gas density in it increases. The shock front begins on the wall, obliquely to it, and
is accompanied by the jet’s separation from the blade’s trough (the red shading shows
the separations). Having reached the jet boundary, the shock front is reflected from it,
and a reflected front appears (shown by the blue line). In this case, the reflected shock
front is a rarefaction wave, and the jet boundary diverges again. Then the whole process
is repeated - regions 2 and 3. By the action of viscosity at the boundary of the jet, this
periodic pattern is finally erased - region 4 [14, 15].

To determine the value of the relative pressure drop across the nozzle apparatus, at
which the flow core is divided by shock fronts into separate regions, shown in Fig. 11,
additional calculations were performed at relative pressure drops across the nozzle array
π = 0.5; 0.45; 0.4; 0.35; 0.3 (Fig. 12).

As a result of the performed calculations, it was found that for the degree of opening
δ = 0.3 (τ = 0.66), the division of the flow core of the region by shock fronts into regions
begins at a relative difference of π = 0.4. Real nozzle devices with rotary diaphragms
operate with steam extraction in the cavity in front of the nozzle device. A significant
influence on the nature of the processes in the flow path of the turbine, the efficiency
of the nozzle grids of adjustable rotary diaphragms and their stages, as well as on the
integral quality indicators of the entire turbine, the pressure levels in the chambers of
controlled extraction and the values of the mass flow rates of the extracted steam was
confirmed [16]. In this connection, a numerical study of the influence of the amount
of air intake on the nature of the flow and the loss of kinetic energy in the lattice was
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Fig. 12. Flow in the computational domain. Isolines of Mach numbers at a) π = 0,45 and δ =
0,3; b) π = 0,4 and δ = 0,3; c) π = 0,35 and δ = 0,3.

carried out. Calculations were carried out for the values of withdrawals G/G0 = 1; 0.75;
0.6875; 0.625; 0.5 at degrees of opening of the rotary diaphragm δ = 0.3; at π = 0.3.
In Fig. 10 shows the dependence of the coefficient of kinetic energy losses in the nozzle
array on the amount of air intake. As shown from Fig. 13, losses increase with increasing
air intake in front of the nozzle apparatus.

Fig. 13. Dependence of the coefficient of kinetic energy losses on the amount of withdrawals
G/G0.

With a decrease in the airflow value ahead of the nozzle apparatus, the flow pattern
changes in the same way as with a decrease in the relative pressure difference π. The
division of the flow core by shock fronts into separate regions begins at the ratio G/G0=
0.6875. In Fig. 14 shows the distribution of the kinetic energy loss coefficients along the
front of the grating at the degree of opening of the rotary diaphragm δ = 0.3 at different
relative pressure drops across the grating.

Analysis of the graph indicates that the loss of kinetic energy decreases with increas-
ing flow rate, with smaller relative differences inπ. In relative terms, the lattice’s kinetic
energy loss coefficient is 22.5% higher at π = 0.7 than at π = 0.3. In Fig. 15 shows the
isolines of the Mach numbers in the interscapular channel at π = 0.7; 0.3 and δ = 0.3.
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Fig. 14. Distribution of kinetic energy loss coefficients along the lattice front at π = 0,3; 0,5; 0,7
and δ = 0,3.

Fig. 15. Isolines of Mach numbers in the interscapular channel at π = 0,7 (a) and π = 0,3 (b).

The figures show that with a decrease in the relative pressure drop across the lattice,
the vortex flow region decreases, and, accordingly, the flow core increases. Considering
the above, to Fig. 14 it can be concluded that a decrease in the vortex zone and an
increase in the flow core lead to a decrease in the kinetic energy losses in the lattice. In
[17], it is indicated that to reduce the length of the zone of separated flows with partial
openings of the diaphragms, the rotary ring should be moved to the closing position (in
contrast to the method traditionally used in turbines) in the direction from the concave
(trough) to the convex surface (back) of the nozzle channel, and in the open position - in
the opposite direction. A numerical study was carried out to determine the coefficient of
kinetic energy losses, with the opening degree δ = 0.3 and the position of the movable
part of the rotary diaphragms, as indicated above. The flow pattern in the interscapular
channel of the nozzle apparatus at π = 0.3 in Fig. 16.

https://doi.org/10.1007/978-3-031-06044-1_16
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Fig. 16. Isolines of Mach numbers in the interscapular channel at π = 0,7 (a) and π = 0,3 (b).

5 Conclusions

Based on the results of the work carried out, the following conclusions can be drawn:
throttling of the flowpassing through the rotary diaphragmof the nozzle apparatus begins
to occur when the values of the ratio of the channel width at the entrance to the throat of
the grating are greater than unity; the structure of the flow in the interscapular channel of
the nozzle apparatus at low degrees of opening is divided into two parts: the supersonic
core at the blade trough and the subsonic vortex zone at the blade back; the supersonic
core of the flow at specific values of the relative pressure difference across the cascade
(or the value of the air flow through the cascade) is divided by shock fronts into several
regions; the coefficients of energy losses, for small degrees of opening, decrease with
a decrease in the relative pressure drops (with an increase in the flow rate of the flow
from the nozzle array); the greatest contribution to the amount of kinetic energy losses
is made by the vortex zone in the interscapular channel, and not by wave phenomena in
the flow core. Optimization of the flow path of the nozzle apparatus must be carried out
to reduce the areas with vortex flow. The results obtained in this work will be used to
develop a method for multi-parameter optimization of cogeneration steam turbines with
controlled steam extraction.
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Abstract. At present, it appears that systems of pneumatic units with discrete and
analog control, in which the required analog law of motion of the output member
is provided with the help of discrete switchgear, offer a promising potential. When
developing the schemes of positional hydraulic-pneumatic units, the parameters
of the movement of the hydraulic-pneumatic unit are studied, namely: the value
of displacement, speed, and acceleration of its output member. To carry out the
simulation, a design based on discrete switchgear was taken as the basis for the
pneumatic positional unit. Solving the inverse problem, i.e., with the law ofmotion
of the output member of the pneumatic unit (specifying the positioning function)
known, we determine the mandatory law of change in the effective areas of the
control line and represent each equation of the dynamic model as block diagrams.
A mathematical model of the system of pneumatic positional units with program
control was developed. It considers the features of the system of pneumatic units
and consists ofmathematicalmodels of the actuator, a real-time control linemodel,
and a real-time control system. The proposed algorithm for analysis of dynamic
characteristics using theMATLAB simulation environment confirms the adequacy
of the mathematical models describing the operation of a positional pneumatic
unit implemented on discrete pneumatic equipment. The developed algorithm
is advisable to analyze the operation of the existing one and for designing new
technological equipment.

Keywords: Dynamic model · Discrete switchgear · Positioning function · Block
diagram · Process innovation

1 Introduction

The basic requirements for hydropneumatic positional units are known. They ensure
the specified technical characteristics determined by the technological process, ease
of manufacture and cost-effectiveness; high reliability and trouble-free operation; the
ability to reprogram the control system quickly.
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When developing pneumatic positional units, designers are facedwith the problemof
a limited choice in the rangeofmanufacturers of pneumatic valveswith proportional elec-
tric control. Therefore, at present, themost promising are systemsof pneumatic unitswith
discrete and analog control, i.e., those in which the required analog law of motion of the
output member is provided using discrete switchgear. Due to the discreteness of choice
in the controlled parameters, the interconnection with digital control devices is facili-
tated. These systems focused on regulating the working environment in the cavities of
the hydraulic and pneumatic motor, allowing to expand of the functionality of hydraulic
units. The apparent advantage of such systems is that they can be relatively easy to imple-
ment [1–3]. The effectiveness of these control methods is determined by the constant
improvement of the control system, which is currently based on microprocessor-based
computer technology, allowing applying complex control algorithms [4–6].

2 Literature Review

Recently, digital hydraulic and pneumatic units have been widely used in the industry
[7, 8]. These systems are logically integrable in the spirit of the Industry 4.0 strategy,
according to which these systems can be combined into one network [9], communicate
with each other in real-time, self-adjust, and learn new behavior models [10, 11].

The active implementation of digital pneumatic units into the industry is facilitated
by the relative simplicity of design and operation, long service life, reliable operation
in a low-temperature range in high humidity, dustiness, radiation of the environment,
and fire and explosion safety. Digital hydraulic units allow us to increase the positioning
accuracy of actuators and increase the system’s energy efficiency [12, 13].

When developing the schemes of positional hydraulic-pneumatic units, the param-
eters of the movement of the hydraulic-pneumatic unit are studied, namely: the value
of displacement, speed, and acceleration of its output member. Studies [14–16] show
that the main tasks of developers of systems of controlled hydraulic-pneumatic units
are associated with the fulfillment of the requirements for the movement of the output
member, which led to a variety of methods for controlling the motion parameters of the
systems of positional parts [17–19].

The purpose of this work is to develop an algorithm for analyzing the positioning
function, which allows you to provide the specified technical characteristics of the pneu-
matic positional unit by describing the necessary law of change in the effective areas
of the control line of the pneumatic positioning unit, implemented on discrete/digital
switchgear.

3 Research Methodology

Adesign based on discrete switchgear was taken as the basis for the positional pneumatic
unit [20, 21]. The diagram of the pneumatic unit is shown in Fig. 1.

The pneumatic unit consists of the following elements (Fig. 1): 1 - position sensor;
2, 3 - pneumatic valves; 4 - pneumatic throttle valve; 5 - pneumatic cylinder.
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Fig. 1. Diagram of positioning pneumatic unit.

Based on differential equations describing the dynamic characteristics of the pneu-
matic unit during operation and calculation [22], a dynamic model of the pneumatic unit
was created. The designations of the variables used in the dynamic model are shown in
Table 1.

System of differential equations describing a dynamic model:

ṗ1 = k
F1x+V10

(
f e1K

1
G − p1F1ẋ

)

ṗ2 = k
F2(S−x)+V20

(
f e2K

2
G − p2F2ẋ

)

mẍ = p1F1 − p2F2 − pa(F1 − F2) − Fc

⎫
⎪⎬

⎪⎭
, (1)

where at p1 = pm and p2 = pa values of K1
G and K2

G become:

K1
G = μ1pm

√
2RTφ

(
p1
pm

)
;K2

G = −μ2p2
√
2RTφ

(
pa
p2

)
.

Solving the inverse problem, i.e., the law of motion of the output member of the
pneumatic unit (specifying the positioning function) known, we determine the required
law of change in the effective areas of the control line. In the case of the extension of
the actuator, the effective area in the pressure line f e1 is set and constant. Then there is
the need to determine the change law in the effective area of the discharge line. Thus,
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Table 1. Designations of variables used in the dynamic model.

No. Description Designation Metric units

1 Mass of inertial load m kg

2 Piston area in bottom end of pneumatic cylinder F1 m2

3 Piston area in rod side of pneumatic cylinder F2 m2

4 Resistance force Fc N

5 Effective areas of lumped resistances f e1 , f
e
2 m2

6 Piston stroke S m

7 Piston movement x m

8 Piston movement speed ẋ m/s

9 Piston acceleration ẍẍ m/s2

10 Pressure in bottom end p1 Pa

11 Pressure in rod side p2 Pa

12 Atmospheric pressure pa Pa

13 Line pressure pm Pa

14 Initial volume of bottom end V10 m3

15 Initial volume of rod side V20 m3

16 Discharge coefficient µ1, µ2 –

17 Gas constant R J/(kg·K)

18 Air temperature in line T K

19 Ratio of specific heats k –

20 Discharge function K1
G , K

2
G –

the system of differential equations becomes:

ṗ1 = k
F1x+V10

(
f e1K

1
G − p1F1ẋ

)

f e2 = ṗ2(F2(S−x)+V20)

k·K2
G

− p2F2ẋ
K2
G

p2 = mẍ+p1F1−pa(F1−F2)−Fc
F2

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

. (2)

4 Results

We represent each equation of the dynamic model as block diagrams [23]:

1. A block diagram for solving the inverse problem of the dynamics of the positional
pneumatic unit (system of differential Eqs. (2)) is shown in Fig. 2.
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Fig. 2. Block diagram for solving the inverse problem of the dynamics of a pneumatic positional
unit.

Positioning function U is shown in (Fig. 3).

Fig. 3. Positioning function U.

Acceleration a, speed V and movement x of the output member are shown in
(Fig. 4).
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Fig. 4. Values of the effective area in the control line at the outlet f e2 to obtain the required law
of motion of the output member; ẋz - specified speed of movement; ẋ - an obtained speed of
movement.

The results show high accuracy of coincidence of the specified and actual speeds.
2. The block diagram for calculating the pressure p1 from the dependence ṗ1 =

k
F1x+V10

(
f e1 K

1
G − p1F1ẋ

)
is shown in Fig. 5.

Fig. 5. Block diagram for calculating the pressure p1.

3. The block diagram for calculating the coefficient K1
G from dependence K1

G =
μ1pm

√
2RTφ

(
p1
pm

)
, taking into account the connection diagram of the pneumatic

cylinder is shown in Fig. 6.
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4. The block diagram for finding the effective area in the control line at the outlet f e2
from dependence f e2 = ṗ2(F2(S−x)+V20)

k·K2
G

− p2F2 ẋ
K2
G

is shown in Fig. 7.

Fig. 6. Block diagram for calculating the coefficient K1
G .

Fig. 7. Block diagram for calculating the effective area in the control line at the output f e2 .

5. The block diagram for calculating the coefficient K2
G from dependence K2

G =
−μ2p2

√
2RTφ

(
pa
p2

)
considering the connection diagram of the pneumatic cylinder

is shown in Fig. 8.



88 M. Cherkashenko et al.

Fig. 8. Block diagram for calculating the coefficient K2
G .

5 Conclusions

The developed mathematical model of the positional pneumatic unit system with pro-
gram control allows considering the characteristics of the pneumatic unit system. It
includes calculation models of the simulator, real-time control line mode, and real-time
control mode system.

The proposed algorithm of analysis of dynamic characteristics using the MATLAB
simulation environment confirms the adequacy of the mathematical models describing
the operation of the positional pneumatic unit implemented on discrete pneumatic equip-
ment. The developed algorithm is advisable to analyze the operation of the existing and
new technological equipment design.

The laws of motion of the positional pneumatic unit output member are obtained.
They are based on the developed algorithm of analysis of the positioning function and
implemented in the MATLAB environment. Research results can provide the specified
technical characteristics for a smooth acceleration of the pneumatic unit output member.
Besides, formulated laws of motion allow movement at a steady speed and smooth
braking with a stop at the positioning point.
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Abstract. The paper presents comprehensive research synthesizing inertial and
stiffness parameters of two-mass vibratory systems of increased operational effi-
ciency with nonlinear stiffness characteristics. A generalized optimization crite-
rion is proposed considering a wide range of technological and dynamical require-
ments for implementing energy-efficient vibratory equipment for different tech-
nological purposes (screens, crushers, grinders, breakers, mills, vibrating tables,
etc.). To simplify the process of synthesizing the optimal piecewise linear stiffness
characteristics, two independent coefficients were introduced into the formulas
for determining the corresponding stiffness factors. The synthesis was performed
based on simultaneous numerical solving of the optimization problem and the
simplified system of nonlinear differential equations that did not consider the
dynamics of the drive. In the next stage, the generalized system of differential
equations of the synthesized vibro-impact system was considered considering the
equations describing the operation of the drive. The dynamic analysis of the sys-
tem was carried out to provide the corresponding characteristics specified during
the synthesis process. The study of dynamic stability of the considered system
described by the system of nonlinear differential equations of the second order
was performed by reducing to the Hill and Mathieu differential equations. The
improved design of the vibro-impact machine was implemented in practice and
experimentally tested for vibration deposition of metal layers onto the surfaces of
various machine parts.

Keywords: Resonance · Dynamic analysis · Stability · Operational efficiency ·
Stiffness characteristic · Optimization criterion · Energy efficiency · Industrial
growth

1 Introduction

Vibration treatment is one of the most commonly used technological processes ensuring
high quality of surfaces using coating and modification of surface layers. While imple-
menting such a treatment for materials with complex physical and mechanical struc-
tures, the single-frequency (harmonic) vibratory machines and technological systems
are characterized by low efficiency. Therefore, numerous investigations are dedicated to
substantiating the possibilities of implementing the systems providing multifrequency
oscillations, particularly those based on nonlinear vibro-impact systems. Considering
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a wide range of possible operation modes of nonlinear systems, those operating under
resonance conditions are of specific interest.

The use of electromagnetic drive for implementation of resonance systems is expe-
dient for relatively small machines with harmonic operation modes, whereas for vibro-
impactmachines, it is almost never used. This is due to the low efficiency of vibro-impact
systems, as they require much higher values of excitation forces. The main reason for
the mentioned drawbacks consists in the imperfection (non-idealness) of the applied
techniques of their analysis and calculation. The latter should be aimed at establishing
and identifying the opportunities to improve the efficiency of vibro-impact systems with
electromagnetic drives and extend the obtained results while implementing other types
of drives. Therefore, improving existing calculation techniques of vibro-impact systems
is an urgent scientific and engineering problem that must be solved to expand the fields
of application of vibratory machines, especially with an electromagnetic drive.

2 Literature Review

Numerous scientific publications are dedicated to the problems of investigating the
dynamic behavior of vibratory systems and synthesizing their structures, ensuring spe-
cific operational characteristics. Much attention is paid to the possibilities of imple-
menting vibro-impact working regimes in various vibratory equipment operating under
different excitation and loading conditions. The paper [1] considers the dynamics of
different technological machines using vibro-impact operating principles. In [2], two
different simulation methods are presented of the impact processes taking place dur-
ing the operation of a two-degree-of-freedom vibro-impact system. In the paper [3],
the authors considered the oscillations of nonlinear vibro-impact systems equipped by
spring with cubic stiffness and studied the influence of higher harmonics and subhar-
monics on the system dynamic behavior. New principles of increasing the efficiency of
vibratory technological machines by implementing multimode operational regimes are
substantiated in [4].

In the paper [5], the authors analyzed forced oscillations of the vibro-impact system
excited harmonically and substantiated the system’s parameters ensuring the steady-
state vibrations under the prescribed operational conditions. The paper [6] is focused on
studying the influence of soft impacts on the dynamic behavior of two-degree-of-freedom
vibratory system used for compacting andmolding concrete products. The technological
process of vibro-impact drilling is considered in [7], where the authors investigated the
drilling efficiency and energy consumption at different forced frequencies and differ-
ent values of excitation forces. The modeling and analysis of the vibro-impact system
operation excited by the crank-slider mechanism were carried out in [8]. The paper
[9] is dedicated to registering the non-linearity of the vibro-impact process by imple-
menting the special measuring device in the system’s damping element. In [10], the
authors proposed new approaches of analyzing the models describing nonlinear dynam-
ics of two-degree-of-freedom vibro-impact systems subjected to harmonic excitation.
The influence of the excitation parameters and the shape of the vibro-impact capsule
system on its progression is studied in [11]. The paper [12] presents the results of the
investigation of the vibro-impact rig being constrained by two contacting surfaces under
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the influence of the external excitation of the rectangular waveform. The vibro-impact
system operation being subjected to the impact of multiple excitations is thoroughly
studied in [13].

The new design of the vibro-impact mole-draining device has been theoretically and
experimentally studied in [14]. The authors initiated the tasks of further optimization of
the machine design, development of the adaptive control systems, etc. The paper [15]
focuses on the possibilities of implementing electromagnetically driven vibro-impact
machines in various industries. It presents the improved designs of such machines char-
acterized by better operational efficiency. In [16], the authors investigated the dynamic
behavior of the vibro-impact oscillator subjected to the action of dry friction; in this case,
the influence of viscous friction was eliminated. The two-degree-of-freedom system of
the vibro-impact energy sink subjected to harmonical excitation was considered in [17];
the authors studied the influence of different design criteria of the multiple sinks acting
simultaneously on their operational efficiency in a wide range of forced frequencies. In
[18], a newmethod is proposed to study the nonlinear dynamics of vibro-impact systems
with asymmetric clearances.

One way to increase the operational efficiency of vibratory machines is to reduce the
energy consumption of their drives by means of simultaneous implementation of near-
resonance and vibro-impact operation modes [19]. The possibilities of providing such
modes depend on the relations between the system’s parameters and the characteristics
and conditions of excitation. Herewith, significant attention is to be paid to the parametric
synthesis of piecewise linear stiffness characteristics corresponding to the given system
of technological andoperational requirements.As a result of the implementationof vibro-
impact systems with new parameters, it is necessary to carry out an additional analysis of
parametric stability. These problems are partially analyzed in the papers [20] and [21].
Due to the intensive development of the applied software for mathematical analysis of
different dynamic systems, there is a possibility of solving more complicated problems
related to optimization synthesis at the stages of designing andmodeling of such systems.
Therefore, this paper’s major novelty consists of developing a new engineering method
allowing to solve complex tasks of dynamic analysis and optimization synthesis of
vibro-impact systems and aiming at improving their operational efficiency.

3 Research Methodology

3.1 Dynamic Diagram of the Vibro-Impact System

To develop the improved design of the vibro-impactmachine, let us consider the dynamic
model of the oscillatory system consisting of two movable masses 1 and 2 (Fig. 1). The
masses 1 and 2 are connected by the flat spring 3 in such a way that the reduced stiffness
coefficient of the flat spring during its bending changes from the value of c1 to the value
of c2 following the diagram shown in Fig. 1. The vibro-impact system is supported on the
stationary frame 5 by vibration isolators 4 characterized by the total stiffness coefficient
cis and damping coefficient b. The excitation force is of the pulsed type, changes in
accordance with the f (t) law, and is applied between the oscillating masses 1 and 2. In
such a case, the vibratory machine’s drive can be equipped by the alternating-current
electromagnetic vibration exciter.
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Fig. 1. Dynamic diagram of the vibro-impact system being studied.

The stiffness coefficients c1 and c2 are considered as unknowns which are to be
determined using a new calculation technique. The latter consists of the following stages:
statement of the optimization problem; solving the problem by a certain numerical
method; analyzing the parametric stability of the implemented vibro-impact system.

3.2 Synthesis of Stiffness Coefficients

To perform the optimization synthesis of the stiffness coefficients characterized by
asymmetric piecewise linear characteristics, there were adopted two coefficients Θ

and Λ included in the equations of frequencies of free-oscillations ω01 = Θω/z and
ω02 = Λω01 [19]. As a result of this, the stiffness coefficients to be determined are the
functions of the adopted coefficients Θ and Λ:

c1(Θ) = M (Θω/z)2, c2(Θ,Λ) = M (ΘΛω/z)2, (1)

where M = (m1·m2)
(m1+m2)

is the system’s reduced mass; ω is the forced frequency; z is the
resonance setting up coefficient.

The reduced frequency of free-oscillations of the quasilinear system is [19]:

ω0(Θ,Λ) = 2ω01ω02

ω01 + ω02
= 2ωΘΛ

z(Λ + 1)
. (2)

Unlike the optimization synthesis carried out directly based on the stiffness coeffi-
cients, which change in a wide range and are quite large compared to other parameters,
this approach significantly simplifies the calculation process and makes the solving pro-
cedure faster. The proposed formulas make it possible to independently synthesize the
two mentioned parameters. The existent methods are based on the synthesis taking into
account only one parameterΛ, whileΘ is considered asΘ = 1. In any case, c2/c1 = Λ2.

Let us formulate the optimization problem for synthesizing resonant vibro-impact
systems, considering the necessity of providing maximal operational efficiency. For this,
let us use:
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• the target function:

ςP(Θ,Λ) → max, (3)

where ςP is the energy criterion of operational efficiency of the vibro-impact system;
• restrictions and limitations:

1. technological and kinematic restrictions are to be chosen in accordance with the
machine’s technological purpose, operation modes, and treatment conditions;

2. dynamic limitations are specified by the range ω00max0min representing frequency
characteristics of vibro-impact systems with respect to the value of their free-
oscillations frequency ω0. In this case, the possible operation modes are to be
specified: main resonance or additional use of the subharmonic of the order ω0/2
during pulsed excitation. The corresponding conditions providing the mentioned
operation modes are as follows: the main resonance – ω0 ≥ ω, the simultaneous
use of the main resonance and the subharmonic – ω0 ≥ 2ω.

Let us explain the new method of optimization synthesis of inertial, stiffness, and
excitation parameters of vibro-impact systems. The analytical part of the method is
defined by using formulas taking into account the coefficientsΘ andΛ. At the same time,
thewhile of nonlinear differential equations is presented in the functional form following
the synthesized parameters. The optimization problem is formed based on the target
energy criterion, considering the set of restrictions and limitations given as functional
dependencies. Solving the system of nonlinear differential equations, which are rigid
because of the presence of pulsed conditions in the equations of the electromagnetic and
mechanical parts, is carried out with the help of corresponding numerical methods. It is
expedient to solve the optimization problem in two stages. During the first stage, it is
necessary to choose the rational values of the initial estimates by means of the discrete
numerical exhaustion. During the second stage, the direct solving of the optimization
problem is to be performed with the help of a numerical method (e.g., the method of
conjugate gradients).

As a result of solving the optimization problems with corresponding kinematic
and dynamic restrictions, the conditions of implementing the vibro-impact systems
of improved operational efficiency were detected. For the systems operating in the
main resonance mode, the synthesized coefficients are as follows: Θ = 0.7 . . . 0.85,
Λ = 2 . . . 4.5. In this case, when the additional subharmonic is used, the following
coefficients have been calculated: Θ = 1.25 . . . 1.55, Λ = 2 . . . 3.

4 Results

4.1 Analysis of the System Parametric Stability

To analyze the dynamic stability of the synthesized vibro-impact systems, they are to be
described by the Hill and Mathieu differential equations. The reduced Hill equation can
be presented in the following form [21]:

ẍ(t) + 2n · ẋ(t) + [δ + εψ(t)] · x(t) = f (t), (4)
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where x(t) = x1(t) − x2(t) is the relative generalized coordinate describing
the motion of the considered double-mass vibro-impact system; 2n = b

M , δ =
ω2
02 + t1

T

(
ω2
01 − ω2

02

) = ω01ω02, ε = 2
(
ω2
02 − ω2

01

)
/π are constant coefficients;

t1 = 2π
ω

ω02
ω01+ω02

is the moment of time, when the change of stiffness characteristic

takes place; f (t) = f (t)/M ; ψ(t) is the excitation function that can be presented in the
following form ψ(t) = ∑m

k=1 
ksin(kωt + γk),


k =
√
sin(kωt1/2)2/k = sin(kωt1/2) · csgn(sin(kωt1/2))/k,

ψ(t) = ψ(t + T ),

∫ T

0
ψ(t)dt = 0, c sgn(z) =

⎧
⎨

⎩

0, z = 0,
1, Re( z) >0 or (Re(z ) = 0 and Im(z )> 0),
−1 otherwise.

To reduce the Eq. (4) to the Mathieu differential equation, let us adopt the number
of harmonics m = 1. In this case, the excitation function is of the following form:

ψ(t) = Ψ1sin(ωt + γ1) = sin(ωt1/2)sin(ωt + γ1),

where γ1 = π + a tan
[
sin(ωt1)/2sin(ωt1/2)2

]
.

Therefore, Eq. (4) can be presented as follows:

ẍ(t) + 2n · ẋ(t) + [
δ + ν · sin(ωt + γ1)

] · x(t) = f (t), (5)

where ν = ε · sin(ωt1/2) = 2
(
ω2
02−ω2

01

)

π
· sin(ωt1/2).

Let us equalize the right part of the Eq. (5) to zero. In this case, we obtain:

ẍ(t) + 2n · ẋ(t) +
[
δ + ν · cos

(π

2
− ωt − γ1

)]
· x(t) = 0,

which can be presented in the classical form:

d2

dτ 2
z(τ ) + [

a − 2qcos(2τ)
] · z(τ ) = 0, (6)

where τ = ωt, a = 4
ω2

(
ω01ω02 − n2

)
, q = 4

(
ω2
01−ω2

02

)

πω2 sin(ωt1/2).
In accordance with the Eq. (1), let us derive the functional dependencies for the

coefficients of the Mathieu equation with respect to the adopted coefficients of synthesis
Θ and Λ:

a(�,�) = 4

(
�2�

z2
− n2

ω2

)

,

q(�,�) = 4�2
(
�2 − 1

)

πz2
sin

(
π�

� + 1

)
.
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Fig. 2. Stability diagram for the linear Mathieu equation: S – stable zone, U – unstable zone.

The Eq. (6) can be used to analyze the system’s parametric stability according to
the diagram (Fig. 2) constructed based on the Mathieu functions with the help of Maple
software. To perform the analysis, let us adopt the following parameters based on the
implemented design of the vibratory device (Fig. 3): M = 41.44 kg; ω = 314.15 rad/s;
z = 0.94; b = 2Mωζ ; ζ = 0.2.

To analyze the stability of the synthesized vibro-impact system, let us use the depen-
dency of the coefficients a and q of theMathieu equation on the parameters� and�. The
plot of the parametric function a = f (q) can be approximately presented as a straight
line (see dotted line in Fig. 2). The specific values of the parameters � and � determine
the coordinates a and q of the point A(q; a), and define its location in the corresponding
zone of the stability diagram. If the values of the optimized synthesis parameters are
following � = 0.8, � = 2.2, the coordinates of the point A are equal to q = 2.945,
a = 6.214. This means that the point A(2.945; 6.214) is located in a stable zone of the
stability diagram (Fig. 2).

4.2 General Design and Experimental Prototype of the Vibro-Impact Machine

Based on the synthesized parameters of the dynamic model of the considered vibro-
impact system, the corresponding design of the vibratory machine has been developed
and implemented in practice (Fig. 3). The working element 1 and the reactive body
2 connected with one another by the flat spring 3 are subjected to harmonic excita-
tion generated by the electromagnets operating off the alternating current supply line.
The stiffness coefficients c1(�) and c2(�,�) of the spring 3 is to be determined by
the formula (1) substituting the synthesized parameters � = 0.8, � = 2.2. The rub-
ber vibration isolators 4 have several grooves reducing their stiffness in the horizontal
direction. The stationary frame 5 consists of seven section pipes welded together. The
vibrations of the working element 1 are directed along the x-axis shown in Fig. 1. The
energy-efficient operation is provided at the forced frequency of 50 Hz.

The experimental prototype of the vibro-impactmachine has been successfully tested
while implementing new technologies of deposition of the reducing wear-resistant metal
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Fig. 3. General design and experimental prototype of the vibro-impact machine.

layers onto the worn-out surfaces of various machine parts [22] and new submerged
arc-welding technologies (Fig. 4). It has been established that the parts being treated
or welded under vibration-driven conditions acquire sufficiently better mechanical
properties (wear resistance, hardness, impact strength, etc.).

Fig. 4. Experimental testing of the developed vibro-impact device.

5 Conclusions

The newmethod of optimization synthesis has allowed substantiating the possibilities of
implementing energy-efficient operationmodes of vibro-impact systems due to the deter-
mination of the rational values of the stiffness coefficients described by piecewise linear
characteristics. The corresponding generalized algorithm that ensures the possibility of
solving the optimization problem is proposed. The algorithm considers the requirements
imposed on the kinematic and dynamic peculiarities of the synthesized vibro-impact
system and its parametric stability. Based on the theoretical investigations, the input
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parameters for further designing and implementing the vibro-impact machine are deter-
mined. The machine has been experimentally tested during the process of deposition of
the metal layers onto the surfaces of various machine parts.
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Abstract. The operation of power hydraulic drives of self-propelled vehicles is
accompanied by oscillatory processes associated with the technical imperfection
of the actuating elements of the hydraulic drive. In this regard, the issue of sta-
bilizing the dynamic characteristics of hydraulic drives is an urgent problem. As
a result of the research, the initial data and conditions have been substantiated,
making it possible to simulate the transient processes occurring in the hydraulic
drives of self-propelled vehicles. A structural-functional diagram and a mathe-
matical apparatus have been developed to reveal the dynamics of changes in the
characteristics of a hydraulic drive of self-propelled equipment, considering the
conditions of its operation. Changes in the stability of the dynamic characteristics
of hydraulic drives of self-propelled vehicles, under the influence of the design
features of orbital hydraulic motors, have been determined. The acceleration time
of the hydraulic motor No. 2 is 12% less than that of the hydraulic motor No. 1,
while the pressure and torque fluctuations during steady motion are less by 34%
and 17%, respectively. Such changes are due to a decrease in the gap between the
teeth of the rotors of the hydraulic motor No. 2 and the elimination of fluctuations
in the flow area of its distribution system.

Keywords: Energy efficiency · Transient processes · Acceleration · Dynamic
characteristics · Output parameters · Structural and functional diagram ·
Industrial growth

1 Introduction

The hydraulic drive iswidely used inmunicipal, road, agricultural, construction, forestry,
and other self-propelled machines. Recently, the hydraulic drive has been used as a drive
for working equipment and mechanisms for the movement of self-propelled equipment.
Such operation of hydraulic drives is accompanied by shock loads and oscillatory pro-
cesses in hydraulic systems associatedwith both the occurrenceof significant fluctuations
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in the pressure and flow of the working fluid [1–4] and as a result of technical imper-
fection of the actuating elements of the hydraulic drive. Oscillatory processes occurring
in the hydraulic drive during acceleration and deceleration have a negative effect on
the resource of the hydraulic drive, reduce the utilization factor of the drive’s installed
power and productivity, and reduce the reliability of the drive and the machine as a
whole. Therefore, in designing hydraulic drives for self-propelled machines, one of the
important tasks is to study the influence of structural elements of hydraulic machines on
changing the characteristics of the entire hydraulic drive during transient processes.

One of the main elements causing the uneven change in the output characteris-
tics of hydraulic drives is hydraulic motors. At present, orbital (gerotor) [5–8] hydraulic
motors arewidely used in hydraulic power drives ofworking equipment andmechanisms
of movement of self-propelled machines. One of the disadvantages of the considered
hydraulicmachines is the unevenness of their output characteristics, which occurs during
transient processes. The non-uniformity of the characteristics of this type of hydraulic
motor is due to the error in the manufacture of the toothed surface of their rotors (fluc-
tuation of the gap Gt between the teeth of the rotors) [8–10] and the pulsation of the
working fluid flow in the distribution systems of these hydraulic machines [12–14].

In this regard, studying the influence of the design features of orbital hydraulicmotors
on the change in the dynamic characteristics of hydraulic drives to stabilize them is an
urgent problem requiring an essential solution.

2 Literature Review

A semi-analytical method for analyzing the contact interaction of elements has been
proposed [15], methods and models have been developed for studying the stress-strain
state considering the contact interaction [16], and the fundamental laws of the stress-
strain state of elements have been obtained [17]. A method is proposed for determining
the magnitude of the interaction force between bodies and the distribution of contact
pressure without limiting the shape of the initial gap between the bodies [18]. The
proposed RANS approach using the corrected SST turbulence model allows one to
determine themain characteristics [19] and optimal geometric parameters [20] of vortex-
chamber pumps, as well as improve the output characteristics [21]. The characteristics of
rational regulation of the composition of the fuel-air mixture were determined [22], the
effect of the viscosity of Bingham fluids on the energy characteristics of vortex-chamber
pumps [23] was investigated, a computational model of losses in the hydraulic circuit
with an emphasis on losses caused by the compressibility of the liquid [24] was carried
out, experimental studies were carried out showing the presence of pressure fluctuations
[25], not provided by the model [24]. The flow of working fluid through the channels
of hydraulic machines [26, 27] was considered, an approach to modeling a gerotor
pump operating under cavitation conditions [28] was developed, and the occurrence of
cavitation in the distribution zone was substantiated [29–32]. Modeling of the processes
occurring in the distribution systems of orbital hydraulic machines has not been carried
out.

The conditions of static equilibrium of a mobile ground-based robotic complex were
established based on the analytical relationship in the form of the sum of the moments of
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gravitational processes [33]. A four-mass dynamic model has been constructed, consist-
ing of equations of kinematic constraints and equations of dynamics [34]. Mathematical
models have been compiled allow investigating the dynamics and oscillatory processes
ofmulti-element aggregates [35, 36], ameasuring system for the dynamics and energy of
self-propelled machines has been proposed [37], a parametric model of the dynamics of
a cantilever rotor [38], the characteristics of aero- and hydrostatic load-bearing elements
are determined [39, 40], the possibility of carrying out hydrodynamic calculations using
CFD software packages [41, 42] is considered. The dynamic processes occurring in the
hydraulic drives of self-propelled vehicles were not considered.

A universal model of a mechatronic system with a hydraulic drive is considered, the
initial conditions ofmodeling are substantiated [43], proposedmathematical andphysical
models [44–46], allowing to simulate the processes occurring in planetary hydraulic
motors and their elements, hydrodynamic models are considered that will allow one to
study the influence of the geometric parameters of the flow paths of a gerotor pump on
its output characteristics [47, 48], the dynamics of change in the output characteristics
of a mechatronic system with serial and modernized hydraulic motors is investigated,
considering the influence of the error in the form of manufacturing elements of the
rotor system [5, 49] and the flow area of the distribution system [9, 12]. The dynamics
of changes in the output characteristics of hydraulic drives of self-propelled vehicles,
considering the design features of orbital hydraulic machines in the conditions of their
operation, have not been studied.

Analysis of literature sources related to the solution of the problem posed - stabi-
lization of the output parameters of hydraulic drives, shows that the issues related to
the influence of the design features of orbital hydraulic motors on the change in the
dynamic characteristics of hydraulic drives have not been given due attention. There-
fore, this work is devoted to solving issues related to studying the influence of structural
elements of orbital hydraulic motors on the change in the dynamic characteristics of
hydraulic drives during their operation on transient processes.

3 Research Methodology

Studies of the influence of the design features of orbital hydraulic motors on the change
in the dynamic characteristics of hydraulic drives to stabilize their output parameters
are carried out by modeling the transient processes arising during the operation of
hydraulic drives of self-propelled equipment. To simulate changes in functional parame-
ters and output characteristics of hydraulic drives of self-propelled vehicles in operating
conditions, it is necessary:

– to substantiate the initial data allowing to simulate transient processes occurring in
hydraulic drives of self-propelled equipment;

– to develop a structural and functional diagram and mathematical apparatus of a
dynamic model of a hydraulic drive of self-propelled equipment, taking into account
the conditions of its operation;

– to study the influence of the design features of the rotor system and the distribution
system of the orbital hydraulic motor on the dynamics of changes in the functional



104 A. Panchenko et al.

parameters and output characteristics of the hydraulic drive during the operation of
self-propelled equipment.

The developed mathematical model and the results of the performed parametric
studies [43] make it possible to study the change in the functional parameters and output
characteristics of hydraulic drives of self-propelled vehicles during transient processes,
depending on the difference in the geometric parameters of orbital hydraulic motors.

To simulate the change in the functional parameters and output characteristics of the
hydraulic drive depending on the difference in the geometric parameters of the orbital
hydraulic motors, when describing the pumping station of the hydraulic system (pump,
safety valve, working fluid), the initial data outlined in [43] were taken.

The studies were carried out with two orbital hydraulic motors (No. 1 and No. 2)
with a working volume of 160 cm3. The design differences were as follows: the gap
Gt between the teeth of the rotors (considering the error in the profile shape [5]) is
0.02…0.21 mm – for hydraulic motor No. 1, and 0.02…0.065 mm for hydraulic motor
No. 2. The area cross-section of the distribution system of the hydraulic motor No. 1
fluctuates in the range of 200…226 mm2, while for the hydraulic motor No. 2, it is
constant and amounts to 226 mm2. For both hydraulic motors, the moment of resistance
is constant and is 365 N·m, the moment of inertia of the rotating masses is 3.6 N·m, the
volumetric efficiency is 0.95, and the hydro-mechanical efficiency is 0.9 [9].

The unevenness of the pump flow Qp(t) and the change in the load on the working
element (expressed by the moment of resistance Mr(t)) can be represented [43]:

⎧
⎨

⎩

Qp(t) = Qω · sinω(t) + Qω · sinω(t − τ),

Mr(t) = Mt(t) ·
(
1− e−

t
T

)
+Mω · sinω(t).

(1)

Modeling of changes in functional parameters (pressure p (t), flow rate Qh.m (t)
through the hydraulic motor and flow rate Qvol (t) through the safety valve) under oper-
ating conditions during acceleration of the hydraulic drive of self-propelled vehicles was
carried out according to the dependencies
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√
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,

(2)

where μ and ρ are the flow rate and density of the working fluid; z2, αi, β i, Δ and R1,
R2 – kinematic, angular and dimensional parameters [9, 12] of the movable and fixed
distributors; ppl and x (t) are geometrical parameters of the valve.
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Modeling of changes in output characteristics (torque Mt (t) and speed n (t) on
the shaft of the hydraulic motor) under operating conditions during acceleration of the
hydraulic drive of self-propelled vehicles was carried out according to the dependencies

⎧
⎪⎨

⎪⎩

Mt(t) = 2

(

e ± Gt

2

)

· p(t) · b · (z1 + 1) · hi,
n(t) = f (Qh.m(t)),

(3)

where e, b, z1 and hi are the kinematic parameters of the hydraulic motor rotors [5].

4 Results

The study of the dynamics of change in the output parameters of a hydraulic drivewith an
orbital hydraulic motor was carried out using the VisSim dynamic modeling system. The
developed structural and functional diagram of the dynamic model of the hydraulic drive
of self-propelled vehicles (Fig. 1) allows simulating the transient processes occurring
in hydraulic drives under operating conditions, depending on the design features of the
rotor system and the distribution system of the orbital hydraulic motor.

The simulation of the unevenness of the pump flow Qp (t) and the change in the
load on the working element, described by expressions (1), was carried out by block A
(Fig. 1). Expressions (2), implemented in block B, allow simulating the change in the
flow rate of the working fluid through the hydraulic motor and the safety valve, taking
into account the design features of the distribution system of the hydraulic motor. The
change in torque depending on the gapGt between the teeth of the rotors, determined by
expression (3), is implemented by block C. Block D provides a graphical visualization
of the simulation process at each moment of the time.

As a result of the research carried out, dependencies were obtained that characterize
the changes in pressure andflow in the hydraulic system (Fig. 2) and changes in the torque
and speed on the shaft of the hydraulic motor (Fig. 3). The analysis of the presented
dependences shows that the investigated moment of acceleration of the hydraulic drive
can be divided into three stages: starting of the hydraulic motor shaft, direct acceleration,
and steady motion.

The duration of the first stage, the movement of the hydraulic motor shaft for both
hydraulic motors is 0…0.02 s (Fig. 2 – curves 1). The period of the second stage - direct
acceleration is 0.02…0.85 s – for hydraulic motor No. 1 and 0.02…0.75 s – for hydraulic
motor No. 2. Accordingly, the third stage – steady motion for the hydraulic motor starts
from 0.85 s, and for the hydraulic motor 2 – from 0.75 s, which is 12% less.

Analysis of the dependence of the pressure change in the hydraulic system shows
that at the first stage, there is a significant pressure jump of 90 MPa and 85 MPa for
hydraulic motors No. 1 and No. 2, respectively (Fig. 2a, Fig. 2b – curve 1). Pressure
surges are more than 5 times their nominal value. At the second stage, the pressure in the
hydraulic system sharply decreases and stabilizes at a value from 29MPa to 27MPa, 1.8
times exceeding its nominal value. At the same time, the pressure in the hydraulic motor
No. 1 has insignificant pulsations with an amplitude of 3…4MPa, caused by fluctuations
in the flow area of its distribution system and pump flow pulsations (Fig. 2a – curve 1).



106 A. Panchenko et al.

Fig. 1. Structural and functional diagramof a dynamicmodel of a hydraulic drive of self-propelled
vehicles under operating conditions.

There are practically no pressure pulsations in hydraulic motor No. 2 (Fig. 2b – curve
1). Analysis of the pressure change dependence at the third stage shows that the pressure
in the hydraulic system decreases, reaching its nominal value. However, in the area
under consideration, there are significant pressure fluctuations caused by the pump flow
pulsation and fluctuations in the moment of resistance with an amplitude of 15MPa – for
hydraulic motor No. 1 and 10 MPa – for hydraulic motor No. 2, which is 34% less.

An analysis of the dependences of the change in the flow rate of the working fluid
through the hydraulic motor, considering the design features of its distribution system,
shows that at the first and second stages, the flow rate increases uniformly for both
hydraulic motors (Fig. 2 – curves 2). It should be noted that for hydraulic motor No.
1, during this period, there are significant flow rate pulsations caused by the imperfect
design of its distribution system and pump flow pulsation, the amplitudes of which are
20…30 l/min (Fig. 2a – curve 2). There is no flow pulsation for hydraulic motor No. 2 at
the first and second stages (Fig. 2b – curve 2). For both hydraulic motors, the third stage
is characterized by insignificant flow rate pulsations of up to 3 l/min for hydraulic motor
No. 1 and up to 2 l/min for hydraulic motor No. 2, caused by pump flow pulsations.

Analysis of the dependences of the change in the flow through the safety valve
(Fig. 2 – curves 3) shows that for both hydraulic motors at the first stage, the flow has
its maximum value of 98 l/min [43] since the safety valve is fully open. The second
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Fig. 2. Changes in the functional parameters of the hydraulic drive in operating conditions during
acceleration: a – hydraulic motor No.1; b – hydraulic motor No. 2; 1 – hydraulic pressure; 2 – flow
across hydraulic motor; 3 – flow across through safety valve.

stage for both hydraulic motors is characterized by a uniform decrease in flow to zero,
which means that the safety valve is completely closed. This period is characterized by
significant flow rate pulsations caused by pump flow pulsations - for hydraulic motor
No. 1, the amplitude of which is up to 30 l/min, and for hydraulic motor No. 2 – up to
10 l/min, which is 3 times less. In the third stage, there is no flow through the safety
valve.

Analysis of the results of studies of the change in torque depending on the gap Gt

between the teeth of the rotors shows that for both hydraulic motors at the first stage,
there is a rather large jump up to 2100 N·m – for hydraulic motor No. 1 and 1900 N·m –
for hydraulic motor No. 2 (Fig. 3 – curves 1). This jump is more than 5 times the rated
torque. At the second stage, for both hydraulic motors, there is a sharp decrease in the
torque value to 640…620 N·m, 1.8 times exceeding its nominal value. In this section,
the torque of the hydraulic motor No. 1 has significant pulsations with an amplitude
of 140…150 N·m, caused by the presence of an excessive gap Gt between the teeth of
the rotors (Fig. 3a – curve 1). Fluctuations of the torque on the shaft of the hydraulic
motor No. 2 in this section are practically absent (Fig. 3b – curve 1). The third stage is
characterized by significant fluctuations in torque caused by fluctuations in the moment
of resistanceMr with an amplitude of 300 N·m for hydraulic motor No. 1 and 250 N·m
for hydraulic motor No. 2, which is 17% less.

The analysis of changes in the speed of the hydraulic motor shaft, taking into account
the design features of its distribution system, shows that for both hydraulic motors at the
first and second stages, the speed values increase, which is due to the gradual closing of
the safety valve (Fig. 3 – curves 2). At the third stage, the speed values having reached
their nominal value of 600min−1 [43] are stabilized. However, there are slight pulsations
caused by the pump flow pulsationQp and sinusoidal disturbances caused by fluctuations
in the moment of resistance Mr .

The performed studies have shown that the design features of orbital hydraulicmotors
significantly impact the change in the dynamic characteristics of hydraulic drives of self-
propelled equipment, ensuring their stabilization. Such changes are due to a decrease in
the gapGt between the teeth of the rotors of the hydraulicmotorNo. 2 and the elimination
of fluctuations in the flow area of its distribution system.
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Fig. 3. Changes in the output characteristics of the hydraulic drive under operating conditions
during acceleration: a – hydraulic motor No. 1; b – hydraulic motor No. 2; 1 – torque on the shaft
of the hydraulic motor; 2 – speed of rotation of a shaft of a hydraulic motor.

5 Conclusions

As a result of the research, the initial data and conditions were substantiated, making it
possible to simulate transient processes occurring in the hydraulic drives of self-propelled
vehicles.

A structural-functional diagram and a mathematical apparatus have been developed,
making it possible to study changes in the dynamic characteristics of a hydraulic drive
of self-propelled equipment, taking into account the conditions of its operation.

Changes in the stability of the dynamic characteristics of hydraulic drives of self-
propelled vehicles, under the influence of the design features of orbital hydraulic motors,
have been determined. It was found that the acceleration time of the hydraulic motor No.
2 is 12% less than that of hydraulic motor No. 1. In comparison, the pressure and torque
fluctuations are less at steady-state motion by 34% and 17%, respectively. Such changes
are due to a decrease in the gapGt between the teeth of the rotors of the hydraulic motor
No. 2 and the elimination of fluctuations in the flow area of its distribution system.
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Abstract. This research aims to investigate the transportation of a material par-
ticle by a vertically placed auger limited by a cylindrical casing. The surfaces are
coaxial. When the auger rotates, the particle moves to the periphery and interacts
with the cylindrical casing. The particle simultaneously slides on both surfaces and
rises in absolute movement. Its relative motion is sliding along the periphery of
the auger. Differential equations of particle movement in projections on a moving
coordinate system that rotates with an auger were compiled. Numerical methods
have solved the equations, and graphs of kinematic characteristics were built. The
limit value of the rising angle for the helical line was found as the periphery of the
auger. At such a position, the rise of the particle stops at a given angular veloc-
ity of the auger. It was found that the velocity of particle rising is influenced by
constructive and technological parameters. In particular, for a given radius of the
cylindrical casing, friction coefficients, and the edge angle of the auger, there is a
minimum value of the angular velocity of its rotation. Then the particle “sticks”
and rotates together with the auger, describing in absolute motion a circle on the
inner surface of the cylindrical casing.

Keywords: Material particle · Frene trihedron · Cylindrical casing · Sliding
trajectory · Transportation · Industrial growth

1 Introduction

Firstly, engineering practice often deals with designing geometric objects, which scien-
tists propose to solve in quite diverse ways. For example, in [1], the authors present a
vision of constructing geometric objectswithin amultidimensional space by approximat-
ing a solution to differential equations [2]. In [3], geometric modeling of multifactorial
processes and phenomena is proposed to be carried out by the method of multidimen-
sional parabolic interpolation. In [4], geometric characteristics of the object are taken
as a basis. Geometric modeling of torse surfaces is shown in [5]. So, the methods for
geometric design of objects are quite diverse.
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Secondly, the operation of machines involves the interaction of particles of techno-
logical material with their working bodies. Particles are forced to choose the trajectory
of sliding on the surface. The surface can bemovable. For example, it can perform a rota-
tional movement. In this case, the particle’s movement will consist of two components:
the particle relative motion (particle sliding on the surface) and the transient (rotational)
motion of the surface itself. The particle relativemotion is considered relatively to amov-
ing system of coordinates. The superposition of motions gives the absolute trajectory of
the particle movement in a fixed coordinate system.

During the investigation of the dynamics of a point, the equations of equilibrium of
applied forces in projections on the axis of the stationary or mobile spatial coordinate
system are usually compiled. A moving coordinate system, which in differential geom-
etry is called the accompanying Frenet trihedron of the guide curve, can be applied. It
allows solving the problem easier.

2 Literature Review

Different approaches are used for the analytical description of the transportation of tech-
nological material, which consists of individual particles. This is due to the complexity
of the processes that occur when particles interact. Therefore, it is quite common to
consider the transportation of a single particle, the motion of which can be described
analytically. The obtained patterns, in some way, can be transferred to the technological
material. Technological material can be mineral fertilizers [6] various mixtures for sep-
aration and purification [7, 8]. The motion of particles on helical and similar surfaces
is considered in different articles, for example, in [9], the motion of grain on moving
surfaces of sowingmachines – in [10], themovement of dispersed particles in curvilinear
separation channels – in [11–14]. There may be cases of equating bodies to a material
particle if the forces of inertia from their rotation can be neglected due to low angular
velocities [15]. Earlier the movable Frenet trihedron was applied to solving some tasks,
for instance, to describe the complex motion of a material point [16]. It can also be used
for solving different tasks, for example, for increasing the reliability and durability of
details using geometrical methods in general [17, 18], which nowadays are proposed
to be solved using new methods of details manufacturing [19] or surfaces improvement
[20]. Results of the research can be applied in different industries, for example, in build-
ings [21–23]. Based on the previous, our research aimed to apply movable trihedron and
Frenet formulas to analytically describe the complex motion of a material point on the
periphery of a vertical auger that rotates inside a coaxial cylindrical casing.

3 Research Methodology

In the general case, the guide curve of the accompanying trihedron is spatial. Let consider
the case for the flat guide curve Ce (see Fig. 1). Mutually perpendicular unit orths form
the trihedron τ , n, b. The orths of the tangent form the tangent plane of the trihedron τ

and main normal n. It coincides with the plane μ, where the curve Ce is located. Point
B in the trihedron system is given by the coordinates ρτ , ρn, and ρb.
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Let the accompanying trihedron moves with a velocity Ve along the curve Ce. In
this case, it rotates at an angle α with speed depending on the speed of rotation of the
tangent τ . At an interval of the arc length of the curve Δs, the average rotation speed is
Δα/Δs. The boundary of this ratio during approaches Δs to zero is the curvature k of
the curve. On the other hand, the boundary Δα/Δt (Δt is time) is the angular velocity
ω of rotation of the orth of the tangent τ . There is a dependence between k and ω:

ω = dα

dt
= dα

ds
· ds
dt

= kVe. (1)

Vector equation of the position of the point B according to Fig. 1b is:

R = r + ρ, (2)

where the radius-vector R is the location of the material particle in the stationary system
OXYZ,

the radius-vector r of the vertex A of the trihedron location on Ce,
the radius-vector ρ indicates the particle position in the trihedron system.

Fig. 1. To the complex motion of the particle in Frenet trihedron of the guide curve Ce system: a)
an accompanying trihedron τ , n, b with point B in its system; b) fixed OXYZ and movable τ , n, b
coordinate systems with the radius-vector of point B in them.

The coordinates ρτ , ρn, ρb in the system of a trihedron can be variable and depend
on its position on the curve Ce, i.e., depending on the length of the arc s of the guide
curve. Therefore, while the trihedron moves along a curve, point B moves in its system
and describes the relative trajectory Cr (Fig. 1a). The sum of the transient motion of a
trihedron and the relative motion of a point in its system gives the absolute trajectory of
point B. Let decompose the vector ρ into trihedron orths and rewrite the vector Eq. (2):

R = r + τρτ + nρn + bρb. (3)

By differentiating (3) by time, the vector of absolute acceleration can be obtained. It
can be done conveniently using the Frenet trihedron and formulas. It allows you to find
simply the orths τ , n, b derivatives in projections on themselves. In this instance, s (the
arc length which is passed by the trihedron vertex on Ce) should be the variable. It is
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essential to determine the relationship between the absolute velocity Va and the vector
R derivative by s:

Va = dR

dt
= dR

ds

ds

dt
= Ve

dR

ds
. (4)

In order to obtain the absolute velocity Va, it is necessary to multiply the velocity
Ve of the transient motion of the trihedron along the curve Ce by the derivative of (3).
So, (3) should be differentiated by s, bearing in mind that ρτ = ρτ (s), ρn = ρn(s) and
ρb = ρb(s):

dR

ds
= dr

ds
+

(
dr

ds
ρτ + τ

dρτ

ds

)
+

(
dn

ds
ρn + n

dρn

ds

)
+

(
db

ds
ρb + b

dρb

ds

)
. (5)

Derivatives dr
ds ,

dτ
ds , dn

ds ,
db
ds according to Frenet formulas are specified in projections

on the orths of the trihedron through the torsion σ and the curvature k of the guide curve
Ce, which is a flat curve, so σ = 0. For this case Frenet formulas take the following
form:

ṙ = τ ; τ̇ = knṅ = −kτ , ḃ = 0. (6)

After substitution of derivatives (6) in (5) and grouping of projections on orts τ , n, b:

Ṙ = τ + nkρτ + τ ρ̇τ − τkρn + nρ̇n = τ(1+ ρ̇τ − kρn) + n(ρ̇n + kρτ ) + bρ̇b. (7)

Therefore, considering (4) the projections of the absolute velocity on the orths
of the trihedron can be written: on ort τ :Vaτ = Ve(1+ ρ̇τ − kρn); on ort n:Van =
Ve(ρ̇n + kρτ ); on ort b:Vab = Veρ̇b. After differentiation of (4) by time t, provided that
Ve = const, the expression of the absolute acceleration w can be received:

w = dV a

dt
= dV a

ds

ds

dt
= dV a

ds
Ve = V 2

e
d2R

ds2
. (8)

The second derivative R̈ is included in (8) and can be identified through differentiating
(7) (s is the variable) applying (6), bearing inmind that the curvature k= k(s) is a variable.
The obtained expressions should be grouped by the orths of the trihedron and multiplied
by V 2

e according to (8). Then absolute acceleration of B:

wτ = V 2
e

[
ρ̈τ − k̇ρn − k(kρτ + 2ρ̇n)

];
wn = V 2

e

[
ρ̈n − k̇ρτ + k(1− kρn + 2ρ̇τ )

];
wb = V 2

e ρ̈b.

(9)

Expressions of absolute acceleration w must be used to compile the vector equation:
mw = F, where m – the particle mass, and F – the resulted vector of applied forces.

Thus, it can be applied to the analytical description of transporting the particle by a
vertical auger, which rotates around its axis inside the cylindrical casing.
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4 Results

Let us start with the fact, that when the particle hits the auger, it begins to slide on it,
moving away from the axis because of the centrifugal force (see A dashed line shows
Fig. 2a, the sliding trajectory).

Fig. 2. Graphic illustrations of a particle motion: a) one turn of the auger surface with the sliding
trajectory of the particle on it; b) the scheme of forces.

At the moment of contact with the cylindrical casing, the particle interacts with both
surfaces. At the same time, it is forced to slide along the helical line – the edge of the
auger with a constant angle of rising β. If the auger rotates at an angular velocity ω

counterclockwise, the particle will slide in a helical line in the opposite direction and at
the same time should rise upwards. Therefore, the sliding of the particle regarding the
auger is clockwise, and the rise is provided by the appropriate direction of winding of
the auger (see Fig. 2). The following forces act on the particle: the force of gravity mg,
where g = 9,81 m/c2 is the acceleration of free fall, reaction force of the auger surface
N, reaction force of the cylindrical casing surface NR, friction force F caused by particle
sliding along the auger surface and friction force FR, caused by the sliding of the particle
on the surface of the cylindrical casing (see Fig. 2b).

When the auger rotates, the helical line (its edge) rotates too and a particle slides
along it. In the general case, the parametrical equations of the helical line in the system
of the trihedron are:

ρτ = Rcosα; ρn = Rsinα; ρb = Rαtgβ, (10)

where R is the radius;
β is the helical line rising angle;
α is an independent variable.
Let the guide curve for a trihedron be another circle with a constant curvature k, i.e.,

radius 1/k (see Fig. 3a). When the trihedron is moving along the guide circle, point B
must simultaneously slide along the helical line. For combining these movements, it is
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necessary to set the dependence α = α(s), where s is the length of the arc of the guide
circle. The shape of the absolute trajectory of point B depends on the dependence α

= α(s). It will have a spatial shape and will not satisfy the requirements of the auger
functioning, in which absolute trajectory does not leave the surface of the cylinder of
the radius R (see Fig. 2b). According to the requirement of the auger functioning, both
circles must be equal, i.e., R= 1/k, during lifting along the helical line, the particle must
rotate clockwise, and the top of the trihedron must move in a circle (see Fig. 3b).

Fig. 3. Variants of the formation of the absolute trajectory of point B, which in the system of a
trihedron moves along a helical line: a) the guide circleCe and the circle of the base of the cylinder
has different radiuses; b) the circles coincide.

These requirements are satisfied by the following parametrical equations of the
helical line in the trihedron system:

ρτ = −Rsinα; ρn = R− Rcosα; ρb = Rαtgβ. (11)

To find the absolute acceleration by formulas (10), we need to have the first and
second derivatives of Eqs. (11). One can find them, bearing in mind that α = α(s):

ρ̇τ = −Rα̇cosα; ρ̈τ = Rα̇2sinα − Rα̈cosα;
ρ̇n = Rα̇sinα; ρ̈n = Rα̇2cosα + Rα̈sinα;

ρ̇b = Rα̇tgβ; ρ̈b = Rα̈tgβ.

(12)

After substitution of derivatives (12) in (10), bearing in mind that k= 1/R and k̇ = 0
and after simplifications next equations have been derived:

wτ = V 2
e

[
(Rα̇ − 1)2sinα − R2α̈cosα

]
/R;

wn = V 2
e

[
(Rα̇ − 1)2cosα + R2α̈sinα

]
/R;

wb = V 2
e Rα̈tgβ.

(13)

For compiling the particle motion equations, it is essential to determine the direction
of all forces. The forcemg is directed in the opposite direction to the binormal direction.
The projections of the unit vector on the orths of the trihedron are:

mg{0; 0− 1}. (14)
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The direction of reaction of the auger surface N (see Fig. 2b) can be found using
differential geometry. It can be found easier because it is simultaneously perpendicular
to two lines: the helical line and the rectilinear generatrix of the surface of the auger, i.e.,
it is located in the plane tangent to the cylinder. When a particle moves along a helical
line, the angle of inclination of the unit vector N to the horizontal plane is constant. Its
component on the horizontal plane is equal to sinβ and on the orth b of the binormal –
cosβ. The horizontal component sinβ should be decomposed to orts τ and n because its
rotation at an angle α occurs clockwise. Thus, the projections of the unit vector of the
normal N on the orths of the trihedron are:

N {sinβcosα;−sinβsinα; cosβ}. (15)

The reaction NR of the cylinder surface is directed perpendicularly to its tangent
plane toward the axis (see Fig. 2b). Then the unit vector in the projections on the orths
of the trihedron is:

NR{sinα; cosα; 0}. (16)

The friction force is the product of the surface reaction to the coefficient of friction.
Let us denote f as the friction coefficient of the particle on the auger and as f R – on
the cylindrical casing. So, the friction forces indicated in Fig. 2b, are F = fN, and FR

= f RNR. Then it is essential to determine the direction of these forces. The force F is
directed opposite to the vector of the particle sliding velocity. The particle slides along
the helical line (auger edge), so the direction of sliding is given by the first derivatives
of (11), and these derivatives are given in (12). Their geometric sum, multiplied by the
velocity Ve, gives the relative motion velocity Vr :

Vr = Ve

√
ρ̇2

τ + ρ̇2
n + ρ̇2

b = VeRα̇/cosβ. (17)

The direction of the unit vector of relative velocity Vr can be obtained by dividing
its components by the value (17):

Vr{−cosβcosα; cosβsinα; sinβ}. (18)

The force FR is directed opposite to the vector of the particle sliding speed on the
surface of the stationary cylindrical casing. The value of the absolute velocity Va and
the projection of a unit vector is determined similarly:

Va = Ve

√
V 2
aτ + V 2

an + V 2
ab = Ve

√
(1− 2Rα̇)cos2β + R2α̇2/cosβ. (19)

Va

⎧⎪⎨
⎪⎩

(1− 2Rα̇)cosβcosα/
√

(1− 2Rα̇)cos2β + R2α̇2;
(1− 2Rα̇)cosβsinα/

√
(1− 2Rα̇)cos2β + R2α̇2;

Rα̇sinβ/
√

(1− 2Rα̇)cos2β + R2α̇2

⎫⎪⎬
⎪⎭. (20)

Let us decompose the vector equation ma = F on the orths τ , n, b because of the
directions (14)–(16), (18), and (20) of the acting of corresponding forces mg, N, NR, F
= fN, FR = f RNR:

mwτ = N sinβcosα + NRsinα + fNcosβcosα − fRNR
(1− 2Rα̇)cosβcosα√

(1− 2Rα̇)cos2β + R2α̇2
;
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mwn = −N sinβsinα + NRcosα − fNcosβsinα

− fRNR(1− 2Rα̇)cosβsinα/

√
(1− 2Rα̇)cos2β + R2α̇2;

mwb = −mg + Ncosβ − fN sinβ − fRNR
Rα̇sinβ√

(1− 2Rα̇)cos2β + R2α̇2
. (21)

After substitution of absolute acceleration from (13) to (21), a system of α = α(s),
N = N(s), and NR = NR(s) can be received. It should be solved regarding α̈,N ,NR:

α̈ = cosβ
[
fR(Rα̇ − 1)2(1− 2Rα̇ + cos2β − f sin2β)

]
2R2

√
(1− 2Rα̇)cos2β + R2α̇2

− gcosβ

RV 2
e

(sinβ + f cosβ).

(22)

N = mcosβ

[
g + V 2

e fRsinβ(Rα̇ − 1)2/R
√

(1− 2Rα̇)cos2β + R2α̇2

]
. (23)

NR = mV 2
e (Rα̇ − 1)2/R. (24)

(22) can be solved independently, because it does not depend on (23) and (24). This
requires the use of numerical methods. The reactions of surfaces (23) and (24) can be
found after Eq. (22) is solved.

Let us consider an example. Let the angle of rising of the edge of the auger is β =
15°, the radius of the cylindrical casing is R = 0,1 m, the coefficients of friction are f =
f R = 0,3.

An important indicator is the velocity Vb of particles rising upward. It is an equal
component of both absolute and relative velocities in the vertical direction, i.e. parallel
to the orth b. Based on these conditions, it can be written:

Vb = Veρ̇b = VeRα̇tgβ. (25)

For a given angle β the critical value of the velocity ω = Ve/R of the auger rotation
can be determined. It takes place at ȧ = 0, so according to (26) there is no vertical
particle movement, i.e. the particle “sticks” on the auger. For example, for β = 15° Ve

= 1.42 m/s or ω = 14.2 s−1. It can be seen from the graph Vb = Vb(s), which was
constructed by numerical method (see Fig. 4a).

It shows that at β = 15° the velocity in the vertical direction isVb = 0.However, at an
angle β = –15°, the velocity Vb increases become constant over time. But the particle
does not move up, but down. This means that the winding direction of the auger has
changed to the opposite. And the particle slides in the opposite side to the direction of its
rotation and moves down. When the angle β increases to 20°, the particle moves down
regardless of its sign. In Fig. 4a, the graph for β = 20° is shown, for β = –20° the graph
is not constructed because its velocity of downwards movement increases significantly.
Thus, at angles more significant than the limit value β = 15°, the particle cannot move
upwards at a constant angular velocity of rotation of the auger. The particle moves up
at a smaller value (for example, at β = 10°). At a change in the sign of the angle β, it
moves down. The graphs show that in all cases, the particle’s velocity becomes constant
over time.
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Fig. 4. Graphic illustrations to the motion of the particle at R = 0,1 m, f R = f = 0,3, Ve =
1,42 m/s: a) graphs of the velocity of the particle movement in the vertical direction depending on
the angle β; b) particle trajectories at β = –10° (downward motion); c) particle trajectories at β

= 10° (upward movement).

In Figs. 4b,c, relative trajectories were built by (11) at different values of the angle
β (represented by thin lines). Thickened lines show absolute trajectories. They are con-
structed by Eqs. (11) when substituting in them instead of the angle α = α(s) the dif-
ference of the angles, at which the auger rotates around its axis (s/R) and the particle
during sliding on the auger (α = α(s)), i.e. s/R–α.

5 Conclusions

Frenet formulas were used in compiling the analytical dependencies of particle motion.
As a result of the numerical solution of the equations, it was found that the velocity of
particle rising is influenced by constructive and technological parameters. In particular,
for a given radius R of the cylindrical casing, friction coefficients f and f R and the angle
β of rising of the helical line – the edge of the auger – there is a minimum value of
the angular velocity ω of its rotation. The particle, in this case, “sticks” and rotates
together with the auger, describing in absolute motion a circle on the inner surface of
the cylindrical casing. The obtained results allow the construction of a geometrical form
of working bodies of machines according to the final necessary conditions.
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Abstract. Plain bearing systems are widely used in rotor systems due to their
efficiency, simplicity, long life, silent operation, low friction andwear, and inmany
cases, good heat dissipation. Despite the fact that a significant number of research
have been published in the field of calculation and design of plain bearings, the
proposed mathematical models and methods for calculating the characteristics do
not consider the random changes of some geometric and operating parameters of
these complex systems. The thickness of the lubricating film, which is one of the
main operational parameters, is determined by the corresponding tolerances for the
manufacturing of parts and assembly of the machine and a random variable. This
work considers the effect of random changes in middle clearance and eccentricity
values on pressure distribution based on the Reynolds equation. It is shown that
the possible value of hydrodynamic force in such bearing can substantially differ
from calculated under the deterministic models.

Keywords: Plain bearing · Random parameters · Mean value · Film thickness ·
Hydrodynamic pressure · Industrial growth · Process innovation

1 Introduction

The operational characteristics of rotary machines are largely determined by the hydro-
dynamic characteristics of the support and sealing units. The main requirement for seals
is higher hermetic ability. Supporting units must meet a number of specific requirements,
namely: sufficient bearing capacity under small dimensions, high vibration resistance
in a wide range of operation of a rotary machine, minimal friction and wear of working
surfaces, low consumption of cooling lubricant, the ability to use as a lubricant working
environment, manufacturability and ease to use.

Modern rotor bearings of pumps and compressors are complex tribomechanical
systems. Depending on the physical process of creating the required bearing capacity,
these systems can be divided into rolling bearings, magnetic bearings, plain and thrust
bearings. The use of rolling bearings as supports for high-speed rotors is limited by their
extreme speed and durability. Therefore, in most rotary machines, plain bearings are
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used to ensure the reliable operation of a rotary machine in a wide range of speeds and
loads [1], or magnetic-fluid bearings.

In the process of operation, plain bearings are operated under different modes. When
the shaft is stationary, the oil is squeezed out from the bottom part by the weight of
the shaft with the parts mounted on it. Only a thin film on the surfaces of the sleeve
and the shaft is while start-up and at the initial stage of operation (at low rotation
speeds). This film is not able to completely separate the surfaces. During this period, the
bearing operates in boundary lubrication mode. Under shaft rotation the liquid lubricant
is involved into the cone gap formed between the sleeve and the shaft surfaces. It forms
a lubricant layer and causes the shaft to float in this film. As the speed of rotation
increases, the thickness of the lubricating layer increases. A hydrodynamic lubrication
regime occurs where a lubricant completely separates the surfaces.

During the manufacturing process of parts, deviations from the nominal size are
inevitable. Following the requirements of [2], the accuracy classes of the bearing are
established. Bearing tolerances refer to three aspects of accuracy: dimensional accuracy,
machining accuracy, and running accuracy. For dimensional accuracy, standard pre-
scribe tolerances of external dimensions necessary when installing bearings on shafts
or in housings. The dimensional deviation is the difference between an actual bearing
dimension and the nominal (target) value. Machining accuracy reflects the precision of
the manufacturing process and is a crucial aspect when recommending tolerances for
shafts and housings. Running accuracy is defined as the allowable limits for the degree
of eccentricity of the bearing (for radial runout). Tolerances and allowable error limits
are established for each tolerance class.

The variety of used plain bearing designs has one feature in common: they are all
non-standard machine elements under design and calculation. Additional experimental
and theoretical studies are required in each specific case. One of the main advantages of
water-lubricated plain bearings of shafts is their design simplicity and resulting relatively
lower cost compared to expensive oil-lubricated bearings and some complex bearing
units. But due to the low viscosity of the water, the thickness of the generated film rarely
exceeds 10–12 mkm. So, the characteristics of such bearings are very sensitive to any
changes in geometry. Moreover, possible misalignments of the working surfaces and
their changes during operation are also random. Therefore, studying the probabilistic
characteristics of the operational characteristics of sliding bearing is an urgent scientific
and important practical task.

2 Literature Review

Despite the fact that a significant number of works have been published in the field of
calculation and design of plain bearings, most of the developed mathematical models
and the proposed methods are based on a deterministic approach without considering
the fact that most of the geometric and operating parameters of these complex units are
random. In the study [3], the simplified numerical approach to analyze the influence of
macro geometric variations on the operation of a plain bearing is presented, and design
experiments methodology is proposed to simulate the shape variation by the Monte-
Carlo method. The authors studied the performances of the bearings as a function of
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tolerance. Research works [4–6] present theoretical approaches, which allow predicting
better system stiffness and damping characteristics of bearing supports. In the research
[7], a theoretical analysis of the effects of the manufacturing tolerances on the system’s
stability is provided. The effects of the dynamic viscosity variation caused by the tem-
perature change, the manufacturing tolerances of the bearing length, and the diameters
of both the bearing and the journal are investigated using the Taguchi method. Bearing
characteristics are calculated considering dimensional tolerance using optimum design
combined with the statistical method in which the dimensional tolerance is assumed to
distribute according to the Gaussian distribution [8]. The results of this robust optimum
design compared with ones of optimum design neglecting tolerance and the validity of
this technique were clarified. An analytical method to calculate the effects of surface
roughness of bearing inner surface is presented in [9]. The bearing surface roughness
was simulated by linear superposition of waviness using Fourier Transforms. Surfaces
with a sinusoidal wave and a single Gaussian dent were analyzed and compared, and
a good agreement was obtained. It is well-known that several research focuses on the
effect of random surface texturing and wear. A numerical simulation of cylindrical tex-
ture shape effect on a hydrodynamic journal bearing characteristics is given in [10].
Lee et al. [11] analyzed the influence of the waviness errors of a hydrostatic journal
bearing and revealed that the load-carrying capacity varied according to the amplitude
and phase angle of the waviness functions. The significant influence of the directional
orientation of the surface roughness on the Rayleigh step-bearing operation is shown
in [12]. Theoretical and experimental investigations of plain bearing in both laminar
and turbulent regimes using the semianalytical finite element method for different wear
depth parameters are developed [13]. The effect of change in geometrical parameters of
bearing due to wear on pressure distribution is shown. The effect of manufacturing errors
on the overall minimum oil film thickness under various rotational speeds of tilting-pad
bearings is investigated [14]. Some interesting experimental data are given in [15, 16]. It
is shown that the deviation in the data created by manufacturing tolerances in assessing
the instability of the lubrication film can reach±20%, depending on the stable operating
position. Analysis of the impact of the random change of gap value and eccentricity
on bearing load capacity is carried out on the simplified theoretical model in [17]. The
presented model does not consider the precession motion and possible oscillations of the
shaft axis. However, most works devoted to the influence of random parameters on the
plain bearing operation have used complex models, the application of which in practice
is quite difficult and requires the use of specific methods or programs. The purpose of the
presented work is to develop an easy-use in engineering practice method for predicting
the effect of manufacturing tolerances on pressure distribution and hydrodynamic force
value of plain bearings.

3 Research Methodology

Considered calculation model of a plain bearing is shown on Fig. 1. The inner surface
(shaft journal) rotates with angular speed ω and its center O1, due to dynamic loads,
also describes translational motions within the bearing clearance h with frequency �.
The axis of the shaft journal describes circular centered orbits with an amplitude or
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radius e.The other surface or housing is stationary inmost applications. So, the radial and
circumferential velocity components on the housing surface are equal to zero. Boundary
conditions for velocities with considering a small displacement of the shaft journal
relative to the equilibrium position in the housing and possible radial oscillations can be
written in the form

u(0) = v(0) = w(0) = 0,w(h) = 0,

u(h) = ωr + (�ecosϕ − ėsinϕ), (1)

v(h) = (� − ω)esinϕ − ėcosϕ,

whereH = R− rcosγ −ecos(π − ϕ). From Fig. 1. cosγmax = 1, so h = R− r+ecosϕ.
The following assumptions were accepted to solve the problem in the first approx-

imation. The lubricating fluid is incompressible, i.e., “ρ = const,” ∂p/∂t = 0, and the
flow is steady and isothermal.

The hydrodynamic pressures p(x,z) in the bearing clearance can be obtained by inte-
grating the generalized Reynolds equation taking into account the boundary conditions
for velocities (1), which has the form:

∂

∂x

(
h3

∂p

∂x

)
+ ∂

∂z

(
h3

∂p

∂z

)
= 6μ

(
u(h)

∂h

∂x
+ h

∂u(h)

∂x

)
− 12μv(h). (2)

Fig. 1. Calculation model of a plain bearing.

This equation expresses the equilibrium of a viscous fluid located between two surfaces
with a small clearance h (ϕ) between them. From Eq. (2), it can be seen that for the
appearance of the bearing capacity of the lubricating layer, the presence of a sliding
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speed and a narrowing of the lubricating layer is necessary, i.e., dh/dx must be less than
zero for the arising the proper pressure.

Since the changes in the fluid flow characteristics in the axial direction (along the
Oz axis) are much less than their changes in the circumferential direction, the second
term in Eq. (1) can also be neglected. Taking into account the accepted assumptions.

The further solution of the problemwill be carried out in amoving coordinate system,
one of the axes of which passes through the line of centers OO1 (Fig. 1).

∂

∂x

(
h3

∂p

∂x

)
= A(μ, ω,�, e) + B(μ, ω, ė) + D(μ,�, e, ė), (3)

where
A(μ, ω,�, e) = 12μ

(
ω
2 − �

(
1 + H

2r

))
esinϕ, B(μ, ė) = −12μ

(
1 + H

2r

)
ėcosϕ,

D(μ,�, e, ė) = −6μ
�e2

r
sin2ϕ − 6μ

eė

r
.

Component D(μ,�, e, ė) describes the effect of non-linear components on pressure
distribution in the film of a plain bearing. To ensure a hydrodynamic lubrication regime,
keeping the minimum amount of lubrication between the sliding surfaces is necessary.
Bearing capacity (hydrodynamic force) in a plain bearing occurs only in the area of some
clearance values and at certain speeds of rotation and precession of the shaft relative
to the stationary axis of the housing. According to (3), if the axis of the shaft journal
rotates along circular orbits with a fixed radius e (ė = 0) than under the frequency of
whirl equals 50% of the rotational speed � = 0.5ω the right side of Eq. (3) is null, and
hence there is no generation of hydrodynamic pressure. Thus, it can result in a sudden
loss of bearing support capability.

Passing to the cylindrical coordinate x = rϕ and after integration

p(r, ϕ)

=
∫

1

h3

(∫
A(μ, ω,�, e) + B(μ, ω, ė) + D(μ,�, e, ė)rdϕ + C1

)
rdϕrdϕ + C2.

where C1,C2− unknown constants, it can be obtained

p(r, ϕ) = −12μ
r2

H 3

(
ω

2
− �

(
1 + H

2r

))
esinϕ

−12
r2

H 3

(
1 + H

2r

)
ėcosϕ + C1r

H 3

(
ϕ − 3

e

H
sinϕ

)
+ C2 + O(μ, ω,�, e, ė). (4)

O(μ, ω,�, e, ė) describes the effect of non-linear components on pressure distribution
in film of a plain bearing. The constants C1,C2 can be determined from the condition:

for p|ϕ=0 = p|ϕ=2π = p
a
and accordingly ∂p

∂x

∣∣∣
h∗

= 0. In Fig. 2, the pressure distribution

is shown for different values of the relative eccentricity χ = e/H . The bearing capacity
increases with increasing eccentricity e, and the line of the maximum pressure value is
shifted towards the minimum clearance.
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Fig. 2. Pressure distribution in the angular direction in a plain bearing.

The position of the journal inside the housing and the hydrodynamic pressure distri-
bution is characterized by the following angles (Fig. 1): ϕa is the angle of rotation of the
centerline OO1, which characterizes the position of the shaft axis relative to the hous-
ing (stationary) axis (ϕamin = 0, ϕamax = π

2 ); ϕ1 is the angle where the bearing zone
(hydrodynamic wedge) starts, ϕ2 is the angle where the bearing zone of the lubricating
film ends and ϕ∗ is the angle characterizing the position of the maximum hydrodynamic
pressure. As a first approximation for ϕa, some of the authors suggest taking:

ϕa = arccos(χ). (5)

In this case, the position of the beginning of the carrier zone: ϕ1 = π
2 − arccos

( e
H

)
.

According to another research, the angel ϕa can be determined by the formula:

ϕa = arctg

⎛
⎝π

√(
1 − χ2

)
4χ

⎞
⎠. (6)

Approaches (5) and (6) generally correspond well for 0 < χ < 0.55, but for higher
values of χ the approach (6) is preferred.

Several hypotheses have recently been used to determine the position of the end of
the bearing zone in fluid plain bearings [7, 9]. In many works, it is assumed that the
lubricating layer ends (breaks off) in the section of the minimum clearance. Accord-
ing to another hypothesis, the hydrodynamic wedge breaks off beyond the section of
the minimum gap. In this section p = 0 and p|h=hmin ≈ 1

2pmax, and the cross-section
itself is located symmetrically to the maximum pressure relative to the line of centers
(Fig. 1). When calculating the dependencies in Fig. 2, the first hypothesis is accepted.
But according to the obtained results, the calculation based on the second hypothesis is
needed to compare the correctness of both with experimental data.

In practice, H is a random variable, the measurement limits of which depend on the
accepted tolerances. The normal distribution law is usually used for dimensions with
two-sided tolerances, so H can be assumed to obey the normal distribution law. As a
mean value of this parameter can be taken, it’s calculated (designed) value. The mean
clearance’s actual (real) value deviates from its design value due to the landing chosen
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for the bearing and can be commensurable with the clearance value itself. For instance,
for a shaft diameter of 140 mm and for one of the recommended landings of H7/c8, its
tolerance is 0.103mm. The radial clearance is caused by the deviations in the dimensions
of the shaft and housing (sleeve) can vary from 0.1 to 0.15 mm.

The random variables H , e are independent. Therefore, the joint probability den-
sity can be written in the form f3(H , e) = f2(H )f1(e). For eccentricity, all directions
are equally possible, and due to physical properties, this random variable can take
only positive values, so for its description, the truncated Rayleigh law can be used:

f1(e) = Ce
σe
exp

[
− e2

2σ 2
e

]
, where the constant C is determined from the normalization

condition for the probability density: C =
(
1 − exp

[
− H2

2σ 2
e

])−1
. Since the probabil-

ity that the eccentricity takes values close to zero and close to H is equally small, it
can be assumed: σe = 0, 36H , σε - is the standard deviation of the eccentricity. So,

f1(e) = 7.88e
H2 exp

[
− 3.858e2

H2

]
.

Based on the foregoing, the values of the bearing zone’s initial and final position
angles are random values. Probability density ϕa for (5):

f4.1(ϕa) =
∫ Hmax

Hmin

1√
2πσH

exp

[
− (H − H )2

2σ 2
H

]
7.886

2H
sin(2ϕa)exp

[
−3.858cos2(ϕa)dH

]
.

Probability density ϕa for (6):

f4.2(ϕa) =
∫ Hmax

Hmin

1√
2πσH

exp

[
− (H − H )2

2σ 2
H

]
7.886

H2

32π4tg(ϕ)
(
tg2(ϕ) + 1

)
(
tg2(ϕ) − π2

)3 exp
[
−3.858cos2(ϕa)dH

]
.

where 〈H 〉 - is the mean value of mean clearance σH, - is the standard deviation of mean
clearance, respectively.

For a half bearing in the eccentricity range χ < 0.5, the section in which the hydrody-
namic pressure ends: ϕ2 = π + ϕ1. Therefore, for such bearings and small eccentricity
values, the probabilistic characteristics of the initial angle of hydrodynamic pressure
arising determine the probabilistic characteristics of the final angle with a shift π.

4 Results

In Fig. 3, the effect of the random changes of middle clearance value on circumferential
pressure distribution is presented. Continuous lines describe the deterministic value of
hydrodynamic pressure in plain bearing for different values of eccentricity χ . Dotted
lines present the mean value of the pressure under the normal distribution of the median
clearance value in a range 〈H 〉±10%.Dashed lines present themean value of the pressure
under the normal distribution of the median clearance value in the range 〈H 〉 ± 20%,

and dash-dotted - in range 〈H 〉 ± 30%.
According to the accepted model, pressure values are the normally distributed values

too. The deviations of maximum pressure values from the deterministic ones are up to
33.4% under 〈H 〉 ± 5%, up to 38% under 〈H 〉 ± 10%and up to 49% under 〈H 〉 ± 5%.
Under such conditions, the maximum pressure position varies within 3–5°.
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Fig. 3. Mean value of pressure along the circumference in a plain bearing (H is a normally
distributed value).

Fig. 4. Possible variations of pressure values along the circumference in a plain bearing (H is a
normally distributed value).

The main characteristics of the bearing operation are volume flow of the lubricant,
the power loss due to friction, bearing capacity.

Once the pressure field is obtained, fluid film forces acting on the journal surface
can be calculated by integrating the pressure field p(r, ϕ) (3). An equal opposing force
acts on the bearing as well. The bearing reaction forces are expressed in the moving
coordinate system as

Fr =
∫ L

0

∫ ϕ2

0
p(r, ϕ)cosϕrdϕdz,F

∫ L

0

∫ ϕ

0
p(r, ϕ)sinϕrdϕdz

The components of fluid film forces in a fixed coordinate system can be obtained by

[
FX

FY

]
=

[
cosϕa − sinϕa

sinϕa cosϕa

][
Fr

Ft

]

Figure 5 shows the change in the mean value of the hydrodynamic force in a long-
length plain bearing depending on the change in the standard deviation of the mean
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deterministic value

Fig. 5. Mean value of hydrodynamic force in a plain bearing.

clearance valueH. As follows from the studies conducted, the interval of possible radial
force values increases as the range of permissible values of H increases.

5 Conclusions

Pressure distribution in circumferential direction and position of the fluidwhirl zonewith
considering manufacturing tolerances for median clearance value and random changes
in the eccentricity value is studied by means of solving the Reynolds equation. The main
conclusions can be summarized as follows:

– the tolerances of plain bearing diameters have a significant effect on the pressure
distribution as well as hydrodynamic restore force and the position of the beginning
and the end of the lubrication whirl;

– as the value of the standard deviation of themean clearance in a plain bearing increases,
the actual value of the radial force can differ significantly from the calculated one.
For example, with a standard deviation value of 15% of the mean value, the possible
deviation of the radial force can differ by up to 49%;

– under father research, it should be considered that hydrodynamic characteristics of a
plain bearing are very sensitive to errors in surfaces shape and shaft alignment.
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Abstract. The work studied the influence of changing the throughput of distri-
bution systems on the output characteristics of planetary hydraulic machines to
ensure their stabilization at the design stages. A design scheme a mathematical
apparatus have been developed, and the initial data have been substantiated, which
make it possible to study the effect of changing the geometric parameters of the
distribution system on the pulsation of its flow area. The pulsation coefficients of
the distribution system throughput and the rotational speed of the hydraulic motor
shaft, the pressure of the working fluid, and the torque on the hydraulic motor
shaft have been investigated. The starting conditions for the design of distribution
systems are substantiated, which exclude pulsations of the working fluid in plan-
etary hydraulic machines for kinematic schemes 5/4, 7/6, 9/8, 11/10, and 13/12.
The angular gap between the distribution windows was taken as 0°, 0°25′30′′, and
0°51′′. The number of additional unloading windows in the distribution system
was taken as 0, 2, 3, and 4.

Keywords: Energy efficiency · Ripple coefficient · Output characteristics · Flow
area · Stabilization · Output parameters · Industrial growth

1 Introduction

The hydraulic drive is widely used on construction, road, municipal, agricultural,
forestry, and other self-propelled machines. In the hydraulic drives of the working bod-
ies and the running systems of these machines, planetary (orbital) hydraulic motors are
increasingly used [1], which make it possible to provide a gearless connection of these
hydraulic motors directly to the actuators [2].

Planetary hydraulic motors, despite their numerous advantages, have some disad-
vantages, one of which is the imperfection of their distribution system [3], as a result of
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which the hydraulic motor becomes a source of pulsation of the working fluid [4], caus-
ing unsatisfactory operation of the entire hydraulic drive [5]. The emergence of these
disadvantages is associated with the lack of comprehensive studies describing the effect
of changing the throughput of distribution systems on the output characteristics of plan-
etary hydraulic machines. Carrying out such studies will make it possible to develop the
necessary recommendations for calculating the geometric parameters of the distribution
systems of planetary hydraulic machines to ensure their stabilization even at the design
stages.

In this regard, the issue of increasing the reliability of construction, agricultural
and communal machines by stabilizing the output characteristics of planetary hydraulic
motors used in hydraulic drives of active working bodies and running systems of self-
propelled equipment is an urgent problem. Therefore, this paper sets out the solution
of issues related to the study of changing the throughput of distribution systems on the
output characteristics of planetary hydraulic machines to ensure their stabilization at the
design stages.

2 Literature Review

The main parameters were determined [6], numerical and experimental studies of the
pump-turbine operation were carried out [7], the dynamic response of pumping turbines
[8] was investigated, and the flow rate of centrifugal [9] and gear [10] hydraulicmachines
were analyzed. The geometrical parameters of the flow path of vortex-chamber pumps
have been optimized [11], the operating ranges of the vortex-chamber blower have been
determined when pumping Bingham liquids [12], and the characteristics of rational
regulation of the composition of the fuel-air mixture have been determined [13]. The
flow of a swirling jet through a confuser [14] and an internal flow in bidirectional
channels of a cubic type of an axial flow system were investigated by the method of
numerical simulation and experiment [15]. The output characteristics of the labyrinth
screw pump are improved by improving its flow path [16–18], a numerical calculation
and experiment on pressure fluctuations in an axial flow pump [19] are presented. A
review of technologies in hydraulic machines showed [1] that, at present, there is not
enough literature on the design and manufacture of gerotor pumps and orbital engines.

A universal model of a mechatronic system with an orbital-type hydraulic motor
is considered [5], and hydrodynamic analysis of gerotor pumps [20]. The dynamics
of change in the output characteristics of a planetary hydraulic motor are investigated
considering the design features of the rotor system [21] and the distribution system [22].
Experimental studies of changes in the output characteristics of a planetary hydraulic
motor depending on the design features of the rotor systemwere carried out. [23] and the
distribution system [24], regression equations were obtained that adequately describe the
change in the output characteristics of a planetary hydraulic motor [25]. A technique for
designing mechatronic systems with specified output characteristics based on planetary
hydraulicmotors has been developed [26]. The design of the elements of the rotor system
and the distribution systems of the planetary hydraulic machines was not considered.

An approach was proposed for predicting aeration and cavitation in gerotor pumps
[27], cavitationwas assessed for the effective flow rate of axial piston hydraulicmachines
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[28], and the reasons for the occurrence of cavitation phenomena in the distribution zone
were substantiated [29]. A kinematic diagram of the movement of rotors of an orbital
hydraulic motor [30] has been developed, an optimal tooth profile for cycloidal gears
[31], and methods for increasing load capacity [32, 33] have been proposed. Research of
wear of working surfaces of rotors of orbital hydromotors is carried out [34]. Methods
for determining the vibration reliability by simulating changes in the technical state of
rotors were implemented in [35, 36], which particularly were carried out by simulating
oscillations of the diametral gap. Issues related to the distribution of the working fluid
have not been investigated.

Mathematical and physical models have been developed [37], allowing to simulate
the processes occurring in distribution systems, kinematic schemes have been substanti-
ated [4]. The influence of the shape of the distribution windows, in the form of a segment
[3], a groove [38], and a circle [39] on the output characteristics of a planetary hydraulic
motor, has been studied, a comparison of the windows [40], the angular arrangement
of the distribution windows [41] has been substantiated. Also, ways for increasing load
capacity have been proposed in [42, 43].

However, the influence of the gap between the distribution windows on the
throughput of the planetary hydraulic motor has not been investigated.

A review of manufacturing technologies for gerotor hydraulic machines revealed [1]
a lack of literature on the design, calculation, manufacture, and operation of hydraulic
machines of this type. It should be noted that if some information can still be found about
gerotor pumps, then there is practically no research concerning orbital and planetary
hydraulic motors. It should also be noted that the issue of reducing the pulsation of
the working fluid in planetary hydraulic machines to increase the reliability of hydraulic
drives of self-propelled equipment as a whole remains unresolved. Therefore, theoretical
studies of the effect of changing the kinematic, geometric, and functional parameters on
reducing the pulsation of the working fluid and stabilizing the output characteristics of
planetary hydraulic machines at the design stages is an urgent task.

3 Research Methodology

To address issues related to the study of the effect of changing the throughput of distri-
bution systems on the stabilization of the output characteristics of planetary hydraulic
machines at the stages of their design, it is necessary:

– to develop a calculation scheme, a mathematical apparatus and substantiate the initial
data, allowing to study the effect of changing the geometric parameters of the distribu-
tion system from the pulsation of its flow area, depending on the kinematic scheme, the
angular gap between the distribution windows and the number of additional windows;

– to investigate the influence of the kinematic diagram of the distribution system, the
angular gap between the distribution windows, and the number of additional windows
on the changes in the pulsation coefficients of the working fluid flow by simulating
the working processes occurring in the working fluid distribution systems;

– to substantiate the starting conditions for the design of distribution systems, allowing
to exclude pulsations of the working fluid in planetary hydraulic machines.
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Oscillatory processes, which include fluctuations in the flow of the working fluid in
the channels of the distribution system, arising during the operation of positive displace-
ment hydraulic machines, are one of the negative factors [4]. Therefore, the distribution
system of a planetary hydraulic motor can be considered as a possible source (genera-
tor) of fluctuations in the flow of the working fluid, affecting the stability of the output
characteristics of the hydraulic drive as a whole.

The developed scheme of the volumetric arrangement of the distribution windows
(Fig. 1a) made it possible to visually trace the possible overlapping of the distributor
windows during the operation of the planetary hydraulic motor and develop a design
scheme (Fig. 1b) to determine the current value of the area Ai(t) of the flow area. The
pulsation of the working fluid flow in the hydraulic motor is caused by fluctuations in
the area Ai(t) of the flow area, expressed by the difference between Amax(t) and Amin(t)
described in work [3]. Depending on the kinematic diagram [4], overall dimensions
and angular clearance Δ between the distribution windows, the flow area Ai(t) of the
distribution system at any time is determined by the expression:

Ai(t) =
∑Z

i=1

(
π

Z2
− � − |βi − αi(t)|

)
·
(
R2
2 − R2

1

)

2
, (1)

where αi(t) and β i are the angular position of the windows of the movable and fixed
distributors, respectively; Z2 - number of fixed distributor windows; R1 and R2 are the
inner and outer radii of the distribution windows, respectively.

Analysis of Eq. (1) shows that, depending on the listed parameters, the flow areaAi(t)
of the distribution system of the planetary hydraulic motor can vary over a wide range.
When studying the effect of changing the throughput of distribution systems on changing
the output characteristics of a planetary hydraulic motor to ensure their stabilization, the
parameter describing the relative changes in the area fluctuation Ai(t) is substantiated -
the pulsation coefficient.

Based on the research data [4], the pulsation coefficients of the throughput RA(t) of
the distribution system and the rotational speed Rn(t) of the hydraulic motor shaft (2),
the pressure Rp(t) of the working fluid and the torque RM (t) on the hydraulic motor shaft
are substantiated and described (3):

RA(t) = Rn(t) = 2 · (Amax(t) − Amin(t))

Amax(t) + Amin(t)
100%; (2)

Rp(t) = RM (t) =
2 ·

(
1

A2min(t)
− 1

A2max
()

)

(
1

A2max
1

A2min(t)

()

)
100%

. (3)

Analysis of expressions (2), (3) shows that the main influence on the value of the
pulsation of the flow of the working fluid, generated by the distribution system of the
planetary hydraulic motor, is exerted by fluctuations in the area of its flow section.
Analysis of expression (1) shows that the change (fluctuation) in the flow area of the
distribution system depends on its kinematic scheme, determined by the number of
windows Z2 of the fixed distributor.
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Fig. 1. Overlapping (alignment) of the windows of the movable and fixed distributors during the
operation of the planetary hydraulic motor: a – the scheme of the volumetric arrangement of the
distributing windows; b – design scheme.

The angular gap Δ between the distribution windows of the movable and fixed
distributors has a significant effect on the change (fluctuation) of the flow area. The
overall dimensions of the distribution system, due to the inner R1 and outer R2 radii,
limiting the location of the distribution windows, do not cause fluctuations in the flow
area but only change its absolute value.

4 Results

Studies of the influence of the kinematic diagram, angular clearance, and the number of
additional windows on changes in the pulsation coefficients of the working fluid flow
were carried out by simulating the working processes occurring in the distribution sys-
tems of planetary hydraulicmachines using theVisSimapplication package. Considering
the research [24], the following initial conditions were adopted and justified:

– the geometric (angular) parameters of the opening of the distribution windows of the
movable and fixed distributors are equal;

– the inner R1 and outer R2 radii of the distribution windows are equal to R1 = 29 mm,
R2 = 43 mm and did not change during the research;

– the maximum angular gap Δ between the windows of the movable and stationary
distributors, taking into account the studies [24], is equal toΔ = 0°51′, the minimum
is Δ = 0°, the intermediate value of the angular gap is Δ = 0°25′30′′, the negative
value of the angular gap (window overlap) was not considered in the studies because
this is due to the overflow of the working fluid (volumetric losses);

– in the study, taking into account the data [41], five frequently used kinematic schemes
of distribution systems of planetary hydraulic motors were considered: 5/4; 7/6; 9/8;
11/10, and 13/12;

– the number of used additional unloading windows of the movable distributor, from
design considerations and considering the data [41], it was taken: 0, 2, 3, and 4.



138 O. Yeremenko et al.

The research results are presented by dependencies (Fig. 2) changes in the pulsation
coefficients of the throughput, the speed of the hydraulic motor shaft (curves 1), the pres-
sure of the working fluid, and the torque (curves 2). The analysis of the results obtained
showed that incorrect design of the distribution system of the planetary hydraulic motor
turns it into a source (generator) of pulsations of the working fluid. The change in the
pulsation coefficients is caused by three parameters of the distribution system: the kine-
matic diagram, the angular gap between the distribution windows, and the number of
used additional unloading windows of the movable distributor. It was found that the
correct variation of these parameters makes it possible to eliminate the pulsation of the
working fluid or bring its value closer to zero.

Based on the results (Fig. 2) of the studies carried out, recommendations have been
developed for designers of distribution systems of planetary hydraulic machines, which
allow designing a hydraulic motor with a given kinematic diagram. The design of distri-
bution systems, using the developed recommendations, will eliminate (or bring to zero)
the pulsation of the working fluid.

Consequently, such a design ensures the stabilization of the output characteristics
of the planetary hydraulic motor and the hydraulic drive as a whole. The design of
the hydraulic motor distribution system begins with the selection (justification) of the
kinematic scheme. Therefore, recommendations were made for each scheme.

Analysis (Fig. 2a) shows that for kinematic schemes 5/4, 9/8, and 13/12, zero pul-
sation (pulsation coefficient) of the working fluid is ensured with the number of used
additional discharge ports equal to zero and the angular gap between the distribution
ports equal to zero (Δ = 0°).

When using kinematic schemes 7/6 and 11/10 (Fig. 2b), zero pulsation of theworking
fluid can be ensured using two additional discharge windows and an angular clearance
equal to zero (Δ = 0°). Sufficiently good results were obtained for the 7/6 scheme when
using two unloading windows and an angular gap equal to Δ = 0°25′30′′. The use of
such a gap allows increasing the volumetric efficiency of the hydraulic motor, with a
relatively low pulsation coefficient of up to 2.5%.

If it is structurally necessary to use three additional windows (Fig. 2c), using an
angular gap equal to � = 0°51′, it is possible to ensure the maximum value of the
volumetric efficiency of the distribution system for kinematic Schemes 7/6 and 13/12
when the ripple coefficient changes to 2.5%.

It was found that when using four additional windows (Fig. 2d), changes in the
pulsation coefficients of the throughput, the rotation frequency of the hydraulic motor
shaft, the pressure of the working fluid and the torque correspond in nature to the results
with the number of used additional windows equal to zero (Fig. 2a). The value of the
pulsation coefficients, with such indicators of the distribution system, has almost halved.
The recommendations include kinematic schemes 5/4, 9/8 and 13/12 with a zero value
of the ripple coefficient at an angular gap equal to Δ = 0° between the windows and
schemes 5/4 and 11/10, providing an angular gap equal to Δ = 0°51′, with values of the
ripple coefficient up to 5%, which is quite acceptable.

The use of discharge windows of the movable distributor as additional allows not
only to ensure the kinematic correspondence of the distribution system to the number
of teeth of the planetary hydraulic motor rotors but also to significantly increase the
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Fig. 2. Dependences of the change in the pulsation coefficients of the throughput and the rotational
speed of the hydraulic motor shaft (curves 1), the pressure of the working fluid, and the torque
(curves 2): a – without unloading windows; b – with two unloading windows; c – with three
unloading windows; d – with four unloading windows.

absolute value of the flow area. In turn, an increase in the flow area of the distribution
system allows an increase in the nominal value of the output power of the hydraulic
motor.

Scientific novelty, in this work, is presented by the developed design kinematic dia-
gramof the distribution system, themathematical apparatus, and the results of theoretical
studies of the influence of kinematic, geometric, and functional parameters on changes
in the pulsation coefficients of the working fluid flow.

5 Conclusions

As a result of the research, a design scheme and a mathematical apparatus were devel-
oped. The initial data were substantiated, allowing to study the influence of changes
in the geometric parameters of the distribution system on the pulsation of its flow area
depending on the kinematic scheme, the angular gap between the distribution windows,
and the number of additional windows. The initial conditions were substantiated and
accepted, and the pulsation coefficients of the distribution system throughput and the
rotation frequency of the hydraulic motor shaft, the pressure of the working fluid, and
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the torque on the hydraulic motor shaft were investigated, which make it possible to
simulate the operation of the distribution system of a planetary hydraulic motor.

The influence of the kinematic diagram of the distribution system, the angular gap
between the distribution windows, and the number of additional windows on the changes
in the pulsation coefficients of the working fluid flow has been investigated, whichmakes
it possible to formulate the starting conditions for the design of distribution systems.

The starting conditions for the distribution systems design are substantiated, which
exclude pulsations of the flow of the working fluid in planetary hydraulic machines
for kinematic schemes 5/4, 7/6, 9/8, 11/10, and 13/12. The angular gap between the
distribution windows was taken as 0°, 0°25′30′′, and 0°51′′. The number of additional
unloading windows in the distribution system was taken as 0, 2, 3, and 4.
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Abstract. The solution to the scientific and practical problem of the moderniza-
tion of the fuel oil heating department was proposed. The modernization provides
two main tasks solutions: maximum heat recovery and existing equipment in the
new technological scheme. The limitation of the hardware implementation is the
clause of two cross-flow heat exchangers of the Compabloc type presence and
two spiral heat exchangers with given surfaces of heat transfer areas. The study’s
primary goal is to achieve the assigned task of heating fuel oil by using the existing
heat exchange equipment and redistributing the flows. In this case, the flow rates,
temperatures, and pressure losses indicated in the formulation of the problem are
rigidly fixed, but the possibility of installing additional heat exchange equipment
is allowed. The original requirement for recuperative heating with the available
apparatuses was not feasible. A new scheme of the heating department with an
additional spiral heat exchanger installation was proposed to accomplish this task.

Keywords: Energy efficiency · Heat recovery · Cross-flow heat exchangers ·
Spiral heat exchangers · Fuel oil heating

1 Introduction

The oil and gas preparation and refining process includes several stages that use heat
exchangers. Equipment designed for this industry must meet special requirements: oper-
ate at extreme pressures and temperatures, be resistant to aggressivemedia, have compact
dimensions, and work with two-phase media. Oil and gas refineries use shell-and-tube
and compact plate heat exchange equipment [1]. It is worth noting that the first type of
heat exchanger is much more common than the last [2]. However, the area of compact
plate heat exchangers application is gradually expanding. In this regard, the issue of
choosing the type of heat exchanger, its calculation, and forecasting of performance is
a matter of topical interest that has practical value in the processes of the oil and gas
industry. The development of practical recommendations for installing compact heat
exchangers is the most important financial task since more suitable equipment con-
tributes to increased efficiency and reduced costs for technological maintenance and
repair.
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The use of equipment of certain types is associated with the apparatus characteristics
and the process features for which they are used. In terms of dimensions, plate and spiral
heat exchangers are more compact, which allows them to be installed in a limited space.
However, one of the critical parameters is the ease of cleaning. Heat exchangers work
with various heat carriers containing many impurities fouling the apparatus in various
processes in the oil and gas processing industry. One of the main advantages of compact
heating devices in the considered production area is the simplicity and convenience of
their mechanical, hydrodynamic cleaning, and chemical washing.

2 Literature Review

Currently, the use of compact heat exchangers in the preparation and processing of
petroleum products is limited mainly to small industries. These are installations for con-
tinuous vacuum distillation of fuel oil [3], with a capacity of 100–300 tons per day for
rawmaterials. The use of compact devices at these installations is explained by the insuf-
ficient capacity of the single equipment and the high rates of fouling during operation.
However, the advantages over the existing equipment for vacuum distillation of fuel oil
such as the simplicity of the device; low cost; the ability to easily integrate into existing
small refineries; saving fuel for heating fuel oil; simplification of the distillation process
[4], makes their use economically feasible and effective. This is especially important in
connection with the rise in world prices for oil and products of its processing.

In this regard, it becomes relevant to obtain deeper oil and fuel oil processing products
at small installations to obtain a reasonably high-cost product. In these circumstances,
the use of compact heat exchange equipment is indispensable [5].

The widespread use of shell-and-tube devices has shown their high performance and
efficiency, proven in the conditions of mass operation [6]. For more profound and more
economically less costly processing of raw materials, new, more efficient heat exchange
equipment is required: plate cross-flow heat exchangers and spiral heat exchangers [7].

One of the main problems in the operation of all heat exchange equipment, and not
only plate units, is the high intensity of the heat transfer surface fouling. Problems arise
with increasing energy consumption and greenhouse gas emissions. Various mathemati-
calmodels have been developed to describe these processes. This can predict the dynamic
behavior of a heat exchanger exposed to contamination [8]. Numerous studies on the
deterioration of the preheating department operation [9] refer mainly to shell-and-tube
equipment, while it is known that spiral heat exchangers have the structural property of
self-cleaning. In this case, the high efficiency of calcium deposits chemical cleaning,
described in [10], will contribute to the more efficient operation of spiral apparatus and
heat exchangers of the Compobloc type. In [11], an attempt is presented to investigate
the influence of various forces such as gravity, lift, drag, and thermophoresis on crude
oil of heat exchangers fouling using computational fluid dynamics (CFD) simulations.
From the simulations, it can be seen that higher particle size and concentration result in
higher particle settling.

The settling rate increases for larger particles and decreases for small to medium-
sized particles. Higher flow rates and surface roughness increase wall shear and reduce
fouling. Smaller temperature gradients on the surface of the heat exchanger reduce the
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deposition rate due to the high thermophoretic forces. All these quality achievements
must be considered when designing spiral apparatus and heat exchangers of the Com-
pobloc type. On the other hand, the existing achievements in cleaning and flushing the
heating networks of oil refineries [12], which significantly increase the performance of
heat exchangers, should be revised and adapted for networks of plate units.

Another way to create an effective plate and spiral heaters system is to optimize
their general installation scheme to obtain maximum energy recovery by analogy with
the existing studies in this direction of shell-and-tube apparatus networks [13]. The
available experience in the design of heat exchange networks [14] makes it possible
to predict a significant contribution to cost savings when using spiral and welded plate
apparatus, especially in factories of low productivity. In this sense, optimizing heat
exchange networks with the application to the distillation of crude oil in an oil refinery
has a significant perspective and the developed engineering methods of analysis and
modernization [15]. In principle, these developments can be adapted to networks of
spiral apparatus and heat exchangers of the Compobloc type. For devices of this class,
fouling models are installed and must be introduced into the structure for operational
optimization of contamination reduction or cleaning schedules, as suggested in [16].
These flushing measures should be further optimized to minimize overall operating
costs. New specific pollution models are needed to implement spiral and welded plate
heat exchangers.

3 Research Methodology

The general formulation of the problem is as follows. It is necessary to heat 117440 kg/h
of fuel oil from a temperature of 90 °C to a temperature of 293 °C and at the same time
obtain two cooled streams: a quencher with a flow rate of 39700 kg/h and a temperature
of 278 °C and tar with a flow rate of 91324 kg/h, the temperature of which at the outlet
not fixed, Fig. 1.

A tar flow with a flow rate of 13024 kg/h and an inlet temperature of 350 °C is used
as a heatingmedium. There are 2 spiral heat exchangers of the 1H – L – 1T brand: S1 and
S2 with a working heat exchange area of 90.2 and 86.5 m2, respectively, as equipment
for fuel oil heating, Fig. 1. Two Compabloc (C1 and C2) type CPK50 – V – 200 heat
exchangers (200 working plates) can be used for preheating. The pressure drop in the
entire technological scheme should not exceed the following values: on the heating
side – 140 kPa (50 kPa for Compabloc and 90 kPa for spiral heat exchangers, on the
heated side – 140 kPa (80 kPa for Compabloc heat exchangers and 60 kPa for spiral heat
exchangers).

The study’s primary goal is to achieve the assigned task of heating fuel oil and
quencher using the existing heat exchange equipment and redistributing the flows. At the
same time, theflow rates, temperatures, andpressure drops indicated in the formulation of
the problem are rigidly fixed; it is possible to install additional heat exchange equipment.
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Fig. 1. Scheme general problem statement.

The available heat exchangers have the following physical parameters and thermal
characteristics. Compabloc is a welded cross-flow apparatus with a collapsible body
structure, Fig. 2. The design of CompablocCPK50 is based on a package of laser-welded
corrugated metal plates in pairs, Fig. 2, which form channels. Each model has its own
standard set of inserts to meet the most varied technological requirements. Compabloc
frame consists of four corner posts, top and bottom plates, and four side plates with
spigots. The entire structure is bolted together and quickly disassembled for inspection
or cleaning.

Fig. 2. General view and design of the multi-way Compabloc.

Panels and spigots can be coated or even made entirely of the same material as the
plates. The size of the nozzles is determined by: frame width (plate size), frame height
(number of plates), and number of plates per stroke (for multi-pass heat exchanger).
Differences in nozzle sizes and the flexibility of the multi-port layout make the Com-
pabloc suitable for fluid-to-liquid systems with different characteristics. When used as
a condenser, the steam inlet must be larger in diameter than the outlet.
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The design characteristics of the available CPK50 – V – 200 Compablocs (200
working plates) are presented in Table 1. The Compabloc, depending on the model, can
operate in a pressure range from full vacuum to 35 bar and temperatures from – 29 °C
to 350 °C (ASME).

Table 1. Design characteristics of available CPK50 Compabloc.

Parameter Value

Design Vertical

Number passes/plates 2/202

Grouping 1 * 50 + 1 * 50M/1 * 50 + 1 * 51M

Plate material/thickness, mm AISI 316 L/1

Working/total area, m2 55.8/56.36

There is a whole class of spiral heat exchangers for media with increased contami-
nation by primary treatment products and media with high adhesion to the wall material
or heat carriers with a high content of various suspensions (heterogeneous in compo-
sition) Fig. 3. Structurally, they have a clock-spring-type cross-sectional configuration
of two metal sheets twisted around the open center to form two concentric spiral chan-
nels. The ends of one channel are bent and welded, forming a wholly closed channel;
the open ends of the other channel are closed with sealed covers. The result is a very
developed heat transfer surface with small dimensions. There is only one channel for
each of the heat carriers. Almost any material that can be cold formed and welded can
be used for the spiral channels: stainless and carbon steel, nickel-based alloys, titanium,
etc. Heat exchangers of this type are indispensable for working with media that tend to
form deposits on heat transfer surfaces. The design of the spiral heat exchanger provides
the effect of “self-cleaning” of the heat transfer channels. At the same time, there is
still the possibility of traditional mechanical cleaning and flushing. The main param-
eters of the unit are pressure 1.5 MPa, temperature up to 400 °C, mass flow rate up
to 100 kg/s. Heat transfer surface area up to 300 m2, heat transfer coefficient close to
2000–3000 W/(m2·K). Spiral heat exchangers are used as condensers, reboilers, and
coolers (heaters) for media: liquid-liquid, gas-liquid, (gas + steam) – liquid, gas-gas.

The most common spiral heat exchangers are of two types, which have design fea-
tures. During vapor-liquid heat exchange, the structure is characterized by a protruding
upper cover, which communicates with the open ends of the channel for the heating
carrier, and condensate drainage on the lower cover, Fig. 3. In the case of liquid-liquid
heat exchange, the connecting pipes are located axially on the cylindrical surface of the
apparatus wall.
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Fig. 3. General view of the spiral heat exchanger.

The increased pressure and high turbulence provide the spiral heat exchanger with a
self-cleaning effect, minimizing mechanical cleaning with disassembly or cleaning with
chemicals. In addition, the compactness of this type of apparatus requires minimum
space for maintenance. In fact, only space is needed for removing the covers. Design
characteristics of the available spiral heat exchangers are given in Table 2. Distinctive
features of spiral heat exchangers are also the absence of medium overflows and very
low heat losses to the surrounding space.

Table 2. Design characteristics of the available spiral heat exchangers of grade 1H – L – 1T.

Parameter Value

Direction of movement Counterflow

Cylindrical width, mm 2000

Outside diameter, mm 1190

Distance between the coils, mm
on the heating/heated side

10/25

Plate material AISI 316 L

Coil material thickness, mm 3

Working/total area, m2:

– heat exchanger S1 90.3/98.5

– heat exchanger S2 86.5/94.5

The preliminary studies and calculations of the scheme heat balance with four heat
exchangers showed that they could not fully ensure the recuperation (heating of fuel oil
and cooling of tar) within the framework of the assigned task. Therefore, installing an
additional heat exchanger was decided to ensure complete recuperation.
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4 Results

As a result of the design and study of the heat exchangers operation system as a whole,
a basic thermal scheme for solving the problem was proposed, shown in Fig. 4. Table
3 shows the proposed heat exchangers installation design parameters in the scheme
in Fig. 4. For calculations, the heat carries properties at the given temperatures were
taken according to the available tabular data from the guidelines. The thermophysical
propertieswere calculated usingquadratic interpolation or extrapolation for temperatures
outside the specified intervals.

Fig. 4. Schematic diagram of heating fuel oil with an additional heat exchanger.

The mixing temperature of the heating tar stream before feeding to the additional
heat exchanger is

tmix = (64440 − 39700) · 278 + 69580 · 305.4
64440 − 39700 + 69580

= 298.9
◦
C

A spiral heat exchanger of the same brand 1H – L – 1T was chosen as an additional
heat exchanger, and his parameters are given in Table 4. The working surface of the
heating device is 128.6 m2. The total surface is 138.9 m2. The reserve of the working
surface for the expected contamination is 10%.

The total pressure loss in the proposed scheme of heating fuel oil and cooling tar is
111.1 kPa on the side of the heating carrier and 57.9 kPa on the side of the heated fuel
oil, which fits into the pressure loss limits formulated in the formulation of the problem.
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Table 3. Design parameters of heat exchangers proposed for installation in the diagram in Fig. 4.

Position Heat load, kW

C1 2479 Heating media – tar

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

131024 184.3 144.9 3.6

Heated media – fuel oil

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

117400 90 125 7.6

C2 3374 Heating media – tar

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

91320 234.8 183.4 3.6

Heated media – fuel oil

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

117400 125 169 6.2

S1 3657 Heating media – tar

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

61440 350 278 33.2

Heated media – fuel oil

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

117400 224 265 12.6

S2 2604 Heating media – tar

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

69580 350 305.4 40.7

Heated media – fuel oil

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

117400 265 293 12.6
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Table 4. Design parameters of an additional heat exchanger, intended to be installed in the circuit
in Fig. 4.

Position Heat load, kW

Tmidd 4585 Heating media – tar

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

91320 298.9 234.8 30.0

Heated media – fuel oil

Flow rate, kg/h Temperature, °C Pressure drop, kPa

Inlet Outlet

117400 169 224 18.9

5 Conclusions

The problem of designing a thermal scheme and installing heat-exchange equipment for
the fuel oil heating department due to recuperative tar cooling with quencher extraction
has been solved. For the existing heat exchange equipment of the Compabloc type (two
units) and spiral heat exchangers (two units), various thermal schemes for the recovery
of tar heat were designed. However, installing four heat exchangers was not enough to
heat the fuel oil. To solve this problem, a new thermal separation scheme was designed
with installing an additional spiral heat exchanger. The equipment calculations were
carried out, confirming the reliability of the decision made.
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Abstract. The method of metal protection of boiler condensing heat exchange
surfaces can be successfully used in stationary and ship boilers, which burn fuel
oils containing sulfur. The proposedmethod includes the operation of coating with
a protective film against sulfur corrosion of the boiler heat exchange surface at
a wall temperature below the dew point temperature of H2SO4 vapor. A passive
layer of iron oxides is used as a protective film. It is obtained by passing physic-
ochemical processes of passivation over the entire condensing surface from the
beginning of sulfuric acid vapor condensation by pretreatment of exhaust gas flow
with ionizing electron beams with a capacity of about 1 Mrad, ozone water-fuel
emulsion combustion with a water content of about 30%. The metal surface is
under the protection of a very thin passive film, which has a reliable connection
with the metal at the level of the crystal structure and eliminates direct contact of
the metal with the aggressive environment. The protective film constantly occurs
naturally under the condition of creating an equimolar ratio of nitrogen oxides
NO2:NO (50:50)% in front of the condensing surface in the gas flow. The protec-
tion provides a significant increase in the boiler’s efficiency (by 4 to 6%) when
sulfur fuels combustion in their furnaces and deeper exhaust gases heat utilization
in internal combustion engines and gas turbines (to 70%).

Keywords: Energy efficiency · Industrial innovation · Water-fuel emulsion ·
Exhaust gases · Boiler · Condensing heat exchange surface · Passivation

1 Introduction

The exhaust gas temperature largely determines the economic performance of auxiliary
[1, 2] and exhaust gas boilers (EGB) [3, 4]. Its value is determined not only by the
course of heat exchange processes in the elements of boilers, the requirements for their
weight and size indicators, which is important for ship boilers but also by the intensity
of thermochemical processes, which take place in the exhaust gas flow and on the heat
exchange surfaces (HES) [5, 6] with a temperature below the dew point temperature
(DPT) of H2SO4 vapor. The minimum value of HES temperature ts determines the
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minimum exhaust gas temperature and, consequently, the economic indicators of their
work. It is more difficult to reduce of exhaust gas temperature, since its value (about
160 °C) is determined by the rate of low-temperature corrosion (LTC) [7, 8], which
sharply increases at ts = 130 °C and reaches the level of the “corrosion peak” (K =
1.2 mm/year) at ts = 110 °C, reduces the work reliability of HES. Consequently, the
thermochemical processes in the gas ducts of boilers and the LTC intensity significantly
limit the possibilities of increasing the efficiency of the boiler and the depth of exhaust
gases heat utilization of gas turbine (GT) [9, 10], gas engines (GE) [11, 12] and internal
combustion engine (ICE) [13, 14].

Therefore, any measures to reduce the level of the “corrosion peak” to an acceptable
level (about 0.2 mm/year) will provide reliable work of condensing HES to increase
the boiler efficiency and fuel-saving [15, 16]. It is currently impossible to assess the
influence of numerous factors on LTC intensity analytically. It is necessary to carry out
experimental research of corrosion processes on condensing HES of boilers at ts in the
range of 60–150 °C and thermochemical processes which take place in exhaust gas flow
before these surfaces [17].

2 Literature Review

Practically in all works devoted to studies of the H2SO4 formation in boilers, the mass
flowof acid on the condensingHES, only the contactmechanismof theH2SO4 formation
is considered. However, the possibility of the NOx influence on this process is also
indicated. In [18], the author cites data that confirm the hypothesis of the possibility of
interaction between SO3 and NOwith the formation of nitrose. However, work [19] does
not provide quantitative estimates of the proposed reactions either from thermodynamic
or experimental positions. The weighty circumstance can indicate that with a decrease
of the gas temperature, the part of SO3 is bound by nitrogen oxides, which seems to be
confirmed by practice [19], which indicates a slight decrease of SO3 concentration in
exhaust gases.

In addition to the main process of H2SO4 formation by the contact mechanism in
sulfuric acid production, the process of H2SO4 obtained by the nitrous mechanism is
also used. The appropriate conditions are created: adsorbed sulfur dioxide SO2 with
nitrogen dioxide NO2 in the presence of water is oxidized to sulfuric acid with the
formation of nitrosylsulfuric and nitric acids and the release water. In this case, sulfuric
acid’s best absorption of nitrogen oxides occurs at an equimolar ratio of NO and NO2 in
exhaust gases [20]. Well-cooled (~100 °C) sulfuric acid, which contained 78% H2SO4,
is used to obtain nitrose [21]. The same acid concentration is obtained during H2SO4
vapors condensation on boilers condensing HES, indicating the possibility of a nitrous
mechanism for H2SO4 formation in the H2SO4 condensate on the condensing HESs.

The intensity of the acid and metal interaction is determined by the wall temperature
and the acid concentration, the intensity of H2SO4 vapors mass flow to the surface, the
protective properties of corrosion products, and the passive state of the metal, which
can significantly limit the corrosion rate, despite the amount and concentration of acid
[22, 23]. It should be noted that according to [24], the absorption of nitrogen oxides by
a sulfuric acid solution improves the service conditions of steel equipment due to the
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passivation of the steel surface at a temperature of 70 °C. The passivation process lasts
12–20 h.

Exhaust gases of power boilers consist of 5%ofNO2 inNOx [25], of auxiliary boilers
- 12% [26, 27]. With an increase of SO2 concentration in exhaust gases, the absorption
rate of SO2 by nitrose increases. It also increases with an increase of O2 concentration
in the gases since the rate of O2 absorption by nitrose increases, enhancing NO to NO2
in the liquid phase [28, 29].

During radiolysis of a gas flowwith an increase in the water vapor content in exhaust
gases content at the same radiolysis energy, a faster increase of NO2 content occurs. For
obtaining an equimolarmixture is required not very high radiation energy (about 1Mrad)
[30]. It can be assumed that similar ionic reactions can occur in exhaust gases under the
influence of acoustic waves energy arising under the influence of “microexplosions” of
the water-fuel emulsion (WFE). Adsorption processes occurring in the pollution layer
must necessarily affect the chemical processes in the layer and the concentration of toxic
ingredients in exhaust gases at the exit from the boiler.

The presence of nitrogen oxides in a sulfuric acid solution should lead to the appear-
ance of the passivation process of the metal surface. In the theory of passivation, an
important role is played by adsorption O2 and oxide layers formation, which form a pas-
sivating protective layer. The O2 source involved in the formation of passivating layers
may be HNO3.

SO2 + NO2 + H2O → H2SO4 + NO

2NO + O2 → 2NO2

H2SO4 + 2NO2 → HNSO5 + HNO3

NO + NO2 → N2O3

2H2SO4 + N2O3 → 2HNSO5 + H2O

Anions that form insoluble salts with metal or oxides can facilitate passivation. The
appearance of a salt layer on the surface of ironmay be preceded by the oxide passivation
of iron in acidic solutions. In particular, this applies to H2SO4 solutions, where FeSO4
and Fe2(SO4)3 layers are formed, i.e., in the presence of Fe3+ in solution, reducing the
critical passivation current.

Fe + H2SO4 → FeSO4 + H2

2Fe + 6H2SO4 → Fe2(SO4)3 + 6H2O + 3SO2

To confirm a significant reduction of LTC intensity in connection with creating a
passive protective layer, special studies of this corrosion rate and the processes that
confirm this phenomenon of passivation were conducted.

The research aims to confirm the passivation of metal on boiler condensing HES
when WFE combustion.
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3 Research Methodology

Studies of LTC intensity were carried out when fuel oils and WFE with a water content
of 10, 15, 20, 30% were burnt. The research was carried out at a special experimental
setup [29], where it is possible to ensure the stability of all parameters. This increases
the reliability of the obtained results. The general view of the experimental setup and
tube sample are presented in Fig. 1.

Fig. 1. General view of the experimental setup (a) and tube sample (b).

In addition to determining the corrosion rate, analyzes of deposits composition were
performed to determine the content of nitrogen oxides (in terms of HNO3) and ions Fe3+.
Their content is largely defining the passivation possibility of the metal surface.

The nitrous mechanism for producing sulfuric acid is based on the absorption of SO2
and NOx. Therefore, it is possible to confirm the presence of this process in pollution
on condensing HES when WFE combustion. For this, it is necessary to determine the
change in the content of the SOx and NOx in exhaust gases before and after these HES
with an increase of water content in WFE.

Taking into account the data of direct measurements of nitrogen oxides content and
the relative content of Fe3+ in pollutions, experimental data on the intensity of LTCwhen
WFE combustion [29], it can be argued that in this case, there is an additional passage
of the nitrous mechanism of sulfuric acid formation in pollutions at the condensing HES
at temperatures below the DPT of H2SO4 vapor. In addition, direct measurements of the
content of SO2, NO, and NO2 in exhaust gases whenWFE combustion and the obtained
ratioNO2:NOwill give reasons to assert the possibility of a nitrous process in condensate
on these HES.

4 Results

The dependences of the exhaust gas composition before the condensing HES, the corro-
sion rate, and the processes confirming the creation of the passivity of the metal surface
were obtained.
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Fig. 2. Dependence of nitrogen oxides NO2:NO ratio in exhaust gases before HES on water
content Wr in the emulsion.

An analysis of exhaust gas composition showed (Fig. 2) that when the water content
of emulsion Wr is increased, the NO2:NO ratio approaches the equimolar mixture.

The polynomial equation of nitrogen oxides NO2:NO ratio in exhaust gases before
condensing HES on water content Wr in the emulsion was determined (R2 = 0.9998):

NO2/NO = 0.1438 + 0.0026Wr + 0.00012(Wr)2 (1)

Figure 2 shows the calculated values for NO2/NO with the prediction (violet line)
and confidence intervals (green line).

To confirm the passivation of metal on boiler condensing surfaces, the dependence of
content of absorbed NOx (as calculated on HNO3) in acid condensation on condensing
HES from the metal surface temperature ts was obtained (Fig. 3).

The level of content of NOx in condensate on condensing HES corresponds to sul-
furic acid production with a nitrose mechanism. In the technological scheme of this
production, to reduce the corrosion of sulfuric acid coolers, the phenomenon of passiva-
tion of carbon steel metal surface is provided at the expense of absorbed nitrogen oxides.
In the course of the research, the dependences of corrosion rate (Fig. 4a) and the Fe3+

content (Fig. 4b) from the temperature of metal HES ts are obtained.
The polynomial equation of absorbed nitrogen oxides content in sulfuric acid

condensate HNO3/H2SO4 on HES temperature ts (Fig. 3) was obtained (R2 = 0.9474):

HNO3/H2SO4 = 48.4257 − 0,8868ts + 0,0041(ts)
2 (2)

The polynomial equation of corrosion rate K on HES temperature ts (Fig. 4a), was
determined (R2 = 0.9568):

K = −2866.51 + 143.504ts − 2.8298(ts)
2 + 2.75 · 10−2(ts)

3 − 1.3141 · 10−4(ts)
4 + 2.476 · 10−7(ts)

5

(3)
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Fig. 3. Dependences of the content of absorbed NOx in sulfuric acid condensate on HES
temperature ts.

Fig. 4. Dependences of corrosion rate K (a) and Fe3+ content in sulfuric acid condensate (b) on
HES temperature ts.

The polynomial equation of Fe3+ content in sulfuric acid condensate on HES
temperature ts (Fig. 4b), was selected (R2 = 0.9113):

Fe+3 = −106.059 + 3.6901ts − 4.7121 · 10−2(ts)
2 + 2.6336 · 10−4(ts)

3 − 5.4346 · 10−7(ts)
4

(4)

This equations are obtained for the following characteristics of nitrogen oxides
NO2:NO ratio, corrosion rate K and Fe3+ content: ts = 85–135 °C and Wr = 10%.
Figure 3, 4a,b shows the calculated valueswith the prediction (violet line) and confidence
intervals (green line).

There is a minimum amount of Fe3+ at ts = 110 °C (“peak” of LTC) and at ts = 60 °C
(second maximum). On the contrary, the maximum values of Fe3+ content are found at
ts = 80 °C and 130 °C, where there is a minimum corrosion rate. This is a sign of the
growth of the passivation phenomenon of the metal surface. The obtained correlation
of Fe3+ content in sulfuric acid condensate on condensing HES on Wr in the emulsion
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also confirms the significant increase of metal passivation (Fig. 5a). Comparing the
dependences of Fe3+ amount (Fig. 5a) and corrosion rate (Fig. 5b) fromWr in emulsion
at metal surface temperatures 110, 115, 120 °C is confirmed the indicated position.

Fig. 5. Dependences of Fe3+, Fe2+ content in sulfuric acid condensate (a) and corrosion rate K
(b) on water content Wr in the emulsion.

The comparison of the dependence of corrosion rate on the water contentWr inWFE
(Fig. 5b) and the dependence of Fe3+ content in the corrosion products onWr (Fig. 5a)
indicates that with increasing of water content in the emulsion Wr the corrosion rate
decreases and reaches a minimum value at Wr = 30%. The content of Fe3+, which is
a sign of passivation of metal surface, increases accordingly and reaches a maximum
value at the same valueWr = 30%. This means that the most passive state of the metal
surface is achieved (Fe3+ – maximum, Fe2+ – minimum) when Wr = 30%.

An integrated indicator of a sharp decrease ofLTC intensity due to surface passivation
is indirect measurements and obtained dependences of LTC onwall temperature (Fig. 6).
The research results (Fig. 6) showwhenWFE is burnt with excess air factor α = 1.45 the
LTC intensity is at the level of 0.25mm/year in the range of wall temperatures 70–130 °C
in the absence of “corrosion peak”.

Therefore, the main factor contributing to a significant reduction of LTC whenWFE
is burnt with a water content of WFE more than 20% (and especially at 30% water) is
the occurrence of metal passivation.

The minimum corrosion rate values at a level of 0.25 mm/year is provided at the
wall temperature up to 70 °C. Comparison of the results in Fig. 6 with data [18] at α

= 1–1.05 and water content of WFE Wr showed a reduction in the corrosion intensity
with a decrease in α and increase of Wr and coincidence with curves with an accuracy
of 10%.
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Fig. 6. Dependences of corrosion rate K on wall temperature.

5 Conclusions

This method of protecting metal from LTC provides resistance to thermal and dynamic
deformations on the metal surface due to a very thin passive film with a thickness of
about 50 A. This film has a reliable connection with the metal at the crystal structure
and eliminates direct metal contact with an aggressive environment.

Improving the boiler efficiency in the protection of metal of condensing HES in
this direction is achieved by increasing the stability and operation duration of the metal
due to the constant automatic (natural) creation of a passive layer due to the occurrence
of physicochemical processes in contact with the exhaust gas flow at metal surface
temperatures below DPT of H2SO4 vapor (130 °C) and to 70 °C.

The wall temperature range of condensing HES safe operation is determined, reveal-
ing the opportunities for deep utilization. It makes it possible to reduce the temperature
of the exhaust gases to 80 °C, thus significantly increasing the efficiency of boilers.

References

1. Hochenauer, C., Brandstetter, G.: CFD simulation of a low NOx oil fired boiler. In:
Proceedings of the ASME Turbo Expo 2, GT2005–68060, pp. 1–10 (2005)

2. Gutiérrez Ortiz, F.J.: Modeling of fire-tube boilers. Appl. Therm. Eng. 31(16), 3463–3478
(2011)

3. Konur, O., Saatcioglu, O.Y., Korkmaz, S.A., Erdogan, A., Colpan, C.O.: Heat exchanger
network design of an organic Rankine cycle integrated waste heat recovery system of a
marine vessel using pinch point analysis. Int. J. Energy Res. 44(15), 12312–12328 (2020)

4. Kornienko, V., Radchenko, R., Bohdal, Ł, Kukiełka, L., Legutko, S.: Investigation of con-
densing heating surfaces with reduced corrosion of boilers with water-fuel emulsion com-
bustion. In: Nechyporuk, M., Pavlikov, V., Kritskiy, D. (eds.) ICTM 2020. LNNS, vol. 188,
pp. 300–309. Springer, Cham (2021). https://doi.org/10.1007/978-3-030-66717-7_25

5. Gruber, T., Schulze, K., Scharler, R., Obernberger, I.: Investigation of the corrosion behavior
of 13CrMo4-5 for biomass fired boilers with coupled online corrosion and deposit probe
measurements. Fuel 144, 15–24 (2015)

6. Trushliakov, E., Radchenko, M., Radchenko, A., Kantor, S., Zongming, Y.: Statistical app-
roach to improve the efficiency of air conditioning system performance in changeable cli-
matic conditions. In: 5th International Conference on Systems and Informatics, ICSAI 2018,
Jiangsu, Nanjing, China, pp. 256–260 (2019)

https://doi.org/10.1007/978-3-030-66717-7_25


Protection of Condensing Heat Exchange Surfaces of Boilers 165

7. Bohdal, Ł, Kukielka, L., Radchenko, A.M., Patyk, R., Kułakowski, M., Chodór, J.: Modelling
of guillotiningprocess of grain oriented silicon steel usingFEM.AIPConf. Proc.2078, 020080
(2019)

8. Wang, Z., Feng, Z., Zhang, L., Lu, M.-X.: Current application and development trend in
electrochemical measurement methods for the corrosion study of stainless steels. Gongcheng
Kexue Xuebao/Chin. J. Eng. 42(5), 549–556 (2020)

9. Radchenko, A., Stachel, A., Forduy, S., Portnoi, B., Rizun, O.: Analysis of the efficiency of
engine inlet air chilling unit with cooling towers. In: Ivanov, V., Pavlenko, I., Liaposhchenko,
O., Machado, J., Edl, M. (eds.) DSMIE 2020. LNME, pp. 322–331. Springer, Cham (2020).
https://doi.org/10.1007/978-3-030-50491-5_31

10. Radchenko, A., Trushliakov, E., Kosowski, K., Mikielewicz, D., Radchenko, M.: Innovative
turbine intake air cooling systems and their rational designing. Energies 13(23), 6201 (2020).
https://doi.org/10.3390/en13236201

11. Radchenko, A., Mikielewicz, D., Forduy, S., Radchenko, M., Zubarev, A.: Monitoring the
fuel efficiency of gas engine in integrated energy system. In: Nechyporuk, M., Pavlikov, V.,
Kritskiy, D. (eds.) Integrated Computer Technologies in Mechanical Engineering. AISC, vol.
1113, pp. 361–370. Springer, Cham (2020). https://doi.org/10.1007/978-3-030-37618-5_31

12. Radchenko, M., Mikielewicz, D., Andreev, A., Vanyeyev, S., Savenkov, O.: Efficient ship
engine cyclic air cooling by turboexpander chiller for tropical climatic conditions. In: Nechy-
poruk, M., Pavlikov, V., Kritskiy, D. (eds.) Integrated Computer Technologies in Mechanical
Engineering - 2020. ICTM 2020. LNNS, vol. 188, pp. 498–507. Springer, Cham (2021).
https://doi.org/10.1007/978-3-030-66717-7_42

13. Radchenko, M., Radchenko, A., Radchenko, R., Kantor, S., Konovalov, D., Kornienko, V.:
Rational loads of turbine inlet air absorption-ejector cooling systems. In: Proceedings of the
Institution of Mechanical Engineers, Part A: Journal of Power and Energy (2021). https://doi.
org/10.1177/09576509211045455

14. Radchenko, M., Mikielewicz, D., Tkachenko, V., Klugmann, M., Andreev, A.: Enhancement
of the operation efficiency of the transport air conditioning system. In: Ivanov, V., Pavlenko, I.,
Liaposhchenko, O., Machado, J., Edl, M. (eds.) DSMIE 2020. LNME, pp. 332–342. Springer,
Cham (2020). https://doi.org/10.1007/978-3-030-50491-5_32

15. Huang, S., Li, C., Tan, T., Fu, P., Xu, G., Yang, Y.: An improved system for utilizing low-
temperature waste heat of flue gas from coal-fired power plants. Entropy 19(423) (2017)

16. Radchenko, A., Trushliakov, E., Tkachenko, V., Portnoi, B., Prjadko, O.: Improvement of the
refrigeration capacity utilizing for the ambient air conditioning system. In: Tonkonogyi, V.,
et al. (eds.) Advanced Manufacturing Processes II. InterPartner 2020. LNME, pp. 714–723.
Springer, Cham (2021)

17. Chen, H., Pan, P., Wang, Y., Zhao, Q.: Field study on the corrosion and ash deposition of
low–temperature heating surface in a large–scale coal–fired power plant. Fuel 208, 149–159
(2017)

18. Tenditnyi, Y.: Impact of the combustion modes of liquid sulfur fuel on the rate of low-
temperature corrosion. Collection of Scientific Publications NUOS (2017)

19. Kotler, V.P., Enyakin, Yu.P.: Implementation and efficiency of technological methods to
suppress nitrogen oxides at thermal electric power plants. Teploenergetika 6, 2–9 (1994)

20. Cui, X., Ning, Z.: Sulfur corrosion and prevention in petroleum processing. Pet. Refin. Eng.
29(8), 61–67 (1999)

21. Radchenko, A., Radchenko,M., Trushliakov, E., Kantor, S., Tkachenko, V.: Statisticalmethod
to define rational heat loads on railway air conditioning system for changeable climatic con-
ditions. In: 5th International Conference on Systems and Informatics, ICSAI 2018, Jiangsu,
Nanjing, China, pp. 1294–1298 (2019)

https://doi.org/10.1007/978-3-030-50491-5_31
https://doi.org/10.3390/en13236201
https://doi.org/10.1007/978-3-030-37618-5_31
https://doi.org/10.1007/978-3-030-66717-7_42
https://doi.org/10.1177/09576509211045455
https://doi.org/10.1007/978-3-030-50491-5_32


166 V. Kornienko et al.

22. Wang, Z., Feng, Z., Fan, X.-H., Zhang, L.: Pseudo-passivation mechanism of CoCrFeN-
iMo0.01 high-entropy alloy in H2S-containing acid solutions. Corros.Sci. 179, 109146
(2021)

23. Bohdal, L., Kukiełka, L., Legutko, S., Patyk, R., Radchenko, A.M.: Modeling and experi-
mental analysis of shear-slitting of AA6111-T4 aluminum alloy sheet. Materials 13(14), 3175
(2020)

24. Sosin, D.V., Shtegman, A.V., Kotler, V.R., Tokarev, R.S., Shkrobtak, A.S.: Low cost methods
of reducing nox emissions fromcoal-fired boilers. PowerTechnol. Eng. 45(5), 361–364 (2012)

25. Deng, J., Wang, X., Wei, Z., Wang, L., Wang, C., Chen, Z.: A review of NOx and SOx
emission reduction technologies for marine diesel engines and the potential evaluation of
liquefied natural gas fuelled vessels. Sci. Total Environ. 766, 144319 (2021)

26. Valluri, S., Kawatra, S.K.: Simultaneous removal of CO2, NOx and SOx using single stage
absorption column. J. Environ. Sci. (China) 103, 279–287 (2021)

27. Esarte, C., Delgado, J.: Influence of heating oil formulation on the combustion and emissions
of domestic condensing boilers using fossil fuel and renewable fuel mixtures. Energy Fuels
32(10), 10106–10113 (2018)

28. Olenius, T., Heitto, A., Roldin, P., Yli-Juuti, T., Duwig, C.: Modeling of exhaust gas cleaning
by acid pollutant conversion to aerosol particles. Fuel 290, 120044 (2021)

29. Konovalov, D., Kobalava, H., Radchenko, M., Sviridov, V., Scurtu, I.C.: Optimal sizing of
the evaporation chamber in the low-flow aerothermopressor for a combustion engine. In:
Tonkonogyi, V. et al. (eds.) AdvancedManufacturing Processes II. InterPartner 2020. LNME,
pp. 654–663. Springer, Cham (2021). https://doi.org/10.1007/978-3-030-68014-5_63

30. Radchenko, R., Pyrysunko, M., Kornienko, V., Scurtu, I.C., Patyk, R.: Improving the ecologi-
cal and energy efficiency of internal combustion engines by ejector chiller using recirculation
gas heat. In: Nechyporuk, M., Pavlikov, V., Kritskiy, D. (eds.) ICTM 2020. LNNS, vol. 188,
pp. 531–541. Springer, Cham (2021). https://doi.org/10.1007/978-3-030-66717-7_45

https://doi.org/10.1007/978-3-030-68014-5_63
https://doi.org/10.1007/978-3-030-66717-7_45


Purification of Oilfield Wastewater by Inertial
Methods

Oleksandr Liaposhchenko1(B) , Viktor Moiseev2 , Eugenia Manoilo2 ,
and Houssein Seif1,3

1 Sumy State University, 2, Rymskogo-Korsakova Street, Sumy 40007, Ukraine
o.liaposhchenko@ohnp.sumdu.edu.ua

2 National Technical University «Kharkiv Polytechnic Institute»,
2, Kyrpychova Street, Kharkiv 61002, Ukraine

3 Al Khorayef Company for Sale, Maintenance and Repair of Oil Production Equipment LLC,
P.O. Box 46813, 64019 Fahaheel, Kuwait

Abstract. Today, industrial ways of oil field development need new apparatus
and machines with a significant cleaning result and a single ability, impenetra-
bility, and ease of engineering produce and installation. The article represents an
explanation of a hydrocyclone unit for handling wastewater from oilfields based
on the application of inertial swirling flows. A new type of installation for wastew-
ater treatment from oilfields has been developed. Due to the radial action in the
hydrocyclone and the turbulent flows of the water stream, the oil droplets are dam-
aged, they are increased, and the monodispersity of the liquid phase is growing.
In systems with similar types of pollution, it is advisable to use multi-product
multihydrocyclones and separators-coalescer with plates having holes and curves
both for the removal of petroleum products and for the removal of suspended
solids with a density higher than the density of water. Local treatment equipment,
consisting of an average of four product hydrocyclones and separators with coa-
lescent plates, will organize water purification systems at wells and use purified
wastewater for formation pressure maintenance systems.

Keywords: Energy efficiency · Industrial growth · Oil wastewater ·
Purification · Separation · Process innovation · Multihydrocyclone ·
Hydrocyclone-separator unit · Coalescing plate

1 Introduction

The creation and development of technology and installations to treat oilfield wastewater
(OFW) for disposal in oil reservoir flooding systems is an actual problem. Wastewater
contaminated with emulsified petroleum products and solid suspended solids are often
formed during the production process. About 90% of oil is currently extracted from
fields using oil reservoir flooding methods to maintain formation pressure.

Oilfield wastewater (OFW) has a suspension-emulsion character belonging tominer-
alized polydisperse microheterogenic systems [1, 2]. The properties of OFW, especially
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the state of the armor shells on the droplets of the dispersed phase of oil, determine the
methods of destruction purification of OFW for a particular time [3].

The purification of OFW for flooding of productive horizons consists of removing oil
andmechanical impurities from them to the specified industrial standards. The utilization
of purified OFW in oil formation flooding systems is economically and environmentally
beneficial to eliminate them in the oil fields.

During the development of oil fields, there is a change in the parameters and prop-
erties of the extracted fluids, the properties of reservoir waters, productive formations,
residual oil reserves, and the technical and technological condition of oilfield equipment,
including apparatuses in general, wastewater treatment plants. These factors determine
the need for modernization, improvement, reconstruction of flooding systems, including
OFW purification systems.

2 Literature Review

The quality of the OFW purification process assumes a reasonably complete and rapid
decrease in the kinetic and aggregative stability of OFW by destroying the adsorption
armor shell on oil droplets. This OFWmovement mode ensures the enlargement of these
droplets. These processes are qualitatively carried out with the help of a certain prelim-
inary degree of turbulence of the OFW flow in the cavities of different hydrodynamic
droplet generators with the following sedimentation. A high and steady cleansing impact
can be reached by preliminary hydrodynamic treatment of the mixture in a swirling
stream [4, 5].

The modernized technology of purification of OFW provides for the preliminary
destruction of the armor shells on oil droplets’ enlargement and reduction of the poly-
dispersity of oil droplets [6, 7] by preliminary hydrodynamic treatment of the initial
OFW using centrifugal swirling flows. An installation has been developed for the sepa-
ration of OFW that operates according to the multihydrocyclone block – separator tank
(hydrodynamic purification unit) [8].

The multihydrocyclone block - separator tank for the treatment of oily wastewater,
equipped with coalescing nozzles included in the sump design for thin-layer separation.
At the same time, in pressure hydrocyclones, not only the destroying of the armor shells
on oil droplets and partial delamination of oil-in-water emulsions is carried out, but also
coalescence of oil droplets occurs, an increase in the monodispersity of oil emulsions,
which significantly intensifies the subsequent process of purification of oily wastewater
by settling in sedimentation tanks - separators [9, 10].

OFW also includes effluents generated during car washing, which are contaminated
with petroleum products and suspended solids [10]. The cleaned drains from the car
wash enter the recycling water supply system of car washes.

OFWmay contain dissolved gases: nitrogen, hydrogen sulfide, carbon dioxide, oxy-
gen, methane, ethane, propane, etc., in the amount of 15–180 l/m3 of water. During
the discharge and purification of oily wastewater, 6–25 l of gases are released from
1 m3 of water; and in available treatment facilities, 6–100 l from 1 m3 of water for a
period of several hours to two days. The OFW of settling tanks operating at a pressure
of 0,2–0,6 MPa contains 3–4 times more gas than in the OFW of non-pressurized oil
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tanks. Dissolved gases worsen the sanitary condition of the environment, are explosive,
increase the aggressiveness of water to metal and concrete [10, 11].

In this study, the scale of linear and angular dimensions of the hydrocyclone for the
model is adopted as follows: diameter D = 150 mm, taper angle a = 5°; diameter: inlet
pipe d = 50 mm, upper drain d = 40 mm, lower drain d = 50 mm, immersion depth
of the upper drain pipe h = 100 mm. The mode of fluid movement in a hydrocyclone
is characterized by the Reynolds number along the radius in the range of 30000–40000.
The pressure at the entrance to the hydrocyclone is usually P = 0,2 MPa [12, 13].

3 Research Methodology

Separation processes are an integral part of production in the chemical, petrochemical,
and oil refining industries. The problem of developing a theoretical approach to cal-
culating a hydrocyclone separation apparatus for dispersed media of oily wastewater
was solved. Research methods include analytical modeling. The calculation equations
establishing the relationship between the parameters under consideration were obtained
by methods based on the classical provisions of the theory of turbulent migration and
mathematical modeling.

Based on the results of a systematic analysis of data from domestic and foreign liter-
ature sources [3–13] obtained from the experience of using several innovative solutions,
mathematical modeling of the processes of inertial separation of mixtures [14, 15], a
description of the process of purification of oily waters obtained in oil fields is given. In
the study, the possibility of calculating the velocities of the phases in the hydrocyclone,
the hydraulic resistance, and the efficiency of operation in terms of the size of the fixed
particles was substantiated. The possibility of applying the theory of turbulent migration
in the calculations of hydrocyclone installations without involving an extensive array of
experimental data is shown.

4 Results

To improve the efficiency and reliability of the OFW purification units and oil mixture
separation systems, a hydrocyclone was developed (Fig. 1), which contains cylindrical
1 and conical 2 shells, tangential inlet 3 for feeding the initial product, drain 4, and sand
pipes 6 for removing purified water and sludge, respectively. A pipe 5 is installed inside
the drainpipe, which provides the gas phase discharge contained in the wastewater. The
separating permeable partition 8 forms a chamber 9 in the upper part of the apparatus
for collecting purified water with an additional drainpipe 7.

Water containing coarse and fine mechanical particles and impurities of petroleum
products and gases enters the tangential inlet 3 into the inner space. Here the flow swirls,
while coarse particleswith a densitymore significant than the density ofwater are thrown
against the wall, lose speed, fall down along the conical part of the apparatus 2, and are
discharged through the sand pipe 6. The central part of the clarified water is discharged
through the drain pipe 7.

Light fractions, when moving in a centrifugal field, are directed to the axis of the
apparatus, are concentrated at the nozzle 4, and, due to the pushing force, are directed to
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Fig. 1. Hydrocyclone for complex purification of oily water: 1 – cylindrical shell, 2 – conical
shell, 3 – tangential inlet, 4 – drain, 5 – drain pipe, 6 – sand pipe, 7 – additional drain pipe,
8 – permeable partition, 9 – chamber

the upper part of the apparatus and removed. The purified water passes into the chamber
9 then is discharged through an additional nozzle 7. Through nozzle 5, the gas phase
is removed from the hydrocyclone. Thus, the combination of centrifugal separation
processes in a hydrocyclone makes it possible to remove dispersed and floating organic
impurities and gas from the wastewater. This reduces the multi-stage water treatment
process, allowing to achieve the set goals.

Based on the mechanism of destruction of oil emulsions and the analysis of studies
[3–5] of two-product cylindrical-conical hydrocyclones for the separation of OFW, an
installation has been developed in which not only the destruction of the armor shells
on oil droplets and partial separation of oil/water type emulsions is carried out, but also
coalescence (enlargement) of oil droplets and an increase in the monodispersity of oil
emulsions, which significantly intensifies the subsequent process of purification of oily
wastewater by sedimentation. The efficiency of the OFW purification process due to the
influence of gravitational forces in the separator-settling tanks is increased by the use of
filter coalescing nozzles in which oil-containing effluents are treated before they enter
the settling tanks of various designs.

The technological scheme of the installation is designed for oilfield wastewater treat-
ment and consists of pressure cylindrical-conicalmultihydrocyclones, pressure separator
tanks, pipelines, shut-off, and control valves.

Wastewater is supplied to the hydrocyclone for cleaningunder an excess pressure of at
least 0,4MPa. Hydrocyclones work as hydrodynamic droplet generators and preliminary
flow separators. Purified water, trapped petroleum products, sediment, and dissolved
gases are discharged from the hydrocyclone – separator tank installation. The separator
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tank is divided into a preliminary compartment and an additional settling compartment.
The coalescing nozzle through which the OFW passes when moving from compartment
to compartment is used for pretreatment of OFW before settling. Their use significantly
intensifies the process of oily water cleaning. Structurally, coalescing nozzles are placed
in the separator and contribute to the coalescence of fine oil droplets remaining in the
wastewater after pretreatment of wastewater in hydrocyclones and pre-settling, which
increases the efficiency of installations of the hydrocyclone- separator tank block.

Block hydrocyclone installations complete with separator tanks with coalescing noz-
zles increase the efficiency of purification of oil-containing wastewater from oil fields,
car washes, drainage water from fuel oil tanks, wastewater from cooling systems of
technological equipment.

In multi-product hydrocyclones, heavy suspensions are separated through the lower
slurry nozzle and petroleum products through a special nozzle located along the axis
of the hydrocyclone in the upper part of the drain nozzle. At the second stage of water
purification from residual contaminants, we suggest using [16] a coalescer separator
with plates of various profiles.

Compact modular packages of corrugated plates made of various materials are used
in such devices. The distance between the plates is usually from 6 to 20 mm. The plate
supports included in their design guarantee the exact step of their placement.

Fig. 2. Separator-coalescer for separation of water, petroleum, and solid suspensions.

The separator-coalescer for the second stage of water purification from petroleum
products and solid suspensions is shown in Fig. 2. The plates in the first block are installed
with an inclination to the horizon to facilitate the removal of suspended particles. The
gaps between the plates in the first (in the direction of water movement) block are more
significant than in the second to avoid contamination by contamination.

Water containing petroleum products flows through the channel between the plates,
following the shape of the gap and turning alternately down and up. Drops of petroleum
products having a lower density than water float up, touch the plates’ lower surface and
are held by them due to the action of adhesion forces. As more and more oil droplets are
captured, they coalesce into large droplets and finally form a film. Under the influence
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of the high-speed pressure of the liquid flow, the film migrates along the surface of the
plates to the oil outlet holes, passes into the overlying channel, and subsequently collects
on the water surface. The design creates conditions for effective capture of petroleum
products and their rapid transportation to the surface.

The separator-coalescer makes it possible to purify water to residual concentrations
of suspensions and petroleum products, which is sufficient for organizing a local water
supply cycle or using water in formation pressure maintenance systems.

Hydrocyclones used for the OFW treatment are characterized by high performance,
absence of moving parts, compactness, simplicity and ease of maintenance, low cost,
and broad scope of application. In addition, more acceptable separation can be achieved
in hydrocyclones with a higher discharge density and without enlargement (flocculation)
of small particles.

The main parameters characterizing the operation of cyclones are the degree of
purification and the amount of pressure loss of the medium on the hydraulic resistance.
The primary size of the cyclone is the diameter of the cylindrical part. The remaining
dimensions are usually determined depending on the diameter D [17].

Empirical formulas for the rate of turbulent deposition of particles are quite diverse
[18, 19] and include such quantities as: u+

t = ut/u∗ - dimensionless velocity of turbulent
migration; l+t = ltu∗/vL - the average dimensionless length of the free inertial path of the
particles; vL- the kinematic velocity of the medium, m2/s;τ+ - dimensionless relaxation
time, τ+ = τp(u∗)2/vL.

The dependences obtained during the turbulent movement of aerosols and dusty
gases in pipes cannot be used for calculation ut in hydrocyclones.

The migration rate ut characterizes the intensity of particle deposition from the
turbulent flow to the channel wall ut = j/c or j = utc, where j - is the specific particle
flow to the wall, kg/(m2s); c - average cross-sectional particle concentration, kg/m3.

The expression j = utc is an analogue of the well-known mass transfer equation
j = βΔc, where β - is the mass transfer coefficient, m/s; Δc - is the driving force of
mass transfer (the difference in concentrations in the core of the flow and on the surface).

It follows that ut = βd for the deposition process of fine disperse particles. The the-
oretical methods for determining the transfer coefficient of the dispersed phase βd allow
us to calculate the efficiency of separators with minimal involvement of experimental
data. To do this, we can use the method in which the turbulent deposition of a finely
particulate phase is considered a kind of dispersion process using the usual equations
from the mass transfer theory.

For very small particles (ωEτ p << 1) (ωEτ p - inertia index [18]), their motion
practically does not differ from themotion of the carrier turbulent vortices of themedium
and then Dd = DT , where Dd , DT are the coefficients of turbulent diffusion of particles
and the medium, m2/s.

Let’s write down the specific particle flux using an analogue of Fick’s first law:

j = −(Dd + Dbr)
dc

dy
, (1)

where Dbr - is the Brownian diffusion coefficient, m2/s.
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The resistance to the transfer of particles in the wall layer, taking into account
Brownian and turbulent diffusion [20], is written as

1

βd
=

∫ δ

0

j∗dy
Dd + Dbr

(2)

where j∗ - is the dimensionless particle flux density.
If the particles have some inertia and are not sufficiently carried away by turbulent

pulsations, then the coefficient of turbulent diffusion of particles can be determined by
the equation:

Dd = DT

1 + ωEτp
(3)

Usually, with a small error use the assumptionDT ≈ vT , where vT - is the coefficient
of turbulent viscosity, m2/s.

In the Eq. (3).

ωE = u∗

0, 1R
, τp = ρpartd2

part

18μL

In cyclones and hydrocyclones, the rotational motion of the medium is transferred
by changing the rectilinear motion of the flow into a rotational-axial one as a result of
tangential insertion or using a static twisting element with rigid guide walls. In this case,
the separation efficiency increases with increasing speed and decreasing the radius of
the apparatus.

The formula [21] is used for the coefficient of turbulent diffusion in a hydrocyclone

DT = 0, 0112Vtr, (4)

where Vt - is the tangential component of the flow velocity, m/s; r - the calculated radius
of the hydrocyclone, m.

The particle transfer coefficient based on (2), (3) and (4) can be determined by
integrating the expression

1

βd
=

∫ δ

0

dr

Dbr + 0, 0112Vtr
, (5)

With a known function Vt(r), the equation for the calculation βd can be obtained in an
analytical form.

The dynamic velocity on the hydraulic flow on the wall can be determined using the
average coefficient of friction Cf or the average volumetric energy dissipation ε

_
.

Using the approach for u∗ determination, through the rate of energy dissipation, we
can write [20]

u∗ = 2

(
ενL

ρL

)0,25

, (6)
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where the average energy dissipation is expressed in terms of the pressure drop ΔP:

and vL - the kinematic velocity of the medium, m2/s; ρL - density of liquid suspension,
kg/m3; S - the square area of the inlet pipe, m2; uin - the velocity of the medium in the
inlet pipe, m/s;VL - the volume of liquid in the hydrocyclone, m3.

For example, in a hydrocyclone with a diameter of 150 mm, a liquid suspension with
a density ρL = 1100 kg/m3, a viscosity μ = 1,5 · 10–3 Pa · s with a particle density ρpart
= 3000 kg/m3 is cleaned at a capacity Q = 1000 l/min. It is necessary to determine the
minimum diameter of the captured particles and the diameter of the particles entrained
by turbulent pulsations.

Let thewalls of the hydrocyclone be smooth. Theworking length of the hydrocyclone
according to known recommendations is L = 5 · 150 = 750 mm (0,75 m).

Diameter of the inlet pipe b = 0, 28 ·150 = 42 mm.We accept b = 50 mm (0,05 m).
The speed in the inlet pipe of the hydrocyclone is found by the formula:

uin = 4Q

πb2
, uin = 8, 49m/s.

Given the ratio Q1/Q = 0, 9, the Euler criterion is calculated by the formula [20]:

Eu = 1 + 3, 5A

(
Q1

Q

)0,8

; Eu = 1 + (3, 5 · 3 · 0, 90,8) = 10, 56

where the value of A is determined according to chart (5)–(6) [22], A = 3,0.
The hydraulic resistance of the hydrocyclone is found by the formula

The minimum diameter of the captured particles is determined by the formula:

where k = 3, 5, Q = 1/60 = 0, 01666 m3/s
Energy dissipation

Dynamic speed u∗ = 0,278 m/s.

Let ‘s make an estimate of the particle sizes by the equation

Thus, particles in a hydrocyclone with a diameter of 0.15 m with dimensions of dpart <

36, 78 · 10−5 m will be wholly carried away by turbulent pulsations of the medium and
the considered approach can be used to calculate the efficiency of turbulent separation.
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5 Conclusions

Based on the analysis of wastewater from oil fields and methods of their purification,
the following can be stated.

The composition of contaminants in the studied wastewater is very diverse, which
determines the type of cleaning method [23, 24] and the choice of equipment for this
purpose [25, 26].

In systems with similar types of pollution, it is advisable to use multi-product multi-
hydrocyclones and separators-coalescer with plates having holes and curves both for the
removal of petroleum products and for the removal of suspended solids with a density
higher than the density of water.

Local treatment equipment, consisting of an average, of four product hydrocyclones
and separators with coalescent plates, will allow organizing water purification systems
at wells and using purified wastewater for formation pressure maintenance systems.

The article also provides a method for calculating the particle deposition process
using the theory of turbulent migration of particles and the boundary layer theory.
This approach helps to determine the effectiveness of hydrocyclones with minimal
involvement of experimental data.
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Abstract. The article presents the results of an experimental study aimed at
obtaining scientifically valid data on the kinetics of absorption of carbon diox-
ide by a barium sulfide solution and the effect of the design of contact elements
(trays) on the mass transfer coefficient in this process. The work was carried out
using a laboratory model of the absorber, in which it was possible to install trays
of various types. Analysis of literature sources showed that the process of a BaS
solution carbonization takes place in two stages, sharply differing in pH.An exper-
imental study of CO2 absorption kinetics under the conditions of the first stage
of the process made it possible to identify the most significant factors influencing
its rate. It was also found that the limiting stage of mass transfer is the resistance
in the gas phase. The carbonization rate at the second stage is significantly lower
than at the first stage and is controlled by the kinetics of the chemical reaction of
CO2 hydration. Mathematical processing of the results of testing models of the
cap, sieve, and double-flow trays made it possible to obtain formulas for calcu-
lating the mass transfer coefficients for each of them. In the studied range of gas
velocities, the mass transfer coefficient on a dual-flow tray was 1.5–2 times lower
than on a sieve tray and 2–2.5 times lower than on a cap tray. The data obtained
were used in the design of the absorption apparatus.

Keywords: Process innovation · Absorption · Carbon dioxide · Barium Sulfide
solution · Mass transfer kinetics · Mass transfer ratio · Cap tray · Sieve tray ·
Dual flow tray

1 Introduction

One of the leading products in the range of barium compounds is barium carbonate. This
substance is used primarily in the glass industry and as raw material for producing many
other barium salts.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
V. Ivanov et al. (Eds.): DSMIE 2022, LNME, pp. 177–186, 2022.
https://doi.org/10.1007/978-3-031-06044-1_17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-06044-1_17&domain=pdf
http://orcid.org/0000-0002-0324-1171
http://orcid.org/0000-0002-2452-7814
http://orcid.org/0000-0002-5527-1874
http://orcid.org/0000-0001-6268-8638
http://orcid.org/0000-0003-0441-9063
https://doi.org/10.1007/978-3-031-06044-1_17


178 Y. Masikevych et al.

At present, barium carbonate is obtained from barite concentrate using rather com-
plex technology, including roasting, leaching of barium sulfide, processing it with
hydrochloric acid, and precipitation of BaCO3 with sodium carbonate. The advantage
of this technology is the high purity of the product obtained. The disadvantages are the
use of expensive chemicals, cumbersome equipment, and the high cost of the product.

The search for cheaper methods for obtaining barium carbonate led to the idea of
direct carbonization of a barium sulfide solution [1]. Particular difficulties in implement-
ing this technology appear due to insufficient knowledge of the kinetics of the process,
which complicates the choice of an appropriate method for organizing mass transfer and
the design of the main apparatus, i.e., the absorber.

Barium sulfide carbonation, as it will be shown below, is a complex, multi-stage
process. Therefore, it is practical and scientific interest to determine the limiting stages
and factors affecting its kinetics. Thus, from the viewpoint of the possibility of creating
equipment for implementing the direct carbonization method of barium sulfide solution,
it is essential to study this process to obtain scientifically proved data for the design of
the absorber.

2 Literature Review

Barium sulfide solution, a strong base salt, and a weak acid are alkaline. The absorption
of carbon dioxide by alkaline solutions is widespread in technology [2] and used in
numerous food and chemical industries branches.

CO2 absorption takes place in several stages. The main ones, in terms of the film
theory [3, 4], are a diffusion of carbon dioxide from the bulk of the gas to the interface;
CO2 dissolution; diffusion from the interface deep into the liquid; chemical interaction
of carbon dioxide with the active component of the liquid. The two last stages mentioned
run simultaneously.

In the case of carbon dioxide absorption by barium sulfide solution, the process is
complicated due to simultaneous desorption of hydrogen sulfide, which should affect
the mass transfer coefficient in the gas phase and pH of the absorbent [5]. Considering
the latter factor, the desorption of hydrogen sulfide should also affect the rate of carbon
dioxide reaction in the liquid. In addition, the crystallization of barium carbonate is a
diffusion process related to crystallization supersaturation [6, 7], and it can affect the
kinetics of CO2 absorption.

The interaction of carbon dioxide with alkaline solutions has been studied in detail.
In works [3, 5, 6], it was shown that carbon dioxide in alkaline solutions could enter into
the following reactions:

CO2 + OH− ↔ HCO−
3 (1)

CO2 + H2O↔HCO3 (2)

The kinetics of carbon dioxide hydration reactions was studied in [3] and [8–10]. The
authors obtained equations for calculating the kinetic coefficients of reactions (1), (2).
In particular, it was found out that at pH from 8 to 11.5, reaction (2) generally proceeds,
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and at pH > 10, the rate of carbon dioxide hydration is mainly determined by reaction
(1).

When carbonizing barium sulfide solution, the products of reactions (1) and (2) in
an aqueous solution enter into a range of reactions proceeding in the ionic form that is
relatively fast, thus, they do not control the process rate.

Barium sulfide carbonation can be described in the following gross equation [11]:

BaS + CO2 = BaCO3↓ + H2S (3)

However, themechanism of this process, in our opinion, should bemore complicated
since the reactions in solution proceed in the ionic form [5]. Barium sulfide hydrolyses
in an aqueous solution:

BaS + H2O ↔ Ba2+ + HS− + OH− (4)

As a result of a reaction (4), an excess of OH– ions appear in the solution, which
determines the alkaline reaction of barium sulfide solution.

The barium ion formed in the process (4) reacts with the carbonate ion as follows:

Ba2+ + CO2−
3 = BaCO3↓ (5)

The reaction (5) proceeds in the ionic form, and its rate should be sufficiently high,
at least higher than reactions (1), (2); nevertheless, the crystallization of the barium
carbonate formed over is a heterogeneous process, so there should be some saturation
providing crystallization.

Barium sulfide, a salt with a strong base, is almost completely dissociated from the
solution. Therefore, at the initial stages of the carbonization process at a molar ratio of
Ba/S– > 0.5, the solution has a high pH value [5, 11] due to reaction (4). At subsequent
stages, at Ba/S < 0.5, i.e., after barium sulfide is wholly converted into hydrosulfide, the
pH of the solution reduces rapidly. The hydrosulfide ion formed by reaction (4) adds a
proton to the reaction.

HS− + H+ ↔ H2S (6)

The rate of this reaction increases with decreasing pH. The formed hydrogen sulfide
is desorbed from the solution.

Considering the above analysis of the literature, it can be outlined that the kinetics
of the reactions of carbon dioxide hydration and the formation of barium carbonate is
related to pH, which was experimentally confirmed in [11]. This relation can become a
criterion for whether the chemical reaction is the limiting stage of the absorption process.
It should be noted that, among the relatively limited data available in the literature on the
kinetics of carbonization of barium sulfide, it was not possible to find information that
would make it possible to determine the limiting stages of the process. For example, in
[12], the study of kinetics was carried out only at high pH, and in [13], pH control was
not carried out, and the decrease in the absorption rate at the end of the experiment was
not commented on.

Also, no recommendations were found on choosing a suitable design of a contact
element for the industrial implementation of the process under study.
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3 Research Methodology

3.1 Laboratory Set

The process study of barium sulfide carbonization was carried out in three stages. In the
first preliminary experiments, the dependence of the absorption rate of carbon dioxide to
the conversion of barium sulfide into carbonate (carbonization level) was studied. In this
part of the work, a bubbling apparatus was used as the main element of the laboratory
setup, which was a cylindrical container with a jacket 800 mm high. The inner diameter
of the cylinder was 43 mm. The apparatus was equipped with nipples for inlet and outlet
of gas, heating water, and sampling.

The second stage aimed to identify factors that significantly affect the process’s
kinetics and compare the mass transfer characteristics of the cap, sieve, and dual flow
trays that were supposed to be used in the designed absorber. The laboratory apparatus
used in this part of the study differed from the one described above in its inner diameter,
which was 60 mm, and in the presence of a connector in the lower part, into which the
models of the studied trays were set up. An externally adjustable overflow was built into
the connector.

The trays under study had the following characteristics. The dual-flow tray was a
1 mm thick stainless steel disc with holes 10 mm in diameter. The free section of the tray
was 19.4%. The sieve tray had a similar design, but the hole diameter was 6 mm, and
the free section was 17%. The cap tray had one cap. The outer diameter of its cylindrical
part was 30 mm. 9 slots 5 mmwide and 10 mm high were cut evenly along its perimeter.

At the preliminary stage of the study, the laboratory setup consisted of a gas mixture
preparation unit, an absorber, and an equipment set for measuring and regulating gas
flow rates,measuring temperatures, and taking liquid samples for analysis. The setupwas
supplemented with supply and liquid drainage systems at the second and third stages.

3.2 Experiment Method

At the preliminary stage, barium sulfide carbonization was researched in batch mode.
At the beginning of the experiment, the flow rates of carbon dioxide and nitrogen were
set by the program of experiments. The gas mixture obtained was fed through a mixer
into a laboratory absorber, and then the prepared and previously analyzed absorbent was
added to it. During the experiment, liquid and gas samples were periodically taken for
analysis.

In the experiments carried out according to the described method, it was found out
that after reaching the conversion of sulfide into barium carbonate (further referred to
as carbonization level) value of 50%, the rate of carbonation was significantly reduced.
Within each of these intervals, the carbonation rate practically did not change. This
phenomenon can only be explained by a fundamental change in the mechanism of
the process. Therefore, further research was carried out separately for solutions with
carbonization levels less than and more than 50%.

The experiments of the second stagewere carried out in aflow-throughmode. The liq-
uid, heated to a predetermined temperature, was continuously pumped into the absorber
and drained into the collector. After the experimental model was established, the values
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of the contacting media flow rates were recorded, and gas and liquid samples were taken
for analysis before and after the absorber. In addition, the temperature and pressure in
the apparatus were recorded.

The primary processing of the experimental results included calculations: gas veloc-
ity, the density of irrigation with liquid, absorption rate, its driving force. The mass
transfer coefficient was calculated using the well-known formula.

Kg = rCO2
/
(
S · �pCO2

)
(7)

where rCO2 is the absorption rate of carbon dioxide, mol/m2s; S is the cross-sectional
area of the laboratory absorber, m2; �pCO2 is a mean logarithmic value of CO2 partial
pressures before and after the absorber, Pa.

4 Results

4.1 Study of the Carbonation of Barium Sulfide Solution at a Carbonation Level
of Less Than 50%

Noted in the literature review high absorption rate at a carbonation degree of less than
50% may indicate that the limiting stage is the diffusion of CO2 from the gas to the
interface. Confirmation of this fact would allow rejecting the further study of the car-
bonization process in this concentration range and using the relations known from the
literature to calculate the corresponding equipment. Thus, the task of the studies on this
phase was to find the limiting stage of the process. For this purpose, the effect of the
carbon dioxide concentration in the gas, barium sulfide in the initial liquid, the gas veloc-
ity, the liquid irrigation density, and the temperature on the kinetics of carbon dioxide
absorption was researched. The study was carried out in a laboratory apparatus with a
dual flow tray set in it.

Mathematical processing of the experimental results by the method of regression
analysis showed that a significant effect (the p-level coefficient estimated the signif-
icance) on the rate of CO2 absorption is exerted by: the average partial pressure of
carbon dioxide in the gas (the driving force of absorption), gas velocity and temperature.
So, the following equation was obtained:

ln rCO2 = 17,8 − 2100T−1 + 0.94 ln v + 1.03 lnΔpCO2
(8)

where v is the gas velocity, m/s;
The accuracy of the obtained equation is characterized by the following values:

determination coefficient R2 = 0.986, standard error of equation ln rCO2 – 0.073.
As follows from the above experimental results, the barium sulfide concentration

within the limits of the accuracy of the experiments does not affect the absorption rate.
It can be explained by the fact that in the considered range of carbonization level, BaS
concentration has little effect on the concentration of the hydrogen ion, which determines
the rate of CO2 absorption at high pH values.

The effect of temperature on the absorption rate was also insignificant. In total,
this indicates that the resistance to the absorption process is due to diffusion, i.e., mass
transfer, and a chemical reaction is not the limiting stage of the process.
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From Eq. (8), in particular, it follows that the rate of CO2 absorption is proportional
to the driving force of the process, which makes it possible to calculate the kinetics of
absorption using the classical two-film model.

Thus, the data obtained allow us to assert that when a barium sulfide solution absorbs
carbon dioxide with a carbonization degree of less than 50%, mass transfer in the gas
phase is the limiting stage.

4.2 Study of Barium Sulfide Carbonization at Carbonization Level More Than
50%

Barium sulfide solution with a carbonization level of more than 50% does not contain
barium sulfide since the latter is wholly converted into barium hydrosulfide. Therefore,
we will consider the carbonization of the Ba(HS)2 solution further.

At this stage of the work, the effect of CO2 concentration in the gas, barium concen-
tration in the initial liquid (in terms of sulphide), the gas velocity, the density of liquid
irrigation and temperature, on the kinetics of carbon dioxide absorption was studied.

In experimentswith a dual flow tray, the direct proportionality between the absorption
rate and the mean logarithmic concentration of carbon dioxide in the gas was experi-
mentally confirmed. This made it possible to further characterize the absorption kinetics
in terms of the mass transfer coefficient.

In the same experiments, it was found that the rate of carbon dioxide absorption is
lower than this indicator has at carbonation level less than 50%, and significantly. Since
the conditions of all diffusion stages of the process did not change, such a significant
decrease in the absorption rate can only be explained by changes in the mechanism of
chemical reactions caused by the pH decrease of an absorbent. For example, the control
over the rate of CO2 binding is transferred from reaction (1) to reaction (2).

In experiments with the same contact element, the effect of barium concentration in
the solution on the absorption rate was evaluated. Under the following conditions, the
experiments were carried out: volume fraction of CO2 in gas is 40%; gas velocity is
0.7 m/s; irrigation density is 0.015 m3/m2s; temperature is 50 °C. The mass fraction of
barium in the absorbent in terms of BaS varied from 5 to 9%.

The analysis of the experimental results did not show significant differences in the
value of the mass transfer coefficient about barium concentration in the solution. Based
on it, with an accuracy admissible in engineering calculations, it can be assumed that
the effect of Ba(HS)2 concentration on the absorption rate can be neglected. This means
that the process chemistry at the consideration stage of carbonization is determined by
reaction (2), i.e., by CO2 hydration. Since the water concentration in the solution varies
insignificantly with a change in barium hydrosulfide concentration, the latter does not
affect the carbonization rate.

The study of the effect of the other factors (gas velocity, irrigation density, and tem-
perature) was combined with the data obtained to select an appropriate contact element
for carbonization. The experimentswere carried out under the following conditions: CO2
volume fraction in gas is 40%; mass fraction of barium in terms of sulfide in solution
is 7%. The parameters studied varied in the following ranges: gas velocity is from 0.2
to 1.2 m/s; irrigation density is from 0.004 to 0.04 m3/m2s; temperature is from 20 to
80 °C; overflow height is from 0 to 20 cm.
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To facilitate the calculation of the absorber, the experimental data obtained have
been summarized in the form of the following empirical equation for calculating the
mass transfer coefficient

Kg

Kg,0
= 10

a1
t
t0

(
a2 + a3

h

h0

)(
v

v0

)a4( l

l0

)a5
(9)

where a1… a5 are the coefficients of the equation; h is overflow height, cm; h0 = 10 cm,
t is temperature, °C; t0 = 50 °C, v is gas velocity, m/s; v0 = 0.7m/s, l is irrigation density,
m3/m2s; l0 = 0.015 m3/m2s; Kg,0 is the mass transfer coefficient of the corresponding
tray at h = h0, t = t0, v = v0 and l = l0, mol/m2s Pa.

The coefficients of Eq. (9), the characteristics of its accuracy, and the values of Kg,0
for each of the studied trays, calculated using the nonlinear evaluation program, are
given in Table 1.

Table 1. Coefficients and the accuracy characteristics of Eq. (9).

Type of tray Coefficients Kg,0 Residual
RMS

Coefficient of
determinizationa1 a2 a3 a4 a5

Dual flow −0.042 1.12 0 0.72 0.58 4.8 0.178 0.935

Sieve 0.074 0.33 0.51 0.33 0.17 9.5 0.085 0.955

Cap 0.068 0.57 0.27 0.47 0.21 14.8 0.063 0.964

The value of coefficient a4 can estimate the effect of gas velocity on absorption
kinetics. Thus, its highest value for a dual-flow tray indicates that with an increase in the
gas velocity, the absorption rate increases to a greater extent than other tested contact
devices. On cap and sieve trays, the increase in the mass transfer coefficient with an
increase in the gas velocity is approximately the same. These features are explained by
the fact that the height of the foam layer and, consequently, the interface on the dual-flow
tray is related to the gas velocity to a much greater extent than in the overflow trays. In
the latter, the height of the foam is mainly determined by the height of the overflow.

According to the value of coefficient a5, the irrigation density’s effect on the mass
transfer coefficient is less than the gas velocity. The most significant change in the mass
transfer coefficient with an increase in the irrigation density is observed on the dual flow
tray. As in the previous case, the relation of the height of the foam layer on the tray to
the irrigation density.

Since the carbon dioxide absorption at carbonization level of the absorbentmore than
50% is presumably controlled by the chemical reaction in the liquid, the estimation of the
dependence of the rate of carbonization on temperature was based on the consideration
of its influence on the coefficient of mass transfer in a liquid. According to the theory
of absorption, in the case under consideration the mass transfer coefficient related to
liquid (Kl) can be calculated using the experimentally found values of the mass transfer
coefficient related to gas, using the ratioKl = HCO2Kg whereHCO2 isHenry’s coefficient.
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In Fig. 1, the graphs of the relations of Kl calculated by the method described above
to the temperature at the gas velocity 0.7 m/s; irrigation density 0.015 m3/m2s, and
overflow height 10 cm are shown.

Fig. 1. The mass transfer coefficient refers to the liquid, to the temperature for the dual flow tray
- 1, sieve tray - 2, and cap tray - 3.

Figure 1 demonstrates that the temperature dependence of the mass transfer coeffi-
cient related to the liquid has an exponential character. This form of dependence is more
typical for the rate of a chemical reaction than for the diffusion coefficient.

The relation of the absorption kinetics to the overflow height is the most significant
factor affecting the determination of the stage that limits the absorption rate. In the
experiments, the overflow height varied from 0 to 20 cm with a step of 2 cm. We used
an external overflow. Its height was not equal to the height of the foam. It characterizes
the height of the layer of light liquid on the tray. The absorbent temperature was 50 °C,
and the gas velocity and irrigation density were the same as the experiments evaluating
the temperature effect.

As Eq. (9) shows, the mass transfer coefficient increases linearly with the overflow
height. The kinetics of a chemical reaction is proportional to the volume of the liquid in
which it flows. Therefore, the presence of a linear relation of themass transfer coefficient
on the overflow height and the effect of temperature on it proves the assumption that the
process chemistry limits the absorption rate.

5 Conclusions

The article presents the results of an experimental study to obtain data on the kinetics
of carbon dioxide absorption by a barium sulfide solution and the choice of contact
elements type (trays) for the absorber design.
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The literature review has shown that two stages are significantly different in pH in
barium sulfide carbonization. The first occurs when less than 50% of BaS is converted
to BaCO3 and pH is more than 11, and the second – is when more than 50% of BaS is
converted, and pH is from 7.5 to 9. It was also found that the kinetics of CO2 hydration
under the conditions of the first and second stages is controlled by different reactions.
This made it possible to assume that the absorption rate of carbon dioxide at various
stages will also differ.

Our study of carbonation kinetics confirmed this assumption. It was shown that only
the partial pressure of CO2 in the gas, gas velocity, and temperature, has a significant
effect on the absorption rate at the first stage. Any considerable effect of BaS concen-
tration in the absorbent and the irrigation density was not found. The results obtained
indicate that the absorption process is limited by resistance in the gas.

The carbonization rate at the second stage of the process, as experiments showed, is
controlled by the kinetics of the chemical reaction of CO2 hydration and is substantially
lower than at the first stage of the process. The concentration of barium hydrosulfide
(the reaction product at the first stage) in the absorbent has no significant effect on the
kinetics of the process.

A further study of the BaS solution’s carbonization was carried out to select an
appropriate contact element for the equipment used in the process. Cap, sieve, and
dual flow trays were tested, and the absorption rate of carbon dioxide was evaluated,
characterized by the mass transfer coefficient.

As a result of an experimental study, equations were obtained for calculating the
mass transfer coefficient about the temperature, gas velocity, and irrigation density for
all types of trays mentioned.

Comparison of the obtained experimental data showed that the highest absorption
intensity is achieved on the cap tray. The sieve plate turned out to be somewhat worse.
On the dual flow tray, the absorption rate was the lowest. It was approximately two
times lower than on a sieve tray and 2.5 times lower than on a cap tray. However, this
does not characterize the dual flow tray as inappropriate for use in this process. The
technical capabilities of conducting laboratory experiments did not allow us to achieve
gas velocity in a laboratory absorber exceeding 1.2m/s. At the same time, dual-flow trays
in soda ash production operate at gas velocities of 2.5 m/s and higher. Extrapolating the
relation of the mass transfer coefficient to the gas velocity, it can be shown that at high
gas velocities, the indices of all the considered trays approach each other.

Thus, it can be concluded that all the trays studied are appropriate for carrying out
the carbonization process of barium hydrosulfide solution. The selection of a specific
type from considered contact elements for designing an absorption tower can be based
primarily on design approaches that consider the designer’s experience, the experience
of operating particular devices, and the possibility of modifying the existing equipment
for carrying out this process.

The work results were transferred to a specialized organization to design a pilot plant
for BaS solution carbonization.
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Abstract. One of the promising areas for intensifying the mass transfer process
is the improvement of separation columns using a stabilized foam mode of inter-
action of gas-liquid flows, including movable nozzle bodies. A new design of
the stabilizer with a sizeable free volume and a spherical movable nozzle was
developed. The advantage of the proposed design is the transition to a structured
foam mode of operation at relatively low gas speeds and a developed phase con-
tact surface. After experimental studies of the hydrodynamic characteristics of the
combined contact element, empirical data on hydrodynamic resistance and exper-
imental indicators of spray attribution for a contact stage with combined contact
elements were obtained. As a result of research, it was found that when using foam
layer stabilizers, the spraying ratio at the contact stage is reduced, which leads to
a more stable operation of the device. An empirical equation for determining the
value of the spray attribution is given.

Keywords: Hydrodynamics · Stabilization · Foam layer · Hole plate ·
Turbulization ·Movable nozzle · Spray removal reducing · Energy efficiency

1 Introduction

Discover themost efficient and cost-effective technology of cleaning industrial emissions
in the present situation of sizeable anthropogenic impact on the environment. Cleaning
technology and developed equipment should consider the possibility of functioning in
a wide variety of operating conditions.

To decrease energy spending in systems for capturing toxic and harmful substances,
it is required to lessen hydraulic resistance while maintaining high effectiveness in
cleaning gas flows.

Specific to the contradictory requirements for technique and regardless of the large
quantity of offered devices for mass transfer processes, new intensified and capable
equipment is of significant attention to ecological technologies in various industries.

A standard methodology of cleaning gas flows is absorption methods for absorb-
ing dangerous components from exhaust manufacturing gases. In this case, either the
absorbent enters into chemical interaction with the absorbed component, or the process
of physical absorption occurs. And the way to intensify these processes is to carry them
out in a stabilized three-phase foam layer [1].
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2 Literature Review

Foam devices and foam mode of the classical kind are presented in research works
[2, 3]. Because of its high effectiveness [4], high unit ability, the excellent operational
behavior of their application, they can get better the stages of gas cleansing for sanitary
and technological purposes, enlarge effectiveness, and boost the degree of reliability
gas-cleaning techniques [5]. One of the promising areas of amplification of the mass
transfer process is the improvement of column techniques using a stabilized foam mode
of interaction of gas-liquid flows, including with the presence of movable nozzle bodies
[6].

Previously studied devices with a foam layer [7] were used mainly in technologi-
cal cycles with significant specific loads on gas and liquid, which led to high energy
consumption [8].

At the same time, in systems for cleaning industrial gases from harmful components
[9, 10], which are usually present in low concentrations [11], it is necessary to ensure a
high degree of gas purification with minimal liquid consumption and a low spray ratio
[12, 13].

3 Research Methodology

For these purposes, a newdesign of a stabilizerwith a sizeable free volume and amovable
spherical nozzle was developed. The advantage of the proposed design is the transition
to a structured foam mode of operation at relatively low gas speeds and a developed
inner phase contact surface. The cellular structure of the stabilizer and movable nozzle
makes it possible to achieve increased values of mass transfer coefficients due to the
effect of film formation in small cells. The structure has high porosity and relatively low
hydraulic resistance. The structure may have different wet abilities depending on the
selection of material.

The new designs are simple and have a relatively low cost, which allows them to be
effectively used in gas cleaning processes in various industries.

The combined contact block consists of a hole plate and one or two contact elements
acting as stabilizers, and a movable ball-shaped nozzle located inside the block. The
bubbling layer is formed on hole plates on which a movable nozzle is located.

The hydraulic resistance of the proposed design and spray transfer indicators were
studied in this work.

A schematic picture of an experimental equipment setup for studying hydrodynamic
is shown in Fig. 1. The laboratory unit is combined apparatus that has an internal diameter
of 240 mm, made of stainless steel, with viewing windows made of organic glass.
The experimental unit has the following main elements: a vertical column with contact
combined blocks, a fan with a flue, water supply, water distribution, and catchment
systems.

A combined contact unit with a movable ball-shaped nozzle is installed in the center
working section of the column, a water distribution system and a separator are placed
in the higher segment of the column, and the lower segment is designed to enter the gas
flow through the windows located in it for gas supply and water gathering.
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Fig. 1. Experimental equipment setup for studying the hydraulic resistance of a combined contact
element: 1 – column; 2 – block of a combined contact element with a stabilized three-phase foam
layer and movable nozzle inside; 3 – liquid distributor; 4 – gas distributor; 5 – gas blower; 6 –
measuring pipe; 7 – Pitot tube; 8 – rotameter; 9 - valves; 10 – diffmanometers, 11 – movable
nozzle.

In the column is organized countercurrent phasemovement.Gas (air) from the blower
is fed through the outlet to the lower section of the unit. Then it passes through the mesh
distributor, as a result of which a uniform speed profile is achieved at the access to the
contact unit. The liquid phase from the pressure reservoir is fed into the experimental
column for irrigation.

A distributor is installed on top of the column, designed for the uniform initial distri-
bution of the liquid phase over the cross-section of the contact device. Passing through
the contact device, the liquid is distributed over the surface of the contact elements.
Simultaneously, the gas phase occupies the entire free volume of the device. After that,
the liquid phase is sent to the storage tank, and the air is discharged into the atmosphere.
Three combined contact blocks were installed in the column. The middle block is a
working one. Selectors were used to measuring pressure drops. They were placed inside
the experimental column and connected to the differential micromanometer using rubber
hoses through special fittings provided for this purpose.

Air was used as an experimental working medium. The research was carried out
for several variants of contact combined blocks, which differed from each other by the
existence of one or two stabilizers installed at a distance from the hole plate and the
distance between the stabilizers and the movable nozzle.

To measure the hydraulic resistance of the irrigated unit, water was supplied to the
column by a pump, the flow rate of which was synchronized by a tap and set according
to the rotameter indications; with the help of a sprinkler, water was evenly distributed
over the cross-section of the column [14]. After that, the air supply was turned on, and
the hydraulic resistance of the irrigated contact device was measured, like the hydraulic
resistance of the dry contact device.

Spray transfer from contact elements is one of the essential hydrodynamic charac-
teristics of mass transfer columns designed to process gas and liquid flows. It largely
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determines the upper limit loads, the distribution of interfacial mass and heat transfer
forces in the column, and its hydraulic resistance. Two methods are used to measure
splash removal, a catcher was used that separates the removed drops of liquid from the
stream [15, 16].

The study of inter-plate spray transfer was carried out on the experimental stand,
which was upgraded after hydrodynamic studies. One combined contact unit with a
movable nozzle was left for research.

Spray transfer is measured by weight method using a fiber separator made of felt,
which blocks the flue at the device’s exit. After starting the gas and forming a bubbling
layer in the device (3–10 s after starting the gas), the dried and suspended felt separator
was installed in the flue in the upper part of the device, and the start time of the experiment
was cut off. Thus, the entire gas flow passed through the separator, and the splashes
contained in the gas were captured.

The experiment duration ranged from 60–120 s, depending on the gas load. After
the experiments, the fiber separator was removed from the flue, re-weighed, and the
gas phase’s liquid flow rate was calculated based on the change in its mass during the
experiment. The wet separator was weighed on an electronic scale. Experiments on
measuring spray transfer were carried out in the same range of changes in loads on
gas and liquid as experiments on determining other hydrodynamic characteristics of the
combined device.

4 Results

The gas velocity influences the combined contact element’s hydrodynamic characteris-
tics in the entire cross-section of the contact element, the irrigation density, and the free
cross-section of the contact stage, which depends mainly on the free cross-section of the
hole plate.

Therefore, we can write a general relationship for the air-water phases:

ΔP = f (Wg,L0, S0, d0) (1)

The hydraulic resistance of the contact element and the gas-liquid layer created in
the inner space of contact elements depends on the operating parameters, the diameter
of the hole plates, the free cross-section, and the mass flow rates of gas and liquid. A
general form of the equation for determining the hydraulic resistance of a contact stage
with a foam layer is given in the paper [9]:

ΔP = P1 + P2 + P3 (2)

where, P1 – dry contact element hydraulic resistance; P2 – hydraulic resistance of foam
layer in the contact element; P3 – resistance resulting from the action of surface tension
forces.

Figure 2 shows the dependence of the hydraulic resistance of a dry contact element
on the gas velocity in the free cross-section of the column when using hole plates of
different free cross-sections in the presence of a movable nozzle and without it. From
Fig. 2, it can be seen that as the gas velocity increases, the hydraulic resistance increases.
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Fig. 2. Dependence of the hydraulic resistance of a dry contact element on the gas velocity: 1,
2 – S0 = 0,38 m2/m2, do = 0,02 m; 3, 5 – S0 = 0,217 m2/m2, do = 0,015 m; 5,6 – S0 =
0,095 m2/m2, do = 0,01 m. 1, 3, 5 – without movable ball nozzle, 2, 4, 6 – with movable ball
nozzle layer thickness is 0,1 m.

Fig. 3. Dependence of the hydraulic resistance of the contact element on the gas velocity and the
diameter of the holes of the hole plate at L0 = 5 m3/m2 · h; 1, 2 – do = 0,02 m; 3, 4 – do =
0,015 m; 5, 6 – do = 0,01 m; 1, 3, 5 – without movable ball nozzle, 2, 4, 6 – with movable ball
nozzle layer thickness is 0,1 m.

The smaller the free cross of hole plates and the diameter of the holes in the plate leads
to greater hydraulic resistance.

The hydraulic resistance of the foam layer mode is used to judge the energy spent
on the process and the intensity of the process as a whole since the height of the foam
and its hydrodynamic resistance are interrelated.

Analyzing the obtained results, we can say that �P is most affected by the gas
velocity in the entire device cross-section and the free cross-section, confirmed in Fig. 3.
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So the increase of gas velocity causes the hydraulic resistance of the contact element
to increase. This fact is associated with an increase in the gas velocity, which increases
the height of the gas-liquid layer and, with a sufficient level of irrigation, leads to a
proportional increase in hydraulic resistance. The hydraulic resistance and free cross-
section of the contact element has an inverse relationship – with an enlarge in the free
cross-section, the hydrodynamic resistance decreases since the foam height and holding
capacity of the contact stage decrease, and at low gas speeds, the liquid failure on the
lower contact stages increases [17]. These results are confirmed by studies [18, 19].

4.1 Spray Transfer in the Combined Contact Element with Movable Nozzle

One of themost essential characteristics of column apparatuses is splash transfer. During
studies at gas velocities from 2–4 m/s, modes of a highly tubulated gas-liquid system
were observed, and the phenomenon of splash transfer was present.

Fig. 4. Dependence of specific spray transfer on the free cross-sectional area of the plates and the
gas velocity: L0 = 5 m3/m2 · h, contact element with two stabilizers without a gap: 1, 2 – S0 =
0,095 m2/m2; 3, 4 – S0 = 0,217 m2/m2; 5, 6 – S0 = 0,383 m2/m2. 1, 3, 5 – without movable ball
nozzle; 2, 4, 6 – with movable ball nozzle.

Experiments on Splash removal were carried out depending on several parameters
affecting the gas-liquid foam layer mode in the three-phase phase. These include the
gas velocity, the liquid load, the free cross-section of the contact stage, and the holes
diameter of the hole plate.

From Fig. 4, we can see that the larger holes in the plate, the greater the splash
transfer value. This fact is explained by increasing the diameter of the holes, the kinetic
force increases, which forms larger gas vortices.

As a result, the kinetic energy of the foam layer increases, and droplets and spray
transfer, which is not entirely restrained even by dual stabilization of the foam layer.
However, this significantly reduces splash removal compared to the operation of a hole
plate without stabilizing the foam layer.

The gas velocity in the free cross-section has a noticeable effect on spray transfer
(Fig. 5).
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Fig. 5. Dependence of specific spray transfer on gas velocity: L0 = 5 m3/m2 · h, So =
0,217 m2/m2, do = 0,015 m; without movable ball nozzle: 1 – with the use of 1 stabilizer;
2 – with the help of 2 stabilizers; in the presence of a movable ball nozzle: 3 - with the use of 1
stabilizer; 4 – with the use of 2 stabilizers.

Fig. 6. Dependence of spray transfer on the fusion density when using two stabilizers and a
movable ball nozzle: Wg = 3 m/s; S0 = 0,217 m2/m2, do = 0,015 m.

The quantitative value of spray transfer on small hole plates is described by the
following empirical equation, g/m3:

Ls(1) = 1,2Wg
2,4L0

−0,2S0
0,5 (3)

The quantitative value of spray transfer on large hole plates using two stabilizers is
described by the equation of the form, g/m3,

LS (2) = 0,9Wg
2,2L0

−0,2S0
0,5 (4)

After installing the second stabilizer (Fig. 5) in the upper part of the foam layer,
a significant reduction in splashes was observed. The gas-liquid flow has additional
twisting and the direction of gas and liquid at an angle to the device’s wall.

When the irrigation density increases (Fig. 6), there is a slight decrease in the amount
of spray transfer.
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After analyzing Eqs. (3) and (4), we can conclude that the gas velocity in the free
cross-section has the more significant splash effect, even when using dual stabilization
of the foam layer. The calculation error based on Eqs. (3) and (4) is ±10%.

After experimental studies of the hydrodynamic characteristics of the combined
contact elementwithmovable nozzle, experimental data on hydrodynamic resistance and
experimental indicators of spray transfer attribution for the contact stage with combined
contact elements with movable nozzle were obtained.

The primary purpose of the first stabilizer located in the bubbling zone is to prevent
the appearance of longitudinal pulsation of the gas-liquid layer at high linear values of
the gas velocity in the entire cross-section of the device. Due to the placement of the
contact element in the pulsation zone of the gas-liquid layer, the device creates a full-
fledged, highly developed foam contact surface of the gas and liquid phases on every
stage of the apparatus. The use of such a design of the stabilizer does not significantly
increase the hydraulic resistance of the device due to the large free volume.

The installation of the second stabilizer above the first helps reducing splash transfer
from the contact zone and subsequent longitudinal mixing of phases, which generally
improves the mass transfer processes in the device. The slope of the corrugation at an
angle to the horizon ensures effective rebound of liquid droplets falling from the hole
plate onto the device’s wall with their return to the phase contact zone under their weight.
Placement in the space between the hole plate and the ball’s first movable nozzle’s first
stabilizer contributes to the constant updating of the phase contact surface in the specified
zone. The design of the movable nozzle has a permeable structure, which additionally
turbulize the foam layer. Even at small values of the gas velocity in the column, nozzles
pass into a suspended state and actively turbulize the system of interacting phases.

As a result of research, it was found that when using foam layer stabilizers, the spray
transfer ratio at the contact stage is reduced, which leads to a more stable and uniform
operation of the device. Empirical dependences for determining the value of the spray
transfer attribution are given.

Thus, for further intensification of absorption apparatuses, it is possible to use the
proposed design using a three-phase foam layer with a movable nozzle. Previously, it
was suggested that the use of mesh materials for the manufacture of nozzle bodies is
promising. Then it is necessary to emphasize the peculiarity of the operation of devices
with such nozzles type.

In apparatuses with movable ball nozzles, gas passes between the channels formed
by the nozzle bodies, and liquid in the form of films and drops flows down the surface of
the balls. In the case of a mesh nozzle, the interaction of gas with liquid occurs not only
on the surface of the nozzle but also inside its volume. Therefore, the nozzle’s transition
mechanism to the advanced fluidization mode differs significantly from conventional
ball nozzles [20].

These equations are empirical, which determines the possibility of their application
only for the conditions of experiments on the example of which they are derived. There-
fore, the calculation and design of devices with a foam layer and a fluidized bed nozzle
[21] is carried out so far only based on experimental data [22] obtained on a limited
number of interacting systems [23].



Hydraulic Resistance and Spray Transfer 195

5 Conclusions

A promising direction for intensifying absorption/desorption processes is the devel-
opment of devices with a three-phase stabilized pseudo-liquefied layer of an irrigated
movable nozzle made of mesh materials. For gas purification systems from gaseous
components, it is necessary to ensure low loads on the liquid while maintaining a high
degree of purification. This can be achieved using a hole plate with a small or medium
free cross-section and a new ball-shaped movable nozzle and stabilizers when the device
operates in a developed foam mode with stabilization.

The industrial implementation of the stabilization method of a gas-liquid three-
phase layer makes it possible to enlarge the range of application of foam apparatuses
considerably. It opens a new possibility for going up technical processes with a slight
reconstruction of the existing equipment of technological installations. All at once, it is
possible to create low-waste technologies simultaneously.
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Abstract. Theoretically substantiated prerequisites for improving the production
process of liquid biofuels from technical animal fats (TAF) and fat-containing
wastes from food and livestock products, which makes it possible to design reac-
tors for the production of liquid biofuels. A mathematical model for converting
coolant and fat-containing waste into diesel biofuel has been developed. The fea-
sibility of its use in the design of batch reactors with mechanical mixers has been
proved. Turbulencemodels and their parameters are determined,which adequately
characterize the velocity fields in reactors with turbine stirrers and provide an ade-
quate description of the kinetic energy dissipation rates in different technological
zones of reactors for the production of biofuels from TAF and fatty waste. It was
found that the change in the distance between the stirrers and their diameters leads
to a significant change in the rate of kinetic energy dissipation, which allows to
unambiguously determine the place of introduction of alcohol-catalytic solvent
and affect the degree of dispersion of reagents. The proposed ratio for determin-
ing the power criterion for reactors with two-stage six-bladed turbine stirrers and
four baffles. Rational relations between the diameters of stirrers and the distance
between them ensure the maximum yield of biofuels from the TAF and fatty waste
from the food and processing industries. The technique of designing reactors with
mechanical mixers for the production of diesel biofuel has been developed and
substantiated.

Keywords: Industrial growth · Reactor · Model · Mixer · Biofuel · Technique ·
R&D investment

1 Introduction

The energy crisis has affected almost all countries of the world. It has not bypassed
Ukraine. Therefore, they began to introduce alternative energy sources actively. Produc-
tion of diesel biofuel by esterification and transesterification is promising and affordable
[1]. The purpose of alcohol analysis of lipid raw materials is to obtain diesel biofuel,
reduce the viscosity to a level close to mineral diesel fuel, and ensure compliance with
applicable standards [2]. The main factors influencing the reaction rate and the degree
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of conversion of lipid raw materials into fuel are the molar ratio of alcohol and fat,
the type of catalyst and its concentration, temperature and reaction time, the level of
FFA, and water in the feedstock [3, 4]. Diesel biofuel production uses refined vegetable
oils, mainly triglycerides, and little FFA [5]. Such refined oils (soybean and rapeseed)
have a high cost, which is about 60–80% of the total fuel cost. In this regard, biofuels
produced from such oils are not commercially competitive in the market compared to
mineral diesel. About 200 thousand tons of animal fats are accumulated annually at
the meat processing enterprises of Ukraine alone, and if we consider the plants for the
production of meat and bone meal, it is about 100 thousand tons [6, 7]. In the world
economy, commercial production of diesel biofuel from technical animal fats (TAF)
was widespread. To date, scientists are intensively researching the processing of lipid
raw materials, which has the lowest possible cost to reduce the cost of biofuel produc-
tion and increase its competitiveness in the energy market. Such raw materials, as a
rule, have a high acid number containing water and protein impurities, which requires
in-depth research, design, and development of new technologies and equipment for the
production of diesel biofuels [8, 9]. Therefore, technological processes and their rational
hardware implementation for processing fats, such as into diesel biofuels, can be created
only based on a detailed study of the physicochemical mechanics of basic and auxil-
iary materials involved in the processes [10]. Only on this basis, it is possible to create
essential, high-performance equipment that provides high fuel yield and compliance
with current domestic and foreign standards.

2 Literature Review

After conducting an extensive analysis of the literature, it was found that the production
of diesel biofuels by esterification and transesterification of technical fats (TF) is promis-
ing and affordable [11]. Fundamentals of theory and results of experimental research
of technological processes, machines, and equipment for production and use of diesel
biofuel in the agro-industrial complex of Ukraine are presented in detail in the scientific
works of M. Virevka, V. Voitov, J. Gukov, V. Dubrovin, S. Kovalishin, V. Kravchuk, V.
Myronenko, S. Pastushenko, G. Ratushnyak, V. Semenov, Y. Sukhenko and others. [12,
13].

Reactor designs for diesel biofuel production are diverse and must meet specific
requirements to ensure maximum yield and high fuel quality. They must ensure a
minimum cost of raw materials, energy and labor costs [14].

It is necessary to use many initial data to select a rational design of the reactor:

• kinetics of the chemical reaction (information about the basis of the reaction leading
to the target product) [15];

• data on side processes that lead to irrational consumption of raw materials and the
formation of unnecessary and sometimes harmful substances [16];

• the level of heat released or absorbed during the reaction [17];
• mixing efficiency, which will depend on the viscosity of the components, the mutual
solubility of the starting materials, costs, geometric parameters of the reactor, and
various devices for the introduction of reagents [18];
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• chemical reaction time, which has a significant impact on the mixing process [19];
• conducting the process under appropriate temperature conditions, following the
requirements of the kinetic process to optimize the reaction rate and ensure high
yield and separation of by-products [20];

• data from sources of information on the possible degree of conversion of crude fat
into biofuels [21].

All these problems are solved by chemical thermodynamics to carry out the reaction of
the molecule of starting reagents (fat, alcohol, catalyst), which must react, and therefore
the reaction mixture must be mixed well to provide the necessary phase contact [22].

In general, designing reactors for the production of liquid biofuels is complicated.
However, little attention is paid to the study of this problem in the production of diesel
biofuels, which leads to increased costs and can lead to reduced yields and deteriorate
the quality of the final product (biodiesel), although the amount of raw materials is quite
large, this problem can be minimized by using some boundary models. Therefore, the
relevance of the chosen area of research is beyond doubt.

3 Research Methodology

Modern theoretical concepts of physical and mathematical modeling of viscous
and liquid media, similarity theory, fundamental laws of hydrodynamics, numerical
method, which includes: mathematical model, sampling method, numerical grid, final
approximation, and solution method, were used in theoretical research [23].

The standard, RNG, and realizable k-ε turbulence models were investigated. These
are two-parameter models of turbulence, in which two equations are solved that deter-
mine the kinetic energy of turbulence k and the rate of its dissipation ε. The software was
used to investigate a complex mixing process with many statistical parameters. Power
criterion determines the amount of energy for mixing and introducing it directly into the
reaction zone. Simplexes of geometric similarity were used in the laboratory to assess
the yield of biofuels. The results of modeling and experimental studies were used to
design an industrial reactor.

Based on the developed methodology using FlowVision 2.5 software, seven reactors
with different diameters and heights with four baffles and two open turbine stirrers on
one shaft were investigated. The diameters of the stirrers were changed within (0.15–
0.35) of the diameter of the rector (D) and the distance between the stirrers within
(1.0–2.5) of the diameter of the stirrer blades (dm) to analyze the change in the criterion
of power and kinetic energy dissipation. During the research, the change of geometric
simplexes dm/D, C1–2/dm, CD–2/D, CN–k/dm was used, allowing the velocity fields on
which such essential characteristics as the kinetic energy dissipation rate and the power
criterion depend. The assumption is that with increasing power criterion, the degree
of conversion into biodiesel increases, and therefore the output of biodiesel directly
depends on the amount of energy input.

After conducting mathematical modeling, in the laboratory were conducted studies
to determine the impact of design parameters of the simulated mixer, which made it
possible to assess:
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– the yield of diesel biofuel;
– change in the kinematic viscosity of the reaction mixture during the reaction;
– the phase separation period.

Based on the conducted research and the recommendations following from scientific
works of predecessors and considering features of the technological process of produc-
tion of diesel biofuel, the scheme of designing of reactors of periodic action for biofuel
production is developed (Fig. 1).

Fig. 1. Block diagram of the method of design of reactive reactors for the production of diesel
biofuel: AN - acid number, ρ - density, α - kinematic viscosity,μ - kinematic viscosity, ν - dynamic
viscosity, τ - reaction time, t - reaction temperature, FFA - free fatty acids.

As a result of the research, the methods of a multiple reference system (MRS) and
computational snapshot were used in which an imaginary cylindrical zone with a radius
greater than the radius of the mixer and less than the inner radius of the edges of the
baffle plates and a sufficient height, including the entire mixer, divides the apparatus into
two regions. These methods require the detailing of the mixing device. Attempts have
also been made to model using large-eddy models (LES). However, the computational
requirements for this model are large, and therefore the application of this method is
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limited to relatively simple forms of mixing devices. Also, this model has not been
sufficiently tested to assert the adequacy of the results obtained.

The experimental research uses equipment from themanufacturer Robotron, modern
systems to assess the kinematic and energy characteristics of the production process and
the physical and mechanical properties of the final product of biodiesel.

4 Results

Mathematically modeled technological process of conversion of TAF in the production
of diesel biofuel in a batch reactor considering the physicochemical mechanics of raw
materials, reagents and determined rational design and technological parameters of a
batch reactor with a two-stage turbine mixer.

A computer model of the technological process of conversion of TAF into diesel
biofuel has been developed, which consists of several interconnected subprograms: the
first defines the variables that regulate the process of conversion of TAF into diesel
biofuel; the second analyzes the factors that depend on the conditions of the process
of conversion of TAF into diesel biofuel, primarily temperature; the third calculates
the kinetics of the formation of fatty acid esters (biodiesel); the fourth describes the
heat transfer in the designed reactor, selects the boundary conditions of the process and
the productivity of fat conversion depending on the conditions of the process; the fifth
determines the mechanical parameters of the designed reactor.

The stages of conversion of TAF into methyl ether (biodiesel) are as follows:

where: TG - triglycerides,DG - diglycerides,MG-monoglycerides, the catalyst - sulfuric
acid (H2SO4), MT - methanol, GL - glycerin; ME - methyl ether.

Amethod for calculating thefield ofmixing rates of reagents in reactorswithmechan-
ical turbine stirrers, which consists in the numerical solution of the system of differential
equations of conservation of mass and momentum with partial derivatives in cylindrical
coordinates in the three-dimensional formulation:
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In reactors with high-speed turbine stirrers, two characteristic regions can be dis-
tinguished: the first region adjacent to the stirrer is characterized by a large velocity
gradient, and the region extends to the walls of the apparatus. The requirements for the
calculation grids for modeling the velocity fields and cell sizes are investigated: for the
convergence of the solution, it is necessary that the grid pitch in the area adjacent to the
mixer was ≤ 3 mm, and outside is ≤ 8 mm.
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The adequacy of the description of the velocity field was tested for devices with two
types of mixing devices: 1 - with a six-bladed standard open turbine stirrer, 2 - with
two-tier open turbine stirrers. Quantitative experimental data in the form of profiles of
velocity components (axial, radial, and tangential) and power criteria are known for them
(Table 1).

Table 1. Dependencies.

where: r, �, z – coordinates; p – pressure; ρ – is the density of the reaction mixture
in the reactor, kg/m3; W - axial component of velocity, m/s; V – tangential component
of velocity, m/s; U – is the radial component of velocity, m/s; μm – dynamic molecular
viscosity coefficient, Pa·s; μt – is the dynamic coefficient of turbulent viscosity, F – is
the value (velocity, scalar); GF – is the transfer coefficient (laminar/turbulent viscosity,
diffusion coefficient); SF - forces are not included in the convective and diffusion parts,
as well as additional forces.

Figure 2 shows the experimental and calculated values of the power criterion depend-
ing on the centrifugal Reynolds number Ret for a reactor with an open turbine stirrer
and four baffles with a width b = (D is the reactor diameter)/12, which shows that the
difference between them does not exceed 8%. For the same reactor, the power criterion
was determined for different diameters of the stirrer. As a result, it turned out that with
an increase in the diameter of the stirrer 2 times, the power criterion increases by 1.5
times (Fig. 3).

The choice of mixing method and type of stirrer is determined by the process’s
intended purpose and specific conditions. Therefore, when choosing a stirrer, the approx-
imate characteristics of the appropriate use of different types of stirrers [24]. After ana-
lyzing the results of theoretical and experimental studies, an open turbine mixer was
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Fig. 2. Dependence of the KN power criterion for a reactor with an open turbine stirrer and four
baffles on the centrifugal Reynolds number.

Fig. 3. Dependence of the power criterion KN on the simplex dm/D for the reactor with one open
turbine stirrer on the shaft (D is the inner diameter of the reactor, dm is the diameter of the stirrer).

chosen. Because when using it: the yield of biofuel was 92–95%, the kinematic viscos-
ity of the reaction mixture during the reaction was the lowest complete phase separation
completed in 20–25 min.

Figure 4 shows the distribution of flow velocities in three of the seven considered
devices with stirrers with a diameter of dm = 0.264D and the distances between them
(1.0–2.5) dm.

At a distance between the stirrers C1-2 = dm, the combined flow structure is realized,
and at C1-2 = 2.5 dm, the parallel structure of the reagent flow is realized. When the
distance between the stirrers is greater than the diameter of the stirrers, the interaction
between the flows of the upper and lower stirrers weakens and leads to the division of
the reactor volume into two equal symmetrical parts in height. It can also be noted that
more circulating circuits are formed with increasing distances between the stirrers.

The maximum value of the rate of dissipation of kinetic energy determines the inten-
sity of mixing the components of the reaction mixture at the micro-level, which ensures
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Fig. 4. Flow distribution in devices with two-tier turbine stirrers.

the occurrence of their small-scale shear deformations and, consequently, obtaining
finely dispersed emulsions and suspensions.

The analysis of the distribution of the kinetic energy dissipation rate in the seven
considered devices allowed us to conclude that increasing the distance between the
stirrers leads to an increase in the kinetic energy dissipation rate ε (Fig. 5) and, at C1-2 =
1.7dm, its limit value is reached. It is also necessary to consider the fact that an increase
in the rate of energy dissipation can be achieved with small diameters of stirrers, as can
be seen from Fig. 6. However, it should be remembered that the increase in C1-2 leads
to the formation of weakly interacting flows, which leads to the appearance of stagnant
zones, and, thus, these effects should be considered in the complex.

Fig. 5. The rate of dissipation of kinetic energy ε, along with the height of the reactor at a distance
equal to rm from the Central axis of the shaft for three reactors with two-stage stirrers: dm =
(0.15–0.35) D and the distance between them C1-2 = dm.

Rational design and technological parameters of a batch reactor with a turbine mixer
for the production of diesel biofuel are substantiated. In determining the design features
of the reactor, the need for mixing reagents without stagnant zones, ensuring unimpeded
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Fig. 6. The rate of dissipation of kinetic energy ε, along with the height of the reactor at a distance
of rm and 1.5 rm from the central axis of the shaft of two reactors with two-stage stirrers: dm =
0.35D and the distances between them C1-2 = dm and 1.7dm.

deposition of the glycerol phase, and periodic draining of intermediate and final products
is considered.

Other parameters of the reactor depend on some specific design solutions. The given
algorithm and the scheme of a design technique allow calculating the basic design
parameters of reactors of any productivity with mechanical mixers of any type.

5 Conclusions

It is established that the change of geometric simplexes dm/D, C1–2/dm, CD – 2/D,
CN – k/dm leads to entirely different velocity fields in reactors with stirring devices,
on which such essential characteristics as the power criterion depend, and the rate of
dissipation of kinetic energy.

It is established that the power criteria (Euler) for reactors with two-stage turbine
stirrers depend on the simplex C1-2/dm and have the form of symmetric function with S
- like shape (sigmoid).

An analysis of the distribution of the kinetic energydissipation rate in seven simulated
reactors was performed to identify areas with maximum values of this value for the
correct selection of the zone of introducing the alcohol-catalytic fluid solution into the
reactor.

The analysis of the distribution of the kinetic energy dissipation rate in the seven
considered devices allowed us to conclude that increasing the distance between the
stirrers leads to an increase in the kinetic energy dissipation rate, and at C1-2 = 1.7dm,
its limit value is reached, which allows determining the catalytic fluid solution.

The multiple reference frame method looks promising as a tool for simulating agi-
tators, as it can be extended to mixers of various shapes, to units with multi-tiered agi-
tators, when simulating multiphase flows without excessive demands on computational
resources, and, most importantly, it is available in many CFD complexes.
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Abstract. The research results established possible ways of using pharmacopeial
or distilled glycerin in confectionery,microbiological, pharmaceutical, enzymatic,
and other processing industries. The analysis of research in dehydration of dis-
persed materials shows that the technological process of glycerol purification is
quite complex. It was established that all physical andmechanical properties of the
final product and technical and economic characteristics of the equipment can sig-
nificantly impact the quality of glycerol dehydration. The mechanical dehydration
method of glycerin by giving the working drums planetary motion and additional
oscillations in the horizontal plane was substantiated. The value of the pressure
arising in the drum of the vibrating-planetary installation was determined. A com-
parative analysis of the vibrating component’s influence on the pressure was stud-
ied depending on the angular velocities of water and drum and the loading degree.
Existing schemes of moisture transportation and methods of dehydration of vis-
cous and liquid materials were investigated. The analysis of diffusion, mechanical
and thermal mechanisms, and their influence on moisture-binding properties of
rawmaterials and the comparative analysis of driving force and speed of processes
were carried out. A brief description of the diffusion mechanism and process of
moisture transfer in products was given.

Keywords: Glycerin · Dehydration · Vibration-planetary motion · Driving
force · Pressure · Process innovation

1 Introduction

Traditionally, in the food and processing industry, convective drying technologies are
widely used, implemented in a variety of design dryers: shaft, belt, drum, in which the
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heat transfer to the rawmaterial is carried out using a drying agent through the outer shell
of the product to the inner layers. A detailed analysis of the most common technolo-
gies of convective drying [1] shows that drying equipment in terms of energy intensity,
environmental regulations, product safety do not meet modern requirements. Traditional
approaches to drying technology are faced with an insurmountable contradiction. On the
one hand, to intensify the heat and mass transfer processes, it is required to increase the
drying agent’s speed (i.e., consumption). Therefore, with increasing coolant consump-
tion, the amount of heat lost by the installation increases and vice versa. The way out for
the solution of the indicated contradiction is connected with the change of the principles
of energy supply to the product [2].

A new technical idea protected in this work is based on 2 provisions [3]. First, it
is necessary to remove from the air the tasks of the coolant and leave only the tasks
of the diffusion medium, the medium that ensures the effective “reception” of moisture
from the product. Secondly, to organize a volumetric supply of energy to the product.
Implementing the first position will significantly reduce heat loss from the exhaust air,
and the second will significantly reduce the processing time.

Mechanisms of moisture transfer from capillary-porous bodies. According to the
generally accepted classification of P.A. Rabinder, there are 3 forms of physical con-
nection of moisture with the material. It seems that different types of communication in
physical nature require different mechanisms for their breaking. Moreover, it does not
necessarily have to be only diffusion processes [4]. All determine the driving forces that
may have a diverse nature. Currently, new, promising types of equipment have been cre-
ated, the effectiveness of which is difficult to explain from the standpoint of the modern
theory of drying. Therefore:

1. The dehydration technique develops faster than the theoretical substantiation of the
new principles of moisture removal;

2. The driving forces of these processes do not correspond to the diffusion principles;
3. Often, dehydration is a complex of combined processes involving processes that

require proper consideration of the actual mechanisms of moisture transfer.

The problems arising from the description of the drying process are explained by the
fact that the authors, supporters of the phenomenological approach, consider drying as
a kind of one process with constant transfer coefficients and form models from these
assumptions. This paper hypothesizes that drying is the result of the action, on the
principle of superposition, of at least three processes: moisture transfer from the surface
of a solid, moisture transfer in constrained capillary conditions, andmoisture desorption.
Each of these processes is characterized by the driving force and the kinetic coefficient
of the process.

2 Literature Review

Analysis of research in dehydration of wet dispersed materials shows that this is a rather
complicated technological process. Its course is primarily influenced by the physicome-
chanical properties of the product, such as initial moisture, elasticity, viscosity, plasticity,
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internal friction between particles of the solid phase, adhesion, cohesion, and other prop-
erties, as well as the characteristics and modes of operation of the process equipment
[5]. In removing moisture, structural, mechanical, and technological properties of the
product may vary within wide limits. This determines the complexity of the study of
filtration rheological properties of technological raw materials and the process itself as
a whole [6, 7].

Glycerin was discovered in 1783 by the Swedish chemist CarlWilhelm Scheele, who
showed that fragments of this compound formed the basis of all-natural fats and called it
(sugar from fat) because the product had a sweet taste [8]. Scheele boiled olive oil with
lead oxide (lead glitt). Wilhelm Scheele could not determine these fragments’ exact
composition and structure - organic chemistry was just beginning to develop [9, 10].
Pharmacopoeial or distilled glycerin is in increasing demand in confectionery, micro-
biological, pharmaceutical, enzyme, and other processing industries. In pharmaceutical
practice, glycerin is used to manufacture a wide range of dosage forms, namely: solu-
tions, syrups, elixirs, potions, suspensions, emulsions, ointments, pastes, candles, and
others. It is also used as a drug with various pharmacological actions [11, 12].

Glycerin can be a solvent for various chemicals, has antiseptic properties and is used
to prepare various medicinal solutions [13]. The antiseptic and preservative properties
of glycerin are related to its hygroscopicity, due to which bacterial dehydration occurs.
It is part of many cosmetics. When purifying crude glycerin in the first stage (long-term
settling), many problems significantly affect the productivity of food (pharmacopoeial)
glycerin [11].

Crude glycerin contains a non-volatile organic residue, fats, acids, salts, and ash, sig-
nificantly complicating the separation process without prior long-term settling. From the
whole complex chain of the technological process of obtaining glycerol, we distinguish
the stage of separation of free (and non-free) moisture from intermediate raw materials.
This is usually done by centrifugation, separation, rarely simple filtration [12].

The use of conventional centrifuges with a single rotating drum, where the product
is exposed only to centrifugal force, is quite expensive in modern conditions since the
working capacities of these machines must be quite large and dispersed to significant
angular speeds [16]. The use of centrifugeswith a planetary and at the same timevibrating
movement of theworking drums can significantly intensify and qualitatively improve the
dehydration process, significantly increasing the driving force of mechanical squeezing,
which determines the relevance and future of these studies [17].

It should also be noted that it is relatively easy to remove free and capillary-bound
moisture when using mechanical squeezing, and considerable effort is necessary to
extract the absorption-bonded and osmotic fluid.

The raw materials can be processed with heat or structured additionally [18, 19] to
reduce the resistance during the fluid movement through the micropores of the product.

The results of scientific work are based on the research of A. Babicheva, P. Bernika,
I. Blechmana, P. Zaiki, I. Palamarchuka, M. Pushanka, V. Sokolova, V. Stabnikov, L.
Tishchenko, and others [20].

The use of vibrating equipment to separate inhomogeneous liquid systems is one
of the effective ways to implement the process. Therefore, developing a vibrocentric
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machine for the primary purification of crude glycerin is an urgent scientific and applied
task.

This research aims to evaluate the effectiveness and justification of the method for
determining the driving force ofmechanical dehydration of insulin-containing rawmate-
rials due to the comparative analysis and determination of the driving force of centrifugal
centrifugal-planetary, vibration, and vibrational-planetary actions.

The following tasks were set to achieve the aim:

– conduct a comparative analysis of centrifugal, vibrational, planetary, and combined
vibration-planetary technological actions in terms of the intensity of the created force
field;

– choose a schematic diagram and an experimental model of the installation for the
combined vibration-planetary dehydration of insulin-containing raw materials;

– evaluate the patterns of pressure created in the working zone from the kinetic
characteristics of the investigated technical systems.

In the process of analysis of the studied oscillatory system as evaluation criteria, changes
in external force loadwere accepted from the action of vibration, planetary and combined
vibroplanetary influence on the mass of the technological environment, and the results
of such action in the studied processes.

3 Research Methodology

Among the main parameters used in this study, we used the change in pressure inside the
working tank; angular velocities of rotation of the carrier of the planetary mechanism
and angular movement of the container; centrifugal forces, which arise respectively by
vibrational, planetary, and vibroplanetary action; the value of the mass of the liquid
phase, which is pressed under the corresponding external load.

The National University Life and Environmental Sciences laboratory of Ukraine
has developed a set of equipment for the mechanical dehydration of food and process-
ing industries, characterized by either vibratory, centrifugal, or planetary technological
effects or their combination. Under centrifugal effects, the growth of the driving force
is determined by the design parameters of the working bodies and the angular velocity
of their rotation. Vibration action allows, due to alternating accelerations in the contact
zone, to significantly increase the intensity of the force field. The planetary model of the
movement of the working bodies due to the peculiarities of the mechanism kinematics
makes it possible to significantly increase the potential of the mechanical effect on the
processed products.

For evaluating the presented characteristics, an experimental model of a vibroplan-
etary machine for pressing the mass of the load in oppositely located containers was
designed and manufactured (Fig. 1).

It is assumed that the combination of actions of the above factors creates the most
favorable conditions for effective mechanical dehydration of elastic-plastic products in
terms of both the intensification of the powerful effect and the reduction of the damage
degree to the feedstock.
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Fig. 1. Vibration-planetary machine: a) schematic diagram; b) appearance; 1, 12 – drive motors;
2, 13 – elastic couplings; 3, 8 – V-belt transmission; 4 – driven drive pulley; 5 – hollow shaft;
6 – carrier; 7 – container drive shaft; 9 – container; 10 – springs; 11 – drum weight assemblies;
14 – central shaft; 15 – central pulley.

Features of this machine are the ability to change the above types of external load by
appropriately replacing individual components of the drivemechanism,mainly removing
or installing unbalanced masses 11, switching off or on engines 1 and 12.

One of the results of these works is a vibration-planetary machine. The schematic
diagram and its appearance are shown in Fig. 1.

Performing such permutations on one installation indicates the purity of the exper-
iment. The obtained dependencies were processed for the specified parameters of the
studied processes using graph-analytical analysis in themathematical environmentMath
CAD.

4 Results

A distinctive feature of this machine is the ability of the working drum to rotate simulta-
neously around its axis, the central axis, and perform vibrations in the horizontal plane.
In addition, in the installation, there is the possibility of independent regulation of the
angular velocities of rotation of the container and carrier, which allows choosing its
operation modes within wide limits.

To determine the dynamic characteristics of the dehydrated products in a vibration-
planetary machine, let’s consider the scheme shown in Fig. 2.

Let’s select inside the product layer inside the drum an elementary layer of thickness
dr at a distance r from its axis of rotation and determine for comparison the pressure



Justification of Vibroventrentic External Load 213

that will be created on this layer with only the rotational motion of the drum (normal
centrifugation), with only planetary motion and with vibration its planetary movement.

Fig. 2. Calculation scheme for determining the driving force of vibration-planetary dehydration.

The mass of the selected ring layer is equal to:

dm = 2πrdr · H · ρ (1)

where: ρ – product density H – the height of the product layer.
It is known that in a conventional centrifuge, the pressure created on this layer of

production can be determined by the formula:

p = 1

2
ρω2

1

(
r22 − r21

)
, (2)

where: ω1 – the angular velocity of rotation of the centrifuge drum.
During the planetary movement of the working capacity, the working pressure on

the specified product layer will be determined by the centrifugal force due to its rotation
around its axis Fb1 and the centrifugal force Fb2 from the rotation of the carrier with
containers. Simultaneously, considering (1):

dFb1 = 2πHρω2
1r

2dr and dFb2 = 2πHρω2
2(R+ r)rdr, (3)

where: ω2 – the angular velocity of carrier rotation.
Then the total pressure force will be equal to:

dG = dFb1 + dFb2 = 2πHρω2
1r

2dr + 2πHρω2
2(R+ r)rdr, (4)

The pressure created on the product (highlighted annular layer) is:

dp = dG/S (5)

where: S = 2πrH – the lateral surface of the annular cylinder.
Then

dp = ρω2
1r

2dr + ρω2
1(R+ r)dr (6)
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Integrating this equality, let’s obtain the expression for the average pressure during
centrifugal planetary dehydration:

p1 = 1

2
ρ
(
ω2
1 + ω2

2

)
·
(
r22 − r21

)
+ ρω2

2R(r2 − r1) (7)

If simultaneously with the planetary motion, the drum of the installation oscillates
in a horizontal plane. Then an additional force will act on the selected loading layer:

(8)

and extra pressure

(9)

where: md – drum weight assembly mass; e – eccentricity.
The total pressure inside the drums of the vibration-planetary machine will be

(10)

Fig. 3. The dependence of the pressure inside the drum on the ratio of the angular velocity of the
working capacity and carrier.

Figure 3 shows the resulting pressure as a function of the ratio of the angular velocities
for the working capacity and the carrier. The graph shows the increase in pressure from
increasing specified angular velocities.

The influence of the vibration movement of working tanks on the pressure generated
on the processing load is also investigated (11):

(11)

The increase in pressure depending on the degree of drum loading is shown in Fig. 4,
from changes in the angular velocity of carrier rotation – in Fig. 5, and from the change
in the angular velocity of container rotation – in Fig. 6

As can be seen from the graphs, as obtained from the research, vibration has a signif-
icant effect on many indicators: the pressure decreases with increasing load, increasing
angular velocity of the carrier, and increasing angular velocity of the container.
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Fig. 4. The effect of the degree of container
loading on the change in pressure due to its
vibratory motion

Fig. 5. The effect of the angular velocity of
carrier rotation on the change in pressure due to
its vibratory motion

Fig. 6. The effect of the angular velocity of the container on the change in pressure due to its
vibratory motion

5 Conclusions

Effective technological schemes for the implementation of dehydration of elastic-plastic
products are presented, or such evaluation criteria as performance, energy, and material
costs, damage to the feedstock.

A schematic diagram and an experimental model of a vibration-planetary machine
for dehydration of glycerin-containing products, in which a combination of the above
power factors of influence are implemented.

The pressure occurring inside the drum, which makes a vibration-planetary motion,
is determined.

Graphic dependences of the influence of the kinematic characteristics of the inves-
tigated technical systems on the driving force of these processes are obtained, which
display:
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– increase in pressure on the processing load with an increase in the angular velocities
of the carrier and the working drum;

– influence of the vibration component on the pressure inside the drum, which decreases
when the angular velocity increases;

– alignment of the influence of the vibration component at the level of 10–11% with an
increase in the angular velocity of the container.
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Abstract. Increasing the reliability and durability of superchargers in pneumatic
and hydraulic transport is possible due to vortex chamber jet superchargers. Their
efficiency significantly exceeds pumping bulk mediums in pneumatic transport
using direct-flow jet ejectors. However, the pumped medium losses in the vor-
tex chamber supercharger drainage channel do not allow it to be widely used in
such systems. Based on experimental and numerical studies, the influence of the
density of the granular material on the losses in the drainage channel has been
determined. Mathematical modeling was done by solving the Reynolds-averaged
Navier-Stokes (RANS) equations with the Shear Stress Transport (SST) turbu-
lence model. Rational densities of the medium can be varied by changing the vor-
tex chamber height or swirling the inlet flow using a swirler. The design changes
are explained by the kinematic features of the solid particle motion. If the vortex
chamber height is small, then the particle does not have time to start rotating near
the chamber axis and enters the supercharger drainage channel. The absence of
the drainage channel in the design will lead to the outlet pressure decrease. As a
result of the research, the granular material losses in the supercharger drainage
channel have been reduced by 50%, with a twofold increase in the swirl number.

Keywords: Vortex chamber supercharger · Experiment · Numerical simulation ·
Drainage channel · Granular material losses · Energy efficiency · Process
innovation

1 Introduction

Bulk cargoes pumping in hydraulic and pneumatic transport is accompanied by high
wear of the blowers and pumps with the low reliability and durability of hydropneumatic
transport systems [1, 2]. Ways to increase the durability of such systems are practically
exhausted due to the limited choice of wear-resistant materials [3] and improvements of
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the pumps vane systems [4]. Increasing the reliability and durability of systems must be
done with a simultaneous solution to the problem of growing energy-saving indicators
and reliability [5].

The solution to the problems of the blower’s reliability can be the use of jet super-
chargers [6]. Still, low-efficiency indicators prevent the widespread use of direct-flow
water and two-phase ejectors. Using centrifugal force has made it possible to create
more efficient devices for pumping granular materials - vortex chamber supercharger
[1, 7]. Its efficiency when it pumps a bulk medium with air is more than twice as high
as the efficiency of classical jet pumps. However, the working process of such a blower
is implemented with the release of a part of the pumped medium through the drainage
channel, which creates significant inconveniences in its use. Thus, improving the design
of a vortex-chamber supercharger, studying the features of its working process, and
minimizing losses of the pumped medium is an urgent scientific problem.

2 Literature Review

Ejectorswith a vortexmixing chamber havebeenused for a long time [8, 9], but theirmain
application is the vacuuming of closed volumes [10]. The use of an additional tangential
outlet channel in the vortex chamber allows collecting the pumped bulk medium into it
and realizing the pumping and operation of such blowers in pneumatic and hydraulic
transport [11]. The use of positive displacement pumps for pumping granular mate-
rials is usually impractical due to rapid wear and performance deterioration [12, 13].
Hydrodynamic pumps are subject to intense wear, leading to performance and reliability
deterioration [14]. In the papers [1, 7], the operation of vortex chamber superchargers is
considered. However, the features of pumping bulk cargoes are not considered. Also, no
attention was paid to the occurrence of granular materials losses. Experimental studies
of the dynamics of the solid particles are complicated due to the rapidity of dynamic
processes inside the vortex chamber [15, 16]. Therefore, experimental studies are usually
limited to comparing integral indicators [17, 18].

One of the main disadvantages of vortex chamber superchargers is the presence of
the pumped medium in the axial drainage channel [1, 7], which reduces the operational
efficiency and the supercharger use in hydropneumatic systems. Thus, this paper aims
to reduce granular material losses in the vortex chamber supercharger drainage channel.
Minimization of losses directly affects the adaptation of resource-saving technologies
[19, 20] by increasing the efficiency of pumping bulk cargoes.

Numerical modeling of processes in various devices has been actively developed
recently [21, 22], including vortex chamber pumps. CFD (computational fluid dynamics)
could track each solid particle pumped by the pump and determine the efficiency of its
operation [23]. Modeling the behavior of solid particles in a blower can be carried out
based on the approaches of Euler [24] and Lagrange [25]. Since the concentration of
solid particles in the supercharger is low, it would be appropriate to use the Lagrange
approach. According to this approach, the trajectories of each particle are calculated
considering their influence on the primary liquid or gas flow. For these purposes, a
three-dimensional model is built [26, 27], a mesh, and a calculation is performed based
on numerical methods.
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3 Research Methodology

The study was carried out in three stages. First, mathematical modeling of the fluid flow
in the supercharger was carried out with the interaction between solid particles based on
the calculation of the Reynolds averaged Navier-Stokes (RANS) system of equations [1,
28]. Since the flow simulation led to a vacuum error near the axis, a rotation-curvature
correction was included [28]. OpenFoam free open source CFD software was used. The
results were compared on three grids: 1 million elements, 2 million, and 7 million. Since
the simulation results on grids 2 and 7 million elements differed by no more than 1%,
further calculations were made on grids in 2 million items.

In the second stage, an experimental study of the shifting of bulk cargoes was car-
ried out, and the flow rate of material losses in the supercharger drainage channel was
measured. In the third stage, the experimental and calculated data were compared with
further modeling based on the CFD approach and the development of optimal pump-
ing conditions with the goal function to minimize losses in the drain channel of the
supercharger.

The Venturi flow meters and liquid manometers were used for measurements. They
made it possible to determine pressures and flow rates with sufficient accuracy. The
error in measuring the pressure and flow rate did not exceed 1%. Mass flow rates of bulk
mediumwere measured by weighing the mass accumulated in the corresponding hopper
per unit of time, measured by a stopwatch. The error in determining the mass flow rate
did not exceed 1%.

4 Results

4.1 Vortex Chamber Supercharger

Figure 1 presents the construction of the vortex device considered in the present study.
The vortex chamber supercharger is a mixing chamber with four channels (two axial
channels and two tangential ones). The primary flow (water or air) is supplied through the
tangential inlet channel and creates a swirling flow inside the chamber with characteristic
hydrodynamic flow features: gauge pressure at the periphery of the vortex chamber and
vacuum near the axis. The near-axis vacuum creates a differential pressure that facilitates
the pumping process. The granular material enters through the inlet axial channel to the
vortex chamber, acquires kinetic energy, and alsomoves to the vortex chamber periphery
under the centrifugal force influence. The gauge pressure magnitude at the periphery of
the vortex chamber depends on how the second axial channel is used.

It is possible to implement two different work processes depending on the geometric
ratio of the tangential and axial channels of the vortex chamber supercharger. The first
working process is characterized by relatively high pressure at the periphery and a
relatively lower outlet mass flow rate. The second, on the contrary, is a higher flow rate
at relatively low pressure at the vortex chamber outlet.

The flow direction in the second (usually lower) axial channel is distinctive of the
two pumping work processes. In the first working process, the primary flow is thrown
away through the axial channel and forms the loss flow rate. In the second working
process, the shifted granular material is sucked through the axial inlet, due to which the
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Fig. 1. Vortex chamber supercharger layout.

mass flow rate of the bulk at the pump outlet increases. Thus, the main disadvantage
of the first working process implementation is solid particles in the axial (drainage)
channel. This paper is devoted to modeling the movement of solid particles in the vortex
chamber supercharger and studying the loss flow rate in the drainage channel during the
implementation of a working process with the drainage channel.

The second working process without the drainage channel makes it possible to ulti-
mately reduce the losses of the pumpedgranularmaterials to zero and change the drainage
channel function to the suction channel. But, in this case, the pressure at the blower
periphery is significantly reduced, which leads to a noticeable decrease in the energy
efficiency of pumping bulk cargoes. Therefore, optimizing the flow rate of the drainage
losses while maintaining the working process features allows counting on the higher
energy efficiency of the supercharger operation at zero losses of the pumped medium.

4.2 Numerical Simulations

The computational domain and gridmodel of the vortex chamber supercharger are shown
in Fig. 2.

Fig. 2. Schematic of the computational domain for the supercharger: (a) solid model, (b)
unstructured mesh used in the present simulation.
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The simulation of the trajectories of the solid particles was carried out by the
Lagrange method by numerically solving Newton‘s second law equation, considering
particle collisions and wall interaction and the effect of particles affection the gas flow
[29–31]. The basic equation used to determine the trajectories of solid particles [32, 33]:

xf = xi + upδt

where, xi, xf are the initial and final position of the solid particle, respectively; up is the
velocity of the particle; δt is the time step. After completing the calculations at each time
step, the new velocity was determined according to the equation:

m
dup
dt

=
∑

F, (2)

where m is the mass of the solid particle;
∑

F is the sum of all forces acting on the
particle. In this study, only the drag force was considered, for a significant reduction
in the calculation time, considering the particles affection the gas flow. In the future, it
is planned to evaluate the influence of many other forces available in modern software
products for modeling solid particles behavior. Information about possible forces acting
on the solid particle in gas flows can be found in articles [32].

The flow patterns of the gas and solid phases are shown in Fig. 3. Comparison of
the gas flow into the blower with and without solid particles shows that the particle
concentration is insufficient for a severe effect of particles on the flow characteristics.
Themain parameters of the supercharger remain independent of solid particles’ presence
[1, 7].

The distribution of solid particles by diameter (Fig. 3b and 3c) shows the instanta-
neous arrangement of particles in the meridional and horizontal planes. The distribution
of particles qualitatively confirms the adequacy of the mathematical model and corre-
sponds to the instantaneous flow patterns observed in the experiment. As a result of the
calculation, the mass flow rates of solid particles passing through the boundary con-
ditions were determined, making it possible to compare the mass flow rates with the
experiment.

Using particle trajectoriesmathematicalmodeling in the supercharger, itwas possible
to determine thepumpedmedium’smassflowrate of losses. Theflowratewasdetermined
by calculating the number of particles entering the drainage channel about the total
amount of solid particles. The simulation results were verified by experimental studies.
Reducing losses allows for improved industrial design and efficiency of supercharger
applications.

4.3 Experimental Results

An experimental plant was created for studies of the bulk cargoes pumping, which made
it possible to measure the mass flow rates of the granular material, as well as the main
parameters of the blower by measuring the pressure and flow rate of the gas in each
channel.

Experimental studies have made it possible to confirm the adequacy of mathematical
modeling based on a comparison of the loss of solid particles in the drainage channel.
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Fig. 3. Simulation results: (a) pressure contours of the pump flow field; (b) solid particles in the
horizontal plane; (c) solid particles in the meridian plane.

Increasing the primary flow dynamic pressure leads to a decrease in the losses in the
drainage channel (Fig. 4). At dynamic pressure of more than 5 kPa, the simulation results
were in excellent agreement with the experiment. However, such a mode of operation
of the blower with low dynamic pressures and, accordingly, with small swirl numbers is
not rational and is usually not used. There are minimal losses of the secondary flow if
the solid particle density is 2000–3000 kg/m3. Density values with a minimal mass flow
rate ratio of losses are explained by the peculiarities of energy transfer to the pumped
particle. With an increase in density, the particle does not have time to gain speed and
begin to rotate near the vortex chamber axis, which leads to the particle falling into the
drainage channel. The decrease in losses can be the increase in the vortex chamber height
or the setting of a rotary motion to a particle in the inlet hopper.

The increase in the vortex chamber height can worsen the energy characteristics of
the blower operation and its efficiency; therefore, it is more promising to create rotational
flow at the chamber inlet, for example, using a vane swirler.
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Fig. 4. Effect of the dynamic pressure and solid particle density on drainage mass flow rate ratio
(mout is the drainage mass flow rate and min is the inlet mass flow rate).

The future is being planned to create an autonomous installation for the transportation
of bulk cargoes based on solar batteries [34, 35]. This opens the possibility of widespread
use of such systems in many industries. This installation will have a minimum drainage
flow rate.

5 Conclusions

Numerical simulations of the gas-particle two-phase flow in the vortex chamber super-
charger were conducted. The mass flow rates of the solid phase in each channel were
determined.

Experimental studies confirmed the adequacy of the CFD results. The value com-
pared the flow rate in the supercharger drainage channel. At dynamic pressures of more
than 5 kPa, the simulation results agreed with the experiment. The maximum calculation
error is observed at low values of the dynamic pressure at the supercharger inlet.

The solid particle density with a minimal mass flow rate ratio of losses should be in
the range of 2000–3000 kg/m3 for the investigated vortex chamber supercharger.

An increase in the primary flow dynamic pressure makes it possible to reduce the
losses of the pumped medium in the drainage channel by 50% with a twofold increase
in the dynamic pressure.

References

1. Rogovyi, A., Korohodskyi, V., Khovanskyi, S., Hrechka, I., Medvediev, Y.: Optimal design
of vortex chamber pump. J. Phys. Conf. Ser. 1741(1), 012018 (2021)

2. Noon, A.A, Kim, M.H.: Erosion wear on centrifugal pump casing due to slurry flow. Wear
364, 103e11 (2016)

3. Voloshina, A., Panchenko, A., Titova, O., Panchenko, I.: Changes in the dynamics of the
output characteristics of mechatronic systems with planetary hydraulic motors. J. Phys. Conf.
Ser. 1741, 012045 (2021)



Reduction of Granular Material Losses in a Vortex Chamber 225

4. Kondus, V.Y., Gusak, O.G., Yevtushenko, J.V.: Investigation of the operating process of a
high-pressure centrifugal pump with taking into account of improving the process of fluid
flowing in its flowing part. J. Phys. Conf. Ser. 1741(1), 012012 (2021)

5. Arhun, S., Migal, V., Hnatov, A., Hnatova, H., Ulyanets, O.: System approach to evaluating
the traction electric motor quality. EAI Endorsed Trans. Energy Web 7(27), 1–9 (2020)

6. Evdokimov, O.A., Piralishvili, S.A., Veretennikov, S.V., Elkes, A.A.: Experimental study of
cleaning aircraft GTE fuel injectors using a vortex ejector. J. Phys. Conf. Ser. 925(1), 012027
(2017)

7. Rogovyi, A., Korohodskyi, V., Medvediev, Y.: Influence of Bingham fluid viscosity on energy
performances of a vortex chamber pump. Energy 218, 119432 (2021)

8. Merzliakov, I., Pavlenko, I., Chekh, O., Sharapov, S., Ivanov, V.: Mathematical modeling of
operating process and technological features for designing the vortex type liquid-vapor jet
apparatus. In: Ivanov, V., et al. (eds.) DSMIE 2019. LNME, pp. 613–622. Springer, Cham
(2020). https://doi.org/10.1007/978-3-030-22365-6_61

9. Kozii, I.S., Plyatsuk, L.D., Hurets, L.L., Volnenko, A.A.: Capturing aerosol particles in a
device with a regular pulsating nozzle. J. Eng. Sci. 8(2), F1–F5 (2021). https://doi.org/10.
21272/jes.2021.8(2).f1

10. Evdokimov, O.A., Piralishvili, S.A., Veretennikov, S.V., Guryanov, A.I.: CFD simulation of
a vortex ejector for use in vacuum applications. J. Phys. Conf. Ser. 1128(1), 012127 (2018)

11. Chernetskaya-Beletskaya, N., Rogovyi, A., Shvornikova, A., Baranov, I., Miroshnikova, M.,
Bragin, N.: Study on the coal-water fuel pipeline transportation taking into account the
granulometric composition parameters. Int. J. Eng. Technol. 7(4.3), 240–245 (2018)

12. Panchenko,A,Voloshina,A., Titova,O., Panchenko, I.: The influence of the design parameters
of the rotors of the planetary hydraulic motor on the change in the output characteristics of
the mechatronic system. J. Phys. Conf. Ser. 1741, 012027 (2021)

13. Voloshina, A., Panchenko, A., Titova, O., Milaeva, I., Pastushenko, A.: Prediction of changes
in the output characteristics of the planetary hydraulic motor. In: Tonkonogyi, V., et al. (eds.)
InterPartner 2020. LNME, pp. 744–754. Springer, Cham (2021). https://doi.org/10.1007/978-
3-030-68014-5_72

14. Pavlenko, I., Ivanov,V., Kuric, I., Gusak,O., Liaposhchenko,O.: Ensuring vibration reliability
of turbopump units using artificial neural networks. In: Trojanowska, J., Ciszak, O.,Machado,
J.M., Pavlenko, I. (eds.) MANUFACTURING 2019. LNME, pp. 165–175. Springer, Cham
(2019). https://doi.org/10.1007/978-3-030-18715-6_14

15. Sokolov, V., Porkuian, O., Krol, O., Baturin, Y.: Design calculation of electrohydraulic servo
drive for technological equipment. In: Ivanov, V., Trojanowska, J., Pavlenko, I., Zajac, J.,
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Abstract. Research results of the regularities of pulsating turbulent flowsdistribu-
tion generated with the transport elements of a vibrating extractor for solid-liquid
systems with a small difference in phase densities in a non-flowing liquid medium
are presented. The experimental results in the entire investigated range of hydro-
dynamic operating modes of the apparatus are summarized by the dependences
by which it becomes possible to determine the distance between vibro-mixing
devices, the dimensions of the apparatus, the height of the unloading device for
removing the meal, to choose the design of the transporting open element of the
plate, to optimize and scale the process. The proposed operating parameters of the
apparatus make it possible to effectively use the energy of mechanical vibrations
to intensify mass transfer and countercurrent phase separation of the workingmix-
ture. Mathematical models have been developed that can be used for the scaling
and design of vibration extraction equipment. For the industry, a new design of
the vibroextractor with a conveying system has been proposed, which ensures
effective phase separation under conditions of countercurrent vibroextraction of
target components from plant materials.

Keywords: Industrial innovation · Vibroextraction ·Mathematical model ·
Scaling · Hydrodynamics · Pulsating flow · Phase separation

1 Introduction

The effectiveness of traditional technologies for extracting from raw materials with a
high degree of grinding is due to the low permeability for an extractant in a continuous
countercurrent process [1–4]. In this respect, vibration extractors are the most promis-
ing due to the use of low-frequency mechanical oscillation to intensify the process with
a complex morphological structure of the solid phase at the macro and micro levels,
including countercurrent phase separation with minimal longitudinal mixing [2, 5, 6].
In this case, the characteristics of the pulsating spectrum depend on the design of the
vibrating partitions and the mode of their oscillation [5, 7]. Regularities of spreading
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pulsating jets in the longitudinal (transporting) and transverse direction can be deter-
mined by fundamental spatio-temporal dependencies that allow calculating the intensity
of oscillations at different distances from their source [8, 9].

2 Literature Review

The main direction of improving the extraction process is to create a large surface of
interphase interaction and its active renewal over time. Analysis of traditional extraction
methods indicated the direction of solving this problem, the essence of which is to
create a mode of intensive alternating turbulence of the workflow [5, 6]. General trends
in mass transfer in devices of this type have identified a number of important factors
influencing the process: the share of a free cross-section of sectional partitions, as well
as the size, shape, configuration of holes through which the interacting phases pass,
the distance between plates [2, 10]. However, to take into account, all these factors is
almost impossible. Several monographs on the theory and practice of extraction have
been published [11, 12]. It is possible to observe that the interests of the authors and the
scientific basis of their research do not exceed the foundations of the extraction processes
theory set out by G. A. Axelrud, V. M. Lysiansky, P. G. Romankov, S. M. Karpachova,
and other scientists who have worked effectively in this field. At the same time, there is
no separate literature devoted to the theoretical foundations of vibroextraction of target
components from plant raw materials and issues of practice and methods of engineering
calculation to date.

The information of the last decade and the practice of research and creation of
vibroextraction equipment highlights the need to study the following issues: features
of hydrodynamic conditions of the process (speed characteristics, flow structure), mass
transfer and time characteristics at all scale levels, energy consumption for vibration
mixing, scaling. Here it is necessary to name a number of works that reflect the distri-
bution of the residence time of individual liquid particles in the apparatus [4, 13–18].
Also, sources that provide an analytical description of fluid movement in the apparatus’s
working volume with mixing devices [5, 19], provisions of the turbulent jets theory, and
flow velocities modeling are presented [15, 20].

Purposefully designing and optimizing this type of extractor’s operating parameters
are impossible without deepening the fundamental ideas about the hydrodynamics of
turbulent pulsating jets created by vibratorymixing devices.Modern theories of turbulent
jets consider only a stationary issue.However, pulsatingflows are non-stationary unstable
in time [14–21].

New approaches to assessing hydrodynamics and mass transfer of the process of
vibromixing and countercurrent phase separation should be based on the fundamental
laws of motion of pulsating jets generated by vibromixing devices of unique designs, as
well as the basics of systemic and evolutionary approaches [22, 23].

3 Research Methodology

The effect of vibrating mixing devices on the experimental setup was studied according
to the scheme shown in Fig. 1 with oscillation parameters: amplitude 0.005–0.015 m,
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frequency varied from 1 to 10 Hz. The length of the working part was 1.5 m with a
diameter of 0.3 m. Simulation of the solid phase was carried out with a nylon crumb.

The process of continuous vibroextraction was investigated on the model of the
vibroextractor of continuous action developed and made in the conditions of the
Department of Processes and Apparatus of NUFT according to the scheme shown in
Fig. 1.

Fig. 1. a) Laboratory extractor with vibrating mixing devices: 1 – body; 2 – loading device;
2a – pusher; 3 – funnel; 4 – screw; 5 – extractant dispenser; 6 – unloading tray; 7 – rod system;
8 – system of transport plates; 9 – sampler; 10 – extract filter; 11 – branch pipe; 12 – support; b)
scheme of measuring the spreading of pulsating flows: 13 – nozzle; 14 – Pito Prandtl tube.

The installation consists of a side-bar 1with an internal diameter of 0.3m and a height
of 0.4 m. To supply the grinded plant materials to the apparatus, the lower side-bar at the
level of 0.2 m from the bottom is connected via a screw 4 with a loading device 2 made
in the form of a u-shaped glass tube with a diameter of 0.15 m with a funnel 3. To supply
the extractant in the last upper side-bar fixed shower distributor 5 and unloading tray 6.
Inside the column, there is a balanced vibrotransporting device, consisting of a system
of vertical rods 7 with fixed horizontally conveying plates 8. Plates with a diameter of
0.295 m are fixed on rods alternately and installed in the body of the apparatus with
a minimum gap on the periphery, with the ability to adjust their number and distance
between them through a set of remote bushings.
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Low-frequency mechanical oscillations are transmitted to the vibrotransport system
through rods 7 from the vibrating drive located under frame 12. The frequency of oscilla-
tions of the vibrotransporting systemwithin 10Hzwas carried out by an autotransformer.
The amplitude was fixed (5; 10; 15) · 10–3 m by changing the length of the shoulder of
the crankmechanism.Multi-directional installation of filter and open conveyor elements
ensures phase separation. The time intervals between successive single jets generated
by these elements are half the period of oscillations. The phase separation mechanism
and extraction process are described in the study [2].

Modern integrated systems MathCAD, OriginPro 8.6, and others were used to
process and calculate experimental data.

4 Results

4.1 Determination of Velocities of Pulsating Turbulent Flows

To determine the velocities of pulsating jets’ velocities, a Pitot-Prandtl tube with a hole
diameter of 2 mm with appropriate calibration, as shown in Fig. 1a.

During the research, the ratio of the diameters of the branch pipes and nozzles and
their height and diameter varied within, respectively D/d = 1…3; H/d = 1…4. Nozzles
with a diameter of 15, 20, 25 mm were installed in branch pipe with 35 and 55 mm
diameters, height 45 and 60 mm. The designs of plates with a living cross-section of
5.5…14.2% were studied.

At a given distance from the source of oscillations using a differential pressure gauge,
the average integral velocity of pulsating jets was determined:

wL = 2
/
πk

√
2gh (1)

where k = w/wmax—relative velocity (k = 0,5 for laminar flow; for turbulent—k =
0,75…0,87 [15, 20]; h—Pito-Prandtl tube readings; g—acceleration of gravity. The
determined value of wL was attributed to the initial average integral for the period of
oscillation of the pulsating flow velocities:

w0 = 2Af (1− ε)
/
ε, (2)

whereA—oscillation amplitude, f—oscillation frequency, ε—a total living cross-section
of the plate at the place of its installation in the apparatus.

The distance L was determined by analogy with stationary turbulent jets

L = Ln + 4, 5rn (3)

where Ln—distance from themeasuring point to the cut of the nozzle; rn—nozzle radius.
Whenanalyzing the results of experimental data, itwas found that the relative velocity

wL/w0 at Rep > 5000, where

Rep = 4A2f (1− ε)
/

εν (4)

Reynolds pulsation criterion, ν—kinematic viscosity of water.
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Fig. 2. Attenuation of the relative velocity of pulsating flows.

Figure 2 presents experimental data for a nozzle with a diameter of dn = 15 · 10–3 m,
installed in a branch pipe with a diameter (35 × 45) · 10–3 m.

The dashed line shows the universal profile of the relative velocity in the cross-section
of a stationary turbulent jet [15, 20], calculated by the Schlichting equation:

wL
/
w0 =

[
1− (

L
/
Lt

)1.5]2
, (5)

where Lt = 2,44 L0,5—theoretical range of jet spreading; L0,5—distance from the plate
at which wL/ w0 = 0.5.

The range of jet spreading depends on the accepted limiting degree of attenuation

β = 1− wL
/
w0 (6)

The value of Lt is determined at β = 0.983. Due to the complexity of measuring
the pulsating flows velocities, the range of action in these experiments was determined
when β = 0.85.

It is established that the experimental data mainly correspond to the universal profile
of relative velocity in the cross-section of turbulent jets, calculated by the Schlichting
equation. Therefore, to describe the patterns of attenuation of pulsating flows at β > 0.5,
the dependence is proposed:

wL
/
w0 = 0,5

(
1+ L0,5

/
dn

)2/(
1+ L

/
dn

)2 (7)

The identity of universal functions to describe the profile of gas velocities in the
flooded jet flowing out in a stationary or fluidized bed, as well as pulsating flooded
jets of liquid, is not accidental and indicates the qualitative similarity of processes and
turbulent mixing (in mixing zones) in all cases.

4.2 Fundamental Description of Regularities of Hydrodynamics of Turbulent
Pulsating Jets in a Liquid Medium During Vibroextraction

The simplest and most studied jet motion case is the liquid’s leakage with a uniform
initial velocity field (w0 = const) into a medium moving at a constant velocity (wL =
const) or flooded in a stationary medium. The development of the jet is accompanied
by the capture of liquid particles surrounding the jet, the gradual inhibition of the jet,
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and the increase of its cross-section. With a uniform velocity field in the initial section,
the boundaries of the boundary layer have conical surfaces that intersect at the edges of
the nozzle. The outer side of this edge touches the surrounding fluid. Using a simplified
scheme of the flooded jet (Fig. 3), take the length of the transition section and the velocity
at the boundary of the boundary layer equal to zero [20].

Fig. 3. The structure of the pulsating flow in the transport element: 1—transport element (nozzle);
2—branch pipe; 3—vibrotransport device.

If a section is selected away from the nozzle edge, then the jet profile is “lower” and
“wider”. The structure of pulsating turbulent jets was visualized by tracing the flow of
air bubbles through the compressor in the open transport element, shown in Fig. 4. A
single non-stationary jet is a certain volume of fluid that has passed through a nozzle
in half the period of oscillation at average integral velocity w0 with a certain scale of
turbulent pulsations. During the next half-period, the amount of liquid is returned back
through all the holes in the vibrotransport device.

Assuming the affinity of the regularities of spreading of stationary flooded and pul-
sating jets, the physically substantiated confirmation of this will be the establishment
of the relations of determining spatiotemporal characteristics in relative quantities in
the form of a velocity profile at the intersection of a flat turbulent trace according to
Prandtl-Schlichting theory [15, 20]. That is, if the distribution of the relative velocity at
the intersection of a stationary jet at relative distances from the source is universal, then
it becomes possible to hope for a corresponding coincidence of similar characteristics
for the pulsating jet, at least in some part of this characteristic.

Being the result of averaging the velocity of single jets that have reached a distance
L and moving in time one after the other with the oscillation frequency of the vibrating
partition f , the velocity wL can be represented as.

wL = 2ALf , w0 = 2A0f , (8)
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where AL—the oscillations amplitude of the pulsating jet at the distance L; A0 = A(1
− ε)/ε—initial amplitude of oscillations. The relative velocity of the pulsating jet at a
distance L from its pole will be equal to.

wL
/
w0 = ALf

/
A0f = AL

/
A0, (9)

it is converted into the ratio of amplitudes observed when visualizing the hydrodynamic
situation in the vibroextractor.

On the other hand, considering the sequential movement of individual single jets,
which are in fact vortex rings moving in the direction of spreading of the pulsating jet,
the velocity wL can be written as follows:

wL = ωLR, (10)

where R and ωL—the radius of the cross-section of the vortex ring and the angular
velocity of its rotation around the vortex thread.

The specificity of thegenerationof vortex rings by avibratingnozzlemovingopposite
to the formed jet in the vacuum zone formed by the vibrating partition contributes to the
final formation of the ring with radius R in the initial section of the jet.

Given that R is constant in the process of jet development, its relative velocity can
be converted into a form:

wL
/
w0 = ωLR

/
ω0R = ωL

/
ω0 (11)

The results of studies in the turbulent regime of pulsating flows were generalized
in the form of the dependence of the relative velocity wL/w0 on the functional spatial
characteristic ηf = �/�f , where � = L/rn—the relative distance, and �f—its value, at
whichwL/w0 = e−1, where e—the basis of natural logarithms. In these functional spatio-
temporal coordinates (Fig. 4), the entire data array was generalized at ηf , less than the
critical value

(
ηf

)
k = 0, 1e ln10

/(
1− e−0,5

)2/3 = 1,1656538, (12)

by the known Schlichting formula [20] for the universal velocity profile in distant
turbulent traces:

wL/w0 =
[
1− (

ηf �f
/
�0

)3/2]2
, (13)

and at ηf >
(
ηf

)
kdependence

(
ηf

)3(
wL

/
w0

)2 = CT , (14)

where CT = (
ηf

)3
k

[
1− (

ηf
)3/2
k

(
1− e−0,5

)]4 = 0,10286 (15)

is a fundamental constant; �0 = L0/rn—the relative limiting range of the turbulent
pulsating jet spreading, and L0—its absolute value.
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Fig. 4. Generalization of experimental data on the hydrodynamics of turbulent pulsating jets by
a dimensionless profile of the relative velocity of pulsating jets: 1—according to the Schlichting
equation; 2—by Eq. (13).

The solid line on the graph shows the universal hydrodynamic profile of the relative
velocity of a stationaryflat flooded jet, built according to theSchlichting equation [20].As
can be seen from the graphical dependence shown in Fig. 4, the experimental data in the
new coordinate system obtained for the pulsating jet generated by the transport element
of the vibromixing device are grouped around the curve of the universal hydrodynamic
profile of a turbulent stationary flooded jet. The point “K” is the limit to which there
is an almost complete coincidence with the universal profile. There is a deviation at
significant distances from the pulsating jet’s source.

The proposed dependences summarize the experimental data with a standard devi-
ation of 8 · 5 · 10–3 in the confidence interval of 98%. The theoretical value (�f /�0)T is
equal to (1 − e−0.5)2/3 = 0.53695838.

Having determined based on dependence wL/w0 on � experimental value �f , it is
possible to calculate LK and wL , necessary for designing vibroextractors.

The constant CT allows to specify the constant C in one of the basic equations of
the semi-empirical theory of turbulent jets δ = C · x, where δ—the half-width of the
jet, x—the distance to its pole. Equation (15) describes the hydrodynamic profile of the
main section of a flat turbulent jet at a theoretical value

(
�f

)
T = 10

(
1− e−0,5

)2/3
, (16)

replacing the relative velocity of the pulsating jetwL /w0 with the relative angular velocity
ωL

/
ω0 and the specified value of C = 0.22170 (empirical constant C = 0.22).
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Thus, the possibility of using fundamental regularities to calculate the hydro-
dynamics of turbulent jets that ensure the efficient operation of vibroextractors is
established.

5 Conclusions

The basic scaling criteria of vibroextractors are defined, affinity with regularities of the
hydrodynamics of a stationary flooded jet and jets generated by usual mixing devices of
the paddle mixer creating mainly circular motion in the smooth-walled device without
internal devices is established.

According to the research results of features of pulsating jets hydrodynamics gener-
ated by vibrating working devices in a vibroextractor of continuous action, using new
representations based on the introduction of functional spatio-temporal relations, the
fundamental description of regularities of change of their velocity is received in func-
tional spatio-temporal coordinates. New data necessary for the design and calculation of
vibroextraction apparatus are obtained. The obtained scaling results were used to design
an industrial vibroextractor of continuous action for processing plant raw materials and
its waste by the company “TMA” in Kyiv.
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Abstract. The scientific work presents the results of improving the technology of
making cooked sausageswith the addition ofwheat fiberwith pumpkin pectin. The
advantage of improving the technology of sausages was determined, particularly
increasing their quality for the consumer and the prospects of using plant additives
to improve their nutritional value. This paper explores the possibility of adding
the combined plant additive of wheat fiber and pumpkin pectin to minced meat.
A rational grinding mode is 3–4 min to fractions of 500–600 µmwas established,
which ensured the homogeneity of the plant additive and would contribute to
its uniform distribution in minced meat in the cooked sausages production. The
influence of the plant additive grinding level on the functional properties was
presented, which showed that the best results for water-holding, water-binding,
and fat-holding capacity are provided by particles of a size of 600 µm. Rational
parameters for preliminary preparation of the plant additive for mixing with the
minced meat associated with hydration at hydromodule were determined. This
stage of the technological process provides the highest water-holding capacity, and
the 1:3 ratio of the plant additive to refined oil provides a high fat-holding capacity.
The solution to this problem improves the biological value and therapeutic and
preventive properties of cooked sausages.

Keywords: Fat-holding capacity · Grinding · Hydromodule · Plant additive ·
Water-binding capacity ·Water-holding capacity ·Water resource

1 Introduction

Nowadays, a promising direction in providing the population with high-quality food
products of increased nutritional and biological value is the combination of rawmaterials
of plant and animal origin, considering adequate human needs according to the modern
nutritional requirements [1]. Innovative approaches to solving the nutrition problem
consist of creating products with an increased nutritional value which is one of the
priority areas for solving problems highlighted in the concept of the state policy in
product quality management [2].
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The socio-economic problem of the shortage, high cost, and low quality of food,
including meat products in Ukraine, is particularly critical. Recently, there have been
specific changes in people’s lives: a significant decrease in physical activity, a change in
healthy eating habits, and consumers’ needs. Considering this, some of the previously
declared features of sausages do not correspond to the current demand, for example,
high-calorie content, which does not attract but requires adjustment instead.

2 Literature Review

The analysis of scientific literature has determined the main directions of modern tech-
nologies for the production of cooked sausages. First of all, these technologies replace
meat raw materials with food additives and ingredients. Thus, a technology for the pro-
duction of cooked sausages has been developed, which differs from the traditional one
that at the stage of preparation of minced meat, 1–2% of a multifunctional additive is
added to the cutter based on animal protein, alginate, carrageenan, and guar gum [3].

Scientists pay special attention to balancing the amino acid composition of the pro-
teins. There is a specific deficiency of three amino acids - tryptophan, methionine, and
lysine in the diet of a significant number of people in the world. This deficiency lim-
its the absorption of proteins from food and is explained, mainly, by the predominant
consumption of plant-based food [4].

In Ukraine, there are meat and vegetable raw materials for manufacturing combined
products. Sausages are essential products in the population’s diet. Their production
is the most common meat and other animal products processing in the meat industry
[5]. Development of the new generation products by combining plant and animal raw
materials with a therapeutic and preventive effect is of particular importance. Plant-based
ingredients can protect the human body from the harmful effects of the environment,
prevent the formation of diseased cells, and prevent diabetes as they reduce blood sugar
levels [6]. Such products are cooked sausage products, combining plant and animal raw
materials. By the way, such a combination makes it possible to reduce the cost of final
products and produce a high-quality and nutritious product that will be tasty and healthy
in terms of overall nutrients and energy value [7].

However,many issues remainunresolved. InUkraine, themarket for cooked sausages
with high biological value is minimal. At the same time, the industry produces wheat
fiber with pumpkin pectin, which can be used in cooked sausages to produce more
balanced products in terms of essential nutrients [8].

Dietary fiber’s positive role in cereals and vegetables’ cell walls, which significantly
affects digestion and excretion of harmful toxic substances, salts of heavy metals, and
radionuclides, is well-known [9, 10]. The low-calorie content of the cereals and veg-
etables is also an additional argument for their use in high-calorie meat products [11].
There are rawmaterials for the production ofwheat fiberwith pumpkin pectin inUkraine.
Therefore, the purpose of the work was to study this complex additive for inclusion in
the recipe of cooked sausages [12, 13].
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3 Research Methodology

The experimental part of the work was performed in the laboratory of the technology
departments of meat, fish and seafood, processes and equipment for processing agricul-
tural products and microbiology, virology and biotechnology of the National University
of Life and Environmental Sciences Ukraine, the Institute of Biochemistry. OV Pal-
adin, in the Ukrainian laboratory of quality and safety of agricultural products, in the
production conditions of PE “Zlagoda-Lutsk”, Rivne region, Boromel village.

The raw materials and materials used in the research complied with the current
regulations in Ukraine in terms of quality and safety, approved for use by the Ministry
of Health of Ukraine. The following raw materials were used for research:

• lean beef I grade - muscle tissue with a mass fraction of connective and adipose tissue,
not more than 6% – DSTU 6030: 2008. State standard of Ukraine. Meat. Beef and
veal in carcasses, carcasses and quarters;

• lean pork semi-fat - muscle tissue with a mass fraction of adipose tissue from 50%
to 85% - DSTU 7158: 2010. State standard of Ukraine. Meat. Pork in carcasses and
half-carcasses;

• wheat fiber with pumpkin pectin TU U 15.8-2783308472-005: 2010. Technical con-
ditions of Ukraine. Biologically active additive “Wheat fiber with pumpkin pectin” in
the composition: 20.0% - pumpkin pectin, 80.0% – a crushed shell of wheat grain;

• multi-component minced meat, which includes lean semi-fat pork, beef, and grade,
plant additive PKZPG in different ratios (3%, 5%, 7%, respectively);

• ready cooked sausage with vegetable additive.

The experimental studies included three stages. At the first stage, a study of physic-
ochemical parameters of PFWPP (pectin fiber with pumpkin pectin) supplement, the
amino acid composition of its proteins, mineral and vitamin composition. Based on the
obtained indicators, the energy value and coefficients were calculated: protein, protein-
water, fat-water, food saturation, potential biological value, the difference of amino acid
SKORu [14, 15], utilitarianism of amino acid composition of protein; an indicator of
excess content and index of essential amino acids.

The safety of raw materials was assessed by microbiological parameters, the con-
tent of heavy metals, pesticides (insecticides, pesticides, herbicides), the content of
mycotoxin “patulin” and radionuclides.

At the second stage, the development and substantiation of the technology of cooked
sausages were carried out, which included:

• determining the features of the preliminary preparation of vegetable additives for the
introduction of cooked sausages into themincedmeat system, and the time of grinding
to a homogeneous state;

• study of the hydraulic module and the ratio of crushed vegetable additives before the
formation of cooked sausages;

• substantiation of the prescription composition of cooked sausages with the addition
of PFWPP and the method of its introduction into the minced meat;
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• assessment of structural-mechanical and organoleptic indicators of cooked sausages
using vegetable additive PFWPP and changes in these indicators during storage.

The third stage of research included the characterization of ready-cooked sausages by
organoleptic, physicochemical, biochemical, microbiological, and rheological parame-
ters. The kinetics of changes in organoleptic and microbiological parameters of cooked
sausages during storage at a temperature from 0 °C to + 6 °C for up to 10 days of
storage in a polyamide shell were studied. The shelf life of sausages was set based on
the research. The work aimed to study the plant supplement of wheat fiber with pumpkin
pectin and replace it with a certain amount of meat to enrich the nutrients in ready-made
sausages.

4 Results

The study of combining a dry plant additive into the model minced meat showed the
inexpediency of its use in this form because the proper structure of the cooked sausage
did not occur.

Dry wheat fiber’s shape and particle size with pumpkin pectin have a heterogeneous
composition. By shape, the particles are divided into three groups: arrow-shaped, rod-
shaped, and spherical. By size, we found particles with sizes of 1000–700 µm, 600–
500 µm, and 400–100 µm (Fig. 1).

№1 №2 №3

Fig. 1. Shapes of wheat fiber with pumpkin pectin.

The fractional composition of wheat fiber with pumpkin pectin is presented in
Table 1.

The analysis of these data shows that the particles of 600–500 µm have the largest
mass fraction of wheat fiber with pumpkin pectin (45%), particles of 400–100 µm have
the smallest mass fraction (15%), and particles of 1000–700 µm have the mass fraction
of 40%.

The technological process of preparing a plant additive is associated with the influ-
ence of various factors on the components of wheat fiber with pumpkin pectin (mechan-
ical grinding, classification by particle size, temperature, solvent, and hydromodule).
Adding the dry plant additive to the meat grinding system did not produce a positive
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Table 1. Research results of wheat fiber’s particles fractional composition characteristics with
pumpkin pectin.

№ grist Size, µm Mass fraction, % of the total
mass

1 1000–700 35 ± 1.5

2 600–500 45 ± 3.8

3 400–100 15 ± 2.4

result. The heterogeneity of the size and shape of the plant additive did not provide a
satisfactory consistency of the cooked sausage. Thus, it was necessary to determine the
degree of grinding of wheat fiber with pumpkin pectin to a uniform state and particle
size.

A meat shop universal drive PM-1.1 with a replaceable grinding mechanism was
used to fine grind wheat fiber with pumpkin pectin. The degree of grinding (grist size) of
the wheat fiber with pumpkin pectin depends on the plant additive’s strength, hardness,
ultrastructure, and the time of grinding (Fig. 2).

Fig. 2. Dependence of the grinding degree of the wheat fiber with pumpkin pectin on time.

Studies have shown that after 3–4 min of grinding wheat fiber with pumpkin pectin
has a homogeneous structure with a grain size of 500–600 µm. The longer grinding
time of wheat fiber with pumpkin pectin leads to its transformation into a sticky flour
state. High homogenization of the additive results in the adhesive interaction of its
particles, and a technological problem of the separation of individual fractions arises.
The resulting crushed mixture of plant additive was sieved on a sieve with a magnetic
metal contamination trap. As a result, the obtained plant additive looked like a uniform
color powder of free-flowing consistency with pleasant taste and smell.

During the manufacture of cooked sausages, there are properties that, to a greater
extent, provide organoleptic and structural properties of these products. Such properties
include indicators of water-binding, water-holding, and fat-holding. Previous research
has shown that one factor affecting these functional properties is the grinding degree of
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plant additives. The results of studies on the dependence of the functional parameters of
wheat fiber with pumpkin pectin on the degree of its grinding are presented in Table 2.

Table 2. The influence of the grinding degree of wheat fiber with pumpkin pectin on functional
properties.

Additive particle size, µm Functional parameters

Water-holding, % Water-binding, % Fat-holding, g

1000 30.62 ± 2,1 16.10 ± 1,8 2.01 ± 0.5

800 40.41 ± 1,9 18.23 ± 1,5 2.12 ± 0.1

600 45.24 ± 2,5 20.44 ± 1,7 2.51 ± 0.3

400 39.32 ± 1,7 17.21 ± 0,9 2.03 ± 0.2

200 35.14 ± 1,3 16.32 ± 2,4 1.95 ± 0.4

100 28.51 ± 2,1 14.35 ± 1,3 1.72 ± 0.2

The results of studies indicate that particles with a size of 600 µm have the largest
water-holding, water-binding, and fat-holding capacities.

According to the literature,many dry plant additives are added into themeat-grinding
system aswater suspensions because plant additives have a high-water absorption capac-
ity [16]. However, this characteristic for each additive is unique and depends on many
factors. Adding dry, ground to 600 µm wheat fiber with pumpkin pectin to the minced
meat did not result in homogeneous consistency; the signs of plant additives were visible
on the cut of the sausage and were even more noticeable after the heat treatment.

Since the plant additive increases the water-binding capacity of minced meat, the
kinetics of this process has been studied.

Thewater-binding capacity of the plant additive depends on the time ofwater absorp-
tion at different ratios of the additive and water (1 - 1:1; 2 - 1:2, 3 - 1:3, 4 - 1:4, 5 - 1:5)
is shown in Fig. 3.

Fig. 3. Wheat fiber with pumpkin pectin water-binding capacity versus the hydromodule and time
of keeping in water.
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While analyzing the data from Fig. 3, we can see that for all hydromodules the
water-binding capacity of the plant supplement grows gradually as time increases up
to 15 min. The best water-binding capacity of wheat fiber with pumpkin pectin was
reached at hydromodule 3. After keeping the plant additive in water for 15 min, the
water-binding capacity decreases at all the hydromodules used in the experiment. An
increase in the hydromodule index to 4 and 5 leads to a decrease in the water-binding
capacity. Therefore, the best results were obtained at hydromodule 3 and keeping the
plant additive in water for 15 min.

The cooked sausages technology uses the cooking temperature up to+80 °C; there-
fore, it is advisable to determine the influence of this temperature on the water-binding
capacity depending on the hydromodule.

The results of the study of the wheat fiber with pumpkin pectin plant additive water-
binding capacity at a temperature of +80 °C for different hydromodules are presented
in Fig. 4, which shows the most remarkable water-absorbing capacity occurs at hydro-
module 3 at a temperature of +16°C. An increase in temperature to 80°C results in an
increase of the water-binding capacity for all hydromodules.

Fig. 4. Dependence of the water-binding capacity of a complex plant additive on temperature.

Therefore, the best water-binding capacity of the plant additive at temperatures from
+16 to +80 °C is for hydromodule 3.

It is known that when the various plant additives are used in the technology of cooked
sausages, vegetable oils are used to improve the products’ functional and technological
properties [17].

We have studied the effects of fat-holding capacity at different ratios of plant additive
to oils to achieve quality indicators of plant additives to water absorption. When the oil
ratio was increased to 4 and 5, the mixture became thin. An increase in temperature to
+80 °C leads to an increase in fat-holding capacity for all ratios between plant additive
and oil. Therefore, a further increase in the content of refined oil is useless as it leads to
a significant deterioration in the functional properties of the plant additive.

We suggest using the 1:2 ratio of plant additive to oil. The 1:2 ratio of additive to oil
at+16 °C provides more oil absorption. The binding property of oil is higher at+80 °C
due to the binding energy of oil molecules in the plant additive.
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The increase in water-binding and fat-holding capacities of plant additives is due to
the dry matter content in wheat fiber with pumpkin pectin, which expands in a liquid
medium (water, oil) and has better viscosity. Therefore, the highest expansion degree
of wheat fiber with pumpkin pectin was observed at +80 °C and above. The high tem-
perature significantly increases the water-binding capacity and fat-holding capacity of
the combined plant additive, which should be considered when creating a new recipe
and developing the technology for sausages with a plant additive. However, raising the
temperature above +80 °C is ineffective because it will contribute to the denaturation
of protein substances in the plant additive.

It is essential to consider the rheological properties of the ingredients - effective
viscosity and shear stress when creating new recipes for cooked sausages.

Studying these properties enables the technological process of making cooked
sausages with specified organoleptic properties. It is known that these properties depend
on the chemical composition of hydromodules.

Table 3 presents the data on the chemical composition of wheat fiber with pumpkin
pectin at different plant additive to water ratios.

Table 3. The chemical composition of wheat fiber with pumpkin pectin at different plant additive
to water ratios.

Plant additive to
water ratio

Mass fraction, %

Water Protein Fat Ash Carbohydrates

Control 9.10 ± 1.23 15.01 ± 2.1 3.43 ± 0.41 4.31 ± 0.02 65.80 ± 2.46

1:1 18.21 ± 1.33 13.29 ± 1.75 3.03 ± 0.09 3.9 ± 0.25 58.26 ± 2.33

1:2 27.31 ± 0.58 11.92 ± 1.21 2.72 ± 0.82 3.42 ± 0.84 52.27 ± 3.45

1:3 36.41 ± 1.55 10.55 ± 0.92 2.41 ± 0.43 3.03 ± 0.09 46.29 ± 2.85

1:4 45.51 ± 1.78 9.19 ± 0.87 2.40 ± 0.51 2.64 ± 0.89 40.30 ± 3.35

1:5 54.61 ± 1.85 7.82 ± 1.31 1.78 ± 0.43 2.25 ± 0.85 34.31 ± 2.36

It is found that the increase inmoisture leads to a corresponding decrease in drymatter
content (i.e., protein from 15.01 to 7.82%, fat - from 3.0 to 1.78%, ash - from 4.31 to
2.25%, and carbohydrates - from65.80 to 34.31%)while changing the hydromodule from
1 to 5. The change in the chemical composition will result in a change in functional and
technological properties. Therefore, a study of the dependence of the effective viscosity
shear force on the ratio of plant additives to water was conducted.

It was established that the hydration of the combined plant additive was insufficient,
and the additive was dry at hydromodule 1 and 2; the additive had a dense consistency
which was suitable for combining with minced meat for the cooked sausages at hydro-
module 3; with an increase of the hydromodule to more than 4, a liquid consistency of
the additive was formed, resulting in a decrease in the effective viscosity value. Under
these conditions, hydration occurs due to the action of water dipoles on the molecules of
the peptide groups of the main chains (between which there are hydrogen bonds [18]).
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Therefore, the optimal result was obtained at the hydromodule 3, which helped improve
the plant additive’s viscosity and consistency.

It has been determined that a compact coagulation system’s structural andmechanical
properties are changed depending on the proportion of the dispersion medium in the
systemand the presence or absence of a stabilizing component [19].At low shear stresses,
they act like elastic bodies. At high stresses, they get the ability to flow. When the
shear stress is higher than the conditional yield point, the conditionally plastic body can
irreversible deformations and a relatively slow flowwith a high constant viscosity.When
the shear stress is above the conditional yield point, the destruction of the body structure
in the flow begins, accompanied by a significant drop in viscosity [20].

It can be concluded from Fig. 3 that the complex plant additive has a high effective
viscosity due to the high water-binding capacity at specific parameters of the hydromod-
ule. The structural and mechanical properties of the plant additive can be attributed to
compact solid coagulation structures.

5 Conclusions

The fractional composition of the additive wheat fiber with pumpkin pectin was studied,
the largest mass fraction of which was the particles with sizes 600–500 µm (45%), the
smallest – particles with sizes 400–100 µm (15%), and the rest – particles with sizes
1000–700 µm.

The influence of the plant additive grinding degree on the functional indicators is
presented, which shows that the particles with a size of 600 µm have the best indicators
of water-holding, water-binding, and fat-holding capacities.

The rational mode of preliminary preparation of plant additive for combining with
minced meat, which is the hydration at hydromodule 3, is determined. This stage of the
technological process provides the highest water-holding capacity, and the 1:3 ratio of
plant additive to refined oil provides a high rate of fat-holding.

The benefit of improving the technology of sausages has been determined, partic-
ularly increasing their consumer qualities and the prospects of using plant additives to
improve their nutritional value.

It is proved that wheat fiber with pumpkin pectin has all the necessary properties to
be recommended as the plant additive in the technology of cooked sausages to improve
the functional, technological, and organoleptic properties.
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Abstract. One of the ways to increase the efficiency of a gas turbine is an addi-
tional expansion of combustion products below atmospheric pressure in an aux-
iliary turbine installed after the main (power) turbine, that is, the use of an over-
expansion turbine. The power received in the overexpansion turbine is spent on
pressing the exhaust gases to atmospheric pressure by the compressor. Excess
power can be transferred to mechanical or electrical energy. To cool the gas in the
overexpansion circuit, it is promising to use a thermopressor, in which an increase
in the total gas pressure occurs due to heat removal from gas. The removal of heat
from the gas flow is carried out in the process of dispersed water evaporation,
injected into the airflow, which is moving at near sound speed (gas-dynamic cool-
ing). The thermopressor is a compact device. Therefore, using it in the gas turbine
overexpansion circuit as a compressor and a cooler is advisable. Gas-dynamic
cooling in the overexpansion circuits of a low-power marine gas turbine provides
a pressure reduction in the overexpansion turbine by 0.725–0.765·105 Pa with a
corresponding increase in the main (power) turbine power by 60 to 100 kW.

Keywords: Energy efficiency · Thermopressor · Overexpansion turbine · Gas
cooler

1 Introduction

A topical direction for increasing the efficiency of gas turbine plants (GTP) is using
of energy-saving technologies that will ensure the low-grade heat utilization from sec-
ondary energy resources (SER) and compensate for the negative impact of ambient
temperature on the fuel and energy efficiency of gas turbine plants [1, 2].

The main advantage of gas turbines compared to piston internal combustion engines
is the possibility of polytropic expansion of the working fluid (combustion products)
to atmospheric pressure [3, 4]. One of the ways to increase the efficiency of a gas
turbine is an additional expansion of combustion products below atmospheric pressure
in an auxiliary turbine installed after the main (power) turbine, that is, the use of an
overexpansion turbine [5, 6]. The power received in the overexpansion turbine is spent
on pressing the exhaust gases to atmospheric pressure by the compressor [7, 8]. Excess
power can be transferred to mechanical or electrical energy [9, 10].
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2 Literature Review

Gas turbine engines are widely used in stationary transport power engineering, partic-
ularly ship power engineering [11, 12]. Low-power turbines (up to 1 MW) are used in
autonomous power supply units and small-tonnage ships [13, 14], in particular on hov-
ercraft as a ship power plant [15, 16]. As an example, low-power turbines GTG-100K
(power 100 kW) are used on the Zubr and Murena ships. The Zubr power plant con-
sists of drive units with a total capacity of 40 MW to maintain the ship’s progress and
an autonomous power plant with a capacity of 400 kW, based on the GTG-100K. Gas
turbines are sensitive to inlet conditions [17]: a specific fuel consumption rises by 0.4
to 1.0 g/(kWh) per 1 °C increases air temperature. The cyclic air cooling methods are
directed to increase engine output due to operating at stabilized temperature by applying
jet and absorption chiller technologies [18, 19]. One of theways to increase the efficiency
of a gas turbine is an additional expansion of combustion products below atmospheric
pressure in an auxiliary turbine installed after the main (power) turbine, that is, the use
of an overexpansion turbine [20, 21].

A scheme and a cycle of the GTP additional circuit with an overexpansion turbine are
shown in Fig. 1. The principle of the GTP operation is following: pressure gas P4 equal
to atmospheric, and a high temperature (400–600 °C) after the main (power) turbine
enters the auxiliary turbine, where the polytropic one expands to a pressure of P5 = 0.35
105 Pa (process 4–5 in Fig. 1b). The gas is cooled in the heat exchanger (process 5–6) to
reduce the compressor’s compression work. As a result of the aerodynamic resistance
presence �P in the heat exchanger, the pressure is P6 < P5. For example, cold gas with
a temperature of t3 = 50 °C is compressed by a turbocharger to atmospheric pressure
(polytropic process 6–7).

Fig. 1. Scheme (a) and cycle (b) of the GPT with an overexpansion turbine: HPC, LPC – high-
and low-pressure compressor; CC – combustion chamber; HPT, LPT, PT – high- and low-pressure
and power turbine; OT – overexpansion turbine; C – compressor.

In the operation process behind the GTP power turbine, an under pressure is created
up to 0.09 MPa. This increases the specific power and efficiency by 14 to 18% [22,
23]. The disadvantage of such a solution is a gas turbine complex and dimensional
design [24], which requires an overexpansion turbine and a compressor, which leads to
a decrease in overall efficiency [25].
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3 Research Methodology

In modern ship power engineering, processes are widely used in which the movement
of gas through channels occurs under various influences: a change in the flow area of
a channel, an energy exchange with the environment by heat transfer [26, 27], friction
against the channel walls, a change in gas flow due to the supply of liquid into the flow, a
complex mechanical process and thermal interaction of liquid droplets with a gas stream
[28]. With intensive heat removal and organization of the working process, it becomes
possible to increase the total pressure of the gas flow. In this case, its compression occurs
due to the overall thermal effect (heat removal) compared to the pressure loss due to
friction. The device in which the increase in the total gas pressure occurs due to heat
removal is called a thermopressor [29]. Heat removal from the gas flow can be carried out
by heat transfer through the channel walls (non-contact method) [30] or in the process
of evaporation of the injected liquid into the gas flow (contact or evaporative cooling)
moving at a speed of sound [31, 32]. The thermopressor is a reasonably compact device
that combines the functions of gas compression and deep cooling; therefore, it is obvious
to use it in the overexpansion loop of a gas turbine unit as a compressor and a cooler at
the same time [33, 34]. The thermopressor is a compact device placed in a limited space
[35, 36].

The main objectives of the study are as follows:

– to developmethods for cooling the gas turbine exhaust gases in overexpansion circuits
with a simultaneous increase in pressure using thermogasdynamic compression;

– to determine the rational parameters of the process of gas-dynamic cooling of GTP
exhaust gases in the overexpansion circuit using a thermopressor, which ensures
the maximum increase in the capacity of the overexpansion turbine accordingly, the
maximum increase in the GTP power as a whole.

As a result, a reduction in specific fuel consumption; to develop diagrams of
gas-dynamic cooling systems for GTP off-gases in an overexpansion circuit using a
thermopressor.

Research methods: parameters of GTP exhaust gases and the processes of gas-
dynamic cooling in the thermopressor were calculated according to the developed
method and program using the equations of thermodynamics and gas dynamics of the
flow [37, 38]. The gas turbine cycle and parameters were calculated according to the
classical methods [39, 40] and the developed software package based on them.

4 Results

A diagram of the gas turbine additional circuit with an overexpansion turbine and the
GTP cycle is shown in Fig. 2. The gas cooler in the circuit can be replaced with a
compact thermopressor. In the thermopressor plant with an overexpansion turbine, the
gas after the gas turbine enters, as in the previous case, into the auxiliary turbine, where
the pressure P5 expands polytropically (process 4–5 in Fig. 2b).

In the nozzle of the thermopressor, the gas expands adiabatically to an even lower
pressure and is polytropically compressed in the diffuser of the apparatus to a pressure
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Fig. 2. Scheme (a) and cycle (b) of the GPT with an overexpansion turbine with a thermopressor:
TP – thermopressor; CP - circulation pump.

P6′ > P6. Line 5–6′ is essentially a conditional process of gas flow compression in the
thermopressor. In this case, the total gas consumption increases by an amount equal to
the amount of water injected into the thermopressor. Providing the same cooling depth in
the thermopressor as in the gas cooler, the outlet temperatures will be equal (T6

′ = T6).
It can be seen that the compressor operation (process 6′–7′) decreases due to a decrease
in the compression ratio πc = P7′/P6′ (Fig. 2b), and therefore leads to an increase in the
thermal efficiency of the GTP cycle ηt. Then the gas is polytropically compressed in the
compressor to a pressure equal to atmospheric pressure, the initial pressure at the inlet
to the auxiliary turbine.

The operation of the thermopressor gas turbine circuit as part of the UGT-2500
gas turbine produced by “Zarya-Mashproekt” (Ukraine) was analyzed. Initial data for
calculations: the gas temperature at themain gas turbine (at the inlet to the overexpansion
turbine) t4 = 460 and 550 °C; gas consumption G = 16.5 kg/s; gas pressure according
to GTP P4 = 105 Pa; gas temperature after the thermopressor t5 = 50 °C; the average
diameter of droplets at the thermopressor outlet is 15 microns. Calculations show that
the hydraulic resistance tube-plate heat exchangers with the in-line arrangement of tubes
do not exceed 600 Pa. The efficiency of the turbine and compressor was assumed to be
0.86.

The results of calculating the thermopressor as part of the gas turbine overexpansion
circuit (Fig. 2a) show that the gas temperature through the overexpansion turbine (at the
inlet to the thermopressor) is 300 to 400 °C. When a significant temperature difference
in the gas is triggered in the thermopressor, that is, overheating �toh from a temperature
of 300–400 °C at the inlet to 50 °C at the outlet, it is possible to obtain a significant
increase in pressure (Fig. 3a). So, at a gas temperature at the turbine inlet, overexpansion
t4 = 450 °C, the relative increase in gas pressure is 10–35%, depending on the pressure
P5 in the turbine (Fig. 3a).

As can be seen from Fig. 3a, and at a pressure downstream of the turbine P5 = 0.8
· 105 Pa and a temperature difference over the gas in the thermopressor of more than
300 °C, the GTP can operate without a compressor at all, since the thermopressor can
increase the gas pressure above atmospheric. In this case, the relative increase in pressure
�P in the thermopressor will be 24%.

At a gas temperature at the inlet to the overexpansion turbine t4 = 550 °C, the
GTP operation without a compressor is possible with a slightly more significant relative
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increase in gas pressure up to 26% in the thermopressor (Fig. 3b). As can be seen
from Fig. 3a and Fig. 3b, the relative pressure increase �P is the more the higher the
temperature difference �toh and the initial pressure in the thermopressor P5 (after the
overexpansion turbine). The calculation results show the possibility of increasing the
useful power of the GTP due to the use of an overexpansion turbine with a compressor
and a thermopressor by �N = 23% in comparison with the primary UGT-2500 gas
turbine at a gas temperature at the overexpansion turbine inlet t4 = 450 °C, and at t4 =
550 °C – �N = 33%.

Fig. 3. Dependence of the pressure at the thermopressor outlet P (a) on overheating �toh at
different pressures P5 after the overexpansion turbine (at the inlet of the thermopressor) and the
gas temperature in front of the overexpansion turbine: a) t4 = 450 °C; t4 = 550 °C.

In this case, the gas pressure at the outlet of the overexpansion turbine, at which
the GTP can operate without a compressor, in the first case is P5 = 0.76 · 105 Pa, and
in the second case is P5 = 0.66 · 105 Pa, the gas flow temperature difference in the
thermopressor must be at least 300 °C.

Distilled water is used for the thermopressor, and since it is necessary to spend an
additional amount of energy in the desalination plant for its production on the ship, hence
the not so significant increase in efficiency ηGTP = 11% at t1 = 450 °C and ηGTP = 16%
at t1 = 550 °C. For the UGT-2500, the additional steam consumption for the desalination
plant is 16–17 kg/s (60–62 t/h). Therefore, it is advisable to use such a scheme in the
presence of freshwater sources that do not require additional costs for its production.

Alternatively, a combined plant’s scheme can be offered with a thermopressor
installed after the compressor (Fig. 4a,b). The gas after the overexpansion turbine is
cooled in a cooler and compressed in a compressor to a pressure of no higher than
0.9 105 Pa, after which it enters a thermopressor, where it is compressed to equal atmo-
spheric pressure. This scheme allows to reduce the flow rate of water injected into the
thermopressor to g = 0.05 (5%). This scheme makes it possible to increase the helpful
power of the gas turbine by 14%.

The operation of the thermopressor circuit as part of the following low-power gas
turbine plants was analyzed for GTG100K (“Zarya-Mashproekt”, Ukraine), Capstone
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C200 (“Capstone Turbine Corporation”, USA), Toyota 300A (“Toyota turbine system”,
Japan).

Initial data for the calculation: the temperature and gas flow rate for the gas turbine
unit were taken under the characteristics of the gas turbine plant (Fig. 4a), given depend-
ing on the air temperature at the inlet to the compressor. The gas temperature over the
thermopressor was taken equal to t6’ = 50 °C.

Fig. 4. Scheme (a) and cycle (b) of the GTP with an overexpansion turbine after the
thermopressor�

The use of an overexpansion turbine reduces the gas temperature tg2 at the GTP
outlet by 50–60 °C (Fig. 5). However, the thermal potential of waste gases for use in a
thermopressor is quite significant: GTG100K - tg2 = 440–480 °C, Capstone C200 - tg2
= 470 °C, Toyota 300A - tg2 = 400–440 °C. When the temperature difference in the gas
is triggered in the thermopressor (removable overheating �ttp), from the temperature
tg2 at the inlet to 50 °C at the thermopressor outlet, it is possible to obtain a significant
increase in pressure (Fig. 6).

The pressure increase in the thermopressor forGTG100K is Ptp = 36–40%,Capstone
C200 - Ptp = 35–38%, Toyota 300A - Ptp = 32–36%. The rather large pressure drop
is explained by the large temperature drop in the thermopressor, which is ttp = 350–
430 °C. This makes it possible to increase the expansion ratio of the turbine πtp with a
corresponding increase in the work on the rotor blades and the turbine power (Fig. 7a):
GTG100K - Nt = 60–70 kW, Capstone C200 - Nt = 75–90 kW, Toyota 300A - Nt =
95–105 kW. At the temperature tin = 15–20 °C, it can be seen that the power value
is maximum, which is explained by the opposite behavior of the values on which the
turbine power depends: the flow rate of waste gases Gg decreases with increasing tin,
and the temperature tg2 increases with a corresponding increase in pressure �Ptp in the
thermopressor.

Additional power of the overexpansion turbine increases the GTP total power in
comparisonwith the base one (Fig. 7b):GTG100K–Ne = 10–20 kW(9–18%), Capstone
C200 - Ne = 25–50 kW (11–20%), Toyota 300A - Ne = 50 –75 kW (16–24%). The
mass fraction of injected water in the thermopressor is gw = 0.03–0.10 (3–10%). It can
be concluded that using a thermopressor in conjunction with an overexpansion turbine
is more effective at low GTP capacities since turbines of this type correspond to higher
gas outlet temperatures tg2, and hence, to higher values of increase in pressure �Ptp.
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Fig. 5. Dependences of the exhaust gas temperature tg2 for the gas turbine on the inlet air tem-
perature tin for different gas turbines: _______ – without the overexpansion turbine; _ _ _ _ – with
overexpansion turbine.

Fig. 6. Dependences of the pressure increase in the thermopressor �Ptp (a), the operation of
the overexpansion turbine Htp and the degree of expansion in the turbine πtp (b) on the inlet air
temperature tin for different types of gas turbines.

Fig. 7. Dependences of the overexpansion turbine power Nt and the GTP power Ne on the inlet
air temperature tin for different gas turbines.

It should be added that the results of the theoretical study are in good agreement with
the experimental data obtained in [29, 33], which shows an increase in the pressure of
the gas turbine exhaust gases by thermopressor type devices by 10–25%.
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5 Conclusions

The use of combustion products energy in the GTP by overexpansion below atmospheric
pressure in an additional overexpansion turbine, installed after the main turbine with a
subsequent increase in pressure in the thermopressor, provides an increase in the GTP
capacity by 2 to 3%. Due to the use of the thermopressor, it is possible to operate the
GTP without an additional compressor, but the temperature of the exhaust gases must
be at least 300 °C.

Theuse of thermopressor compressionmakes it possible to combine several functions
in one apparatus (thermopressor) at once: compression (compressor) and cooling (gas
cooler), which, in turn, makes it possible to apply gas overexpansion in gas turbines on
specialized hovercraft, where the installation of additional equipment is problematic due
to the limited space of the engine room.
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Marine Diesel Engine Inlet Air Cooling
by Ejector Chiller on the Vessel Route Line
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Abstract. The fuel efficiency of marine slow-speed diesel engines with cooling
the air at the turbocharger suction by ejector chiller that recovers the waste heat
of exhaust gas and scavenge air was analyzed. The application of ejector chiller is
caused due to its the simplest design that enables easy it’s assembling in free space
of engine room and reliable operation in a marine application. An assessment was
made of air temperature drops in the air cooler at the inlet to the turbocharger of a
marine diesel engine and a reduction in fuel consumption under variable climatic
parameters along the Odesa-Yokohama-Odesa route. The application of an ejector
chiller provides reducing the engine intake air temperature by about 10 °C with a
corresponding decrease of specific fuel consumption by 1.0…1.2 g/(kWh) when
using only the heat of exhaust gas. The fuel reduction of the marine diesel engine
is increased practically twice when additional heat of scavenging air is used by an
ejector chiller (ECh). The corresponding schemes of the systems for cooling the
air at the turbocharger suction by ejector chiller are proposed.

Keywords: Internal combustion engine · Ejector chiller · Energy efficiency ·
Fuel consumption · Exhaust gas · Scavenge air

1 Introduction

The fuel efficiency of combustion engines: gas turbines [1, 2] and gas engines [3, 4],
internal combustion engines including diesel engines [5, 6] considerably depends on the
temperature of sucked air, falling with its raising. Low-speed diesel engines gained the
widest applications as the main ship engines [7, 8]. The specific fuel consumption of
the main marine engine increases by 0.11 to 0.12 g/(kWh) for a 1 °C increase in the air
temperature at the inlet to the turbocompressor unit.

To improve the engine’s fuel economy, the sucked air at the turbocharger intake
could be used. Heat losses accompanied by exhaust gases and scavenge air consist of
a main part of the total waste heat in combustion engines [9, 10]. Therefore, the waste
heat recovery chillers can be applied for engine air cooling [11, 12].
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2 Literature Review

Themost used for air cooling down to 15 °C are The absorption lithium-bromide chillers
(ACh). They have a high coefficient of performance (COP) of 0.7 to 0.8 [13]. But it
should be noted that their placement in the engine room is problematic due to their
large dimensions. At the same time, the ECh consists of heat exchangers [14], which
are rationally installed in free space. The use of the ECh allows for deep air cooling
but at the same time has a low COP of 0.2 to 0.35 [15, 16] and is suitable for transport
applications [17, 18].

The heat of water vapor condensation with subsequent condensation of sulfuric acid
vapor is used in low-temperature economizers [19]. This method makes it possible to
increase thermal and hydraulic resistance [20, 21]. This is achieved because the con-
densed acid vapors emit ash in the exhaust gases [22], and subsequently, they settle on
the heating surface [23].

The purpose of the study is to evaluate the efficiency of cooling the sucked air of
marine low-speed diesel engine [24, 25] by waste heat recovery [26] in ejector chiller
with account the changeable climatic conditions [27] during the voyage line.

3 Research Methodology

A low-speedMANdiesel engine 6S60MC6.1-TI (rated power 12.24MWand continuous
operating power 10 MW) [28] is chosen as an example of the main drive engine of the
transport ship. The engine turbocharger sucked air cooling efficiency is estimated by
specific fuel consumption reduction �be gained due to the sucked air temperature drop
�ta.

For air cooling in ECh, the following parameters were chosen in the research: refrig-
erant – R142b; refrigerant condensing temperature in the condenser to = 25–45 °C;
refrigerant evaporation temperature in the evaporator-air cooler t0 = 5 °C.

According to the calculations using the “mandieselturbo” software package [29],
cooling turbocharger inlet air for every 1 °C of temperature drop results in a reduction
of specific fuel consumption within 0.11 to 0.12 g/(kWh) for low-speed diesel engine
6S60MC6.1-TI.

The sucked air temperature drop �ta depends on the waste heat Qh extracted from
the engine (heat of exhaust gas, scavenge air) and the efficiency of its converting to
refrigeration capacity Q0 by the chiller, characterized by a coefficient of performance.
The coefficient of performance ζ = Q0/Qh is the ratio of the refrigeration capacity
Q0 received to the heat Qh consumed through its extracted from the engine exhaust gas,
scavenge air, and other heat sources.

The available refrigeration capacity is calculated as

Q0 = Qhζ, (1)

where Qh – the heat extracted from the engine exhaust gases and scavenge air.
The available sucked air temperature drop in the air cooler�ta due to using available

refrigeration capacities Q0 is calculated following the heat balance

Q0 = Gaξaca�ta, (2)
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whereGa – airmassflow rate, kg/s; ca – air specific heat capacity, kW/(kg·K);ξa – specific
heat ratio.

The temperature of cooled air at the air cooler outlet:

ta2 = ta1−�ta. (3)

The current values of specific fuel consumption reduction per 1 h:

�be = �ta · �be1◦C, g/kWh; (4)

the total fuel reduction per 1 h:

�Be = Ns�be, g/h. (5)

where �be1 °C – specific fuel consumption reduction referred to engine sucked air tem-
perature drop in 1 ºC, �be1 °C = �be /�ta = 0.12 g/(kWh·K); N s, kW– diesel engine
power.

4 Results

A circuit of the ship diesel sucking air cooling system by ECh recovering exhaust gas
heat was developed (Fig. 1).
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Fig. 1. A circuit of diesel engine sucking air cooling system by ECh recovering exhaust gas heat.

The generator of ECh consumes the heat of engine exhaust gas to generate the
refrigerant vapor of a high pressure as a induce fluid for the ejector to compress the
refrigerant vapor of low pressure, sucked from the evaporator-air cooler at the ship
engine turbocharger, up to the condensing pressure of refrigerant in the condenser.
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Fig. 2. Ambient relative humidityϕamb and air temperature tamb changes alongOdesa-Yokohama
and Yokohama-Odesa’s voyage routes.

The changes in climatic conditions along the voyage route Odesa-Yokohama and
Yokohama-Odesa (June–July) 2019 are considered (Fig. 2).

The values of ambient relative humidity ϕamb and air temperature tamb were taken
each 3 h along the voyage routes Odesa-Yokohama and Yokohama-Odesa by applying
for the program “meteomanz.com” [30].

As mentioned above, the efficiency of application of engine turbocharger sucked air
cooling by ECh is estimated by specific fuel consumption reduction �be due to sucked
air temperature drop �ta.

A reduction in the temperature �ta of air at the engine turbocharger suction and,
accordingly, the effect of its cooling depends on the available heat of exhaust gas boiler
(ExhB), according to Fig. 1, and the efficiency of its converting to refrigeration capacity
by ECh, id est. on the coefficient of performance (COP) of ECh.

In addition, a reduction in temperature �ta of air in the air cooler at the ship diesel
engine turbocharger suction �ta = ta1 – ta2 depends on the temperature ta1 of the air at
the inlet of the air cooler that, which in turn, depends on the way of the air suction by
engine turbocharger. If the engine turbocharger sucks the air from the engine room, the
temperature ta1 at the inlet of air cooler, id est. in the engine room the air temperature
tER, surpass environing temperature by 10 °C: ta1 = tamb + 10 °C. But when the engine
turbocharger sucks the ambient air passing through the suction duct, the temperature ta1
at the inlet of an air cooler is higher than ambient temperature by 5 °C due to heat influx
from engine room surroundings to suction duct: ta1 = tamb + 5 °C.

A target temperature ta2, which limits the depth of engine turbocharger sucked air
cooling, relies on the temperature of refrigerant boiling in the evaporator-air cooler at the
intake. Issuing fromadesirable value of refrigerant boiling temperature about t0 =7 °C to
keep a coefficient of performance (COP) of ECh about 0.3 and temperature distinction
among boiling refrigerant and cooled air of about 8 °C the minimum temperature of
refrigerated sucked air is accepted as ta2 = 15 °C.

The cooling of the air that enters the turbocharger from the engine room was calcu-
lated. Changes in the air temperature drop�ta = ta1 – ta2 and the temperatures of cooled
air ta2 available due to recovering exhaust gas heat by ECh for each time interval of 3
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h on the voyage routes Odesa-Yokohama and Yokohama-Odesa (June–July, 2019) are
presented in Fig. 3. With this, the temperature of the air sucked from the engine room
was calculated as ta1 = tamb + 10 °C.

Fig. 3. Changes in air temperature drop �ta and temperatures of cooled air ta2 available due
to recovering exhaust gas heat by ECh on the routes Odesa-Yokohama and Yokohama-Odesa
(June–July, 2019).

As Fig. 3 shows, temperature reduction of turbocharger sucked air in the air cooler
�ta is about 10 °C, id est. just enough to compensate the temperature increment of about
10 °C for ambient air incoming the engine room caused by heat influx from the engine
room environment. The values approve of cooled air temperature ta2 at the air cooler
outlet closed to tamb (Fig. 3). Thus, when using in ECh only the heat of exhaust gas, the
temperature reduction of sucked air �ta in the air cooler is not enough for its reducing
to the minimum value of about 15 °C, which might be achieved at boiling refrigerant
temperature t0 = 7 °C.

The results of calculation of fuel efficiency enhancement for marine diesel engine
6S60MC6.1-TI due to its turbocharger sucked air cooling by ECh, recovering the heat
of exhaust gas, on the routes Odesa-Yokohama and Yokohama-Odesa are presented in
Fig. 4. A reduction of diesel engine specific fuel consumption �be due to turbocharger
sucked air cooling was calculated by applying the program “mandieselturbo” [29].

As Fig. 4 shows, due to the cooling of the intake air by ECh while using the
heat of the exhaust gases, the reduction in specific consumption will be �be =
1.0…1.2 g/(kW · h) , and absolute fuel-saving �Be during the voyage routes Odesa-
Yokohama and Yokohama-Odesa, June–July 2019, is about 15 t and relative fuel saving
�Be is about 0.7%, id est. comparatively small. To enhance further fuel efficiency due
to deeper engine sucked air cooling down to the temperature ta2 of about 15 °C, the
additional heat, for instance of scavenging air, is to be used.

A developed scheme for cooling the charge air of a marine engine in the ECh with
heat recovery from the charge air and exhaust gases is shown in Fig. 5.
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Fig. 4. Current values of specific fuel consumption reduction �be and summarized fuel-saving
�Be, t, for two routs Odesa-Yokohama and Yokohama-Odesa and its relative value �Be, %, as
related to the total engine fuel consumption due to cooling air sucked by turbocharger from the
engine room and recovering the heat of exhaust gas.
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Fig. 5. Acircuit of engine turbocharger sucked air cooling systemwithECh recovering the exhaust
gas and scavenging air heat.

With this, a scavenge air heat is used in the economizer section of the refrigerant
generator to increase the temperature of liquid refrigerant from condenser to the tem-
perature of its boiling in the evaporative section of the generator by using the heat of
exhaust gas.

Values of temperature reduction �ta′ and �ta′′ in the air cooler for the air sucked
from the engine room when the temperature ta1 at the inlet of air cooler ta1 = tamb +
10 °C and for the ambient air passing through a suction duct with the temperature ta1 =
tamb + 5 are presented in Fig. 6.
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Fig. 6. Air temperature reduction �ta in the engine sucked air cooler due to recovering the heat
of exhaust gas and scavenge air on the routes Odesa-Yokohama and Yokohama-Odesa (June–July,
2019): �ta = ta1−�ta; �ta−for ta1 = tamb + 10 C; �t′′a−for ta1 = tamb + 5 C.

The results of calculations of fuel efficiency enhancement of marine diesel engine
6S60MC6.1-TI due to its turbocharger sucked air cooling by ejector chiller, recovering
the heat of exhaust gas and scavenge air, on the routes Odesa-Yokohama and Yokohama-
Odesa are presented in Fig. 7.

Fig. 7. Current values of specific fuel consumption reduction �be and summarized fuel-saving
�Be, t, for two routs Odesa-Yokohama and Yokohama-Odesa and its relative value �Be, %, as
related to the total engine fuel consumption: a – �be′′, �Be′′,�B

′′
e ; ta1 = tamb + 5 °C; b – �be′,

�Be′, �B
′
e; ta1 = tamb + 10 °C; diesel engine power Ns = 10 MW.

As one can see, heat recovery of charge air and exhaust gases in the ejector chiller
by cooling the intake air of the turbocharger makes it possible to reduce the spe-
cific fuel consumption on the routes Odesa-Yokohama and Yokohama-Odesa is �be
= 2.0…2.5 g/(kW · h). With this summarized, total fuel saving is �Be = 26…28 t, and
its relative value �Be is about 1.3% for marine diesel engine 6S60MC6.1-TI.

To gain engine more fuel-saving through deeper turbocharger sucked air cooling to
the temperature 10 °C and lower the two-stage cooling in water-refrigerant air cooler by
applying absorption-ejector chillers with higher COP might be realized.

https://doi.org/10.1007/978-3-031-06044-1_7
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5 Conclusions

The efficiency of the waste heat recovery ejector chiller application for cooling the intake
air of marine diesel engine has been analyzed for actual changeable climatic conditions
on the trip line Odesa-Yokohama-Odesa.

The efficiency of cooling the sucked air of marine diesel engine by waste heat
recovery in ejector chiller with account the changeable climatic conditions during the
voyage line Odesa-Yokohama-Odesa was analyzed.

The ejector chiller was chosen due to the simplest design that enables its accessible
location aboard the ship. But its coefficient of performance COP is not high: of 0.2 to
0.3, which requires enlarged heat consumption.

The application of an ejector chiller provides reducing the engine intake air tem-
perature by about 10 °C with a corresponding decrease of specific fuel consumption by
1.0…1.2 g/(kWh) when using only the heat of exhaust gas. The fuel reduction of the
marine diesel engine is increased practically twice when the ejector chiller uses addi-
tional heat of scavenging air. The corresponding schemes of the systems for cooling the
air at the turbocharger suction by ejector chiller are proposed.

The application of an ejector chiller provides reducing the engine intake air tem-
perature by 20…23 °C with a corresponding decrease of specific fuel consumption by
2.0…2.5 g/(kWh).

To provide a more profound engine intake air cooling to the temperature ta2 of about
10 °Cand lower, it is necessary to apply two-stage cooling air in a hybridwater-refrigerant
air cooler by combined absorption-ejector chillers with a higher COP.
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Abstract. The combined refrigeration, heat, and power generation (trigeneration)
gainedwidespread application. The reciprocating combustion gas engines are used
as drive engines. They are the most adapted to match the actual refrigeration, heat,
and electricity needs and manufactured as cogenerative engine modules equipped
with heat exchangers to release the heat of exhaust gas, scavenge gas-air mixture,
engine jacket, and lubricant oil cooling water to produce hot water converted to
refrigeration for technological, space conditioning and heating duties. The effi-
ciency of recovering the heat released from gas engines in a typical integrated
energy plant with an absorption lithium-bromide chiller has been analyzed. Issu-
ing frommonitoring data on the parameters of heat utilization circuit, the reserves
for utilizing the heat usually not recovered by absorption chiller and removed to
the atmosphere by radiator are revealed. The advanced heat recovery system that
transforms the heat, typically extracted to the atmosphere, by ejector chiller to gen-
erate supplementary refrigeration for gas engine intake air cooling was developed
as the simplest and expedient solution for implementation at a typical integrated
power plant.

Keywords: Energy efficiency · Gas engine ·Waste heat · Utilization ·
Absorption chiller · Ejector chiller · Industrial innovation

1 Introduction

The combined refrigeration, heat, and power generation (trigeneration) achieved wide
application [1, 2]. The reciprocating combustion gas engines are used as drive engines [3,
4]. The gas engines are the most adapted to matching the actual refrigeration, heat, and
electricity needs [5, 6]. They are manufactured as cogenerative engines equipped with
heat exchangers to release exhaust gas heat, scavenge gas-air mixture, engine jacket,
and lubricant oil cooling water to produce hot water converted to refrigeration for
technological space conditioning and heating duties [7, 8].

Rising gas engines’ air temperature reduces their thermodynamic efficiency: electri-
cal power decreases, and fuel efficiency falls [9]. Issuing from this, the heat released from
the engines is reasonable to be used for cooling engine intake air through its converting
to refrigeration [10, 11].
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2 Literature Review

The advanced technologies for the utilization of combustion engine exhaust are used to
increase the heat released [12, 13].

The absorption lithium-bromide chillers (ACh) are mainly applied for converting
waste heat to refrigeration [14, 15]. They can produce chilled with the temperature
of about 7 ºC and cool the air to the temperature of about 15 ºC accordingly with an
increased coefficient of performance (COP) of 0.7 to 0.8.

The jet devices using water [16, 17] or refrigerant [18, 19] as coolants such as
thermopressors [20, 21] and ejector chillers (ECh) are the most simple in design and
cheap. The ECh has less COP of about 0.3 but can cool the air to 10 ºC and lower
[18, 19]. They include heat exchangers with a two-phase flow of refrigerant [22, 23].
Their efficiency can be enhanced by heat transfer intensification in evaporators [24] and
improving refrigerant distribution [25, 26] in minichannels with advanced circuits of
refrigerant circulation [27, 28]. Applying modern simulation methods as ANSYS [29,
30] provides their rational design to match actual operation conditions [31, 32]. Deep
utilization of engine exhaust heat is achieved by applying, for instance, low-temperature
condensing surfaces [33, 34]. Various techniques increase the heat released [35, 36]
and convert it to refrigeration [37, 38]. All of them are accompanied by considerable
ecological effects [39, 40].

The enlarged waste heat and heat losses caused by conflicting temperature condi-
tions for the effective operation of ACh and gas engines were revealed in the typically
integrated energy plants (IEP). Thus, to provide the condition of safe engine operation
at the required thermal level, the temperature of a return hot water from ACh at the exit
of engine heat removing contour is limited to 70 °C. In the opposite case, the excessive
heat of return hot water is removed to the atmosphere through the so-called emergency
radiator.

The general approach of the present research is to convert the heat of return hot water
not used by ACh and removed to the atmosphere in typical IEP to refrigeration by ECh
for engine intake air cooling.

The work focuses on enhancing the utilization of gas engine released heat through
converting thewaste heat not used byACh to refrigeration in ECh to provide the effective
operation of the engine.

3 Research Methodology

The efficiency integrated energy plants of the factory “Sandora”–“PepsiCo Ukraine”
(Mykolayiv,Ukraine)was investigated. The IEP consists of twoGEJMS420GS (electric
power output Pe = 1400 kW, heat power output Qh = 1500 kW) and ACh.

The ACh recovers the heat of exhaust gas, scavenging gas-air mixture, and the water
cooling engine jacket and lubricant oil to receive hot water and convert the latter to
refrigeration for technological and space conditioning and heating duties.

The circuit of the typical system for converting gas engine released heat to
refrigeration by ACh is presented in Fig. 1.

In the typical IEP (Fig. 1), the temperature of return hot water after ACh twA2 is 75
to 80 °C, that is more higher than 70 °C at the inlet to cogenerative engine module to
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Fig. 1. The circuit of the typical system for converting gas engine released heat to refrigeration by
ACh: OC – oil cooler; JC – engine jacket cooler; SACLT and SACHT – low- and high-temperature
stages of scavenging air cooler

provide its safe thermal rate. Therefore, the excessive heat of return water after ACh is
removed through the return water cooler and emergency radiator to the atmosphere.

So as the temperature of return water after ACh twA2 = 75…80 °C is much less than
its values 90 to 95 °C that might provide the efficient operation of a single-stage ACh
with a high COP of about 0.7, it is impossible to use its heat again in ACh. The use of
supply hot water with such lowered temperature would cause falling the COP of ACh
from its rated value of about 0.7 to 0.5 and lower.

The analyses of monitoring data on the temperatures of hot water from the gas engine
during converting its heat were done to estimate the value of the rest of the heat removed
to the atmosphere and convert it to additional refrigeration.

The temperatures of hot water from the engine at the inlet of ACh twA1 and outlet of
ACh twA2 and return water twEin at the inlet of engine previously cold in the emergency
radiator through removing excessive heat to the atmosphere are shown in Fig. 2.

As Fig. 2 shows, the temperature depression twA1 – twA2 of hot water in ACh due to
converting its heat to refrigeration is a bit less than 15 °C. Accordingly, a temperature
decrease of return water after ACh twA2 – twEin is more than 5 °C, and the heat losses
to the atmosphere caused by removing the excessive heat not converted to refrigeration
by ACh are quite considerable.
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Fig. 2. Temperatures of hot water at the inlet of ACh twA1 and outlet of ACh twA2 and return
water twEin at the inlet of engine cold in the emergency radiator

4 Results

The values of the waste heat Qhw not converted to refrigeration by ACh and the heat
QhA used by ACh calculated according to monitoring data on the temperatures of hot
water (Fig. 2) are presented in Fig. 3.

Fig. 3. Values of heat converted to refrigeration by ACh QhA and the waste heat Qhw

As Fig. 3 shows, the waste heat Qhw as a lost heat removed to the atmosphere by
the emergency radiator to keep the temperature of return hot water at the inlet of the gas
engine not higher than 70 °C, is about 40% of the heat converted by ACh to refrigeration
or 30% of the engine heat capacity (1400 kW).

Therefore, the waste heat recovery system was developed to utilize the heat of return
hot water after ACh (usually removed to the atmosphere) to generate additional refrig-
eration for gas engine intake air cooling. Its efficiency was estimated proceeding from
monitoring data.

To increase the temperature of return hot water from 75 °C to 90 °C providing the
operation of ACh with a high COP of 0.7 to 0.8, a booster gas boiler available at any
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factory can be applied. In this case, the additional refrigeration capacities Q0l might be
generated due to the use of the lost waste heat besides the basic refrigeration capacities
of AChQ0A converting the originally available heatQhA (Fig. 3) as it is shown in Fig. 4.

0

100

200

300

400

500

600

700

800

900

1000

0:00 6:00 12:00 18:00 τ, h

Q0, kW

Q0A

Q0l

Q0A

Q0l

Fig. 4. Refrigeration capacities of AChQ0A due to converting the available heat of high rateQhA
(Fig. 3) and additional refrigeration Q0l received by recovering the lost heat Qw

As Fig. 4 shows, due to recovering waste heat Qhw, conventionally lost through
removing to the atmosphere, it is possible to increase the basic refrigeration capacity by
about 300 kW for trigeneration plant based on gas engine JMS 420 GS-N.LC.

It should bementioned that the application of a boost gas boiler to raise heat potential
of waste heat of return hot water left from the ACh can be efficient for multi engines
trigeneration plant with two and more ACh. The additional boosted heat is used to feed
the other ACh, thereby improving the operational flexibility of the overall trigeneration
plant.

To recover the waste heat of return hot water after ACh, the simplest in design ECh
is applied. It operates as a boost low-temperature stage of combined absorption-ejector
chiller (AECh).

The refrigeration capacity, received by recovering the waste heat of return hot
water, can be used for engine intake air cooling by chilled water from ACh preliminary
subcooled by boiling refrigerant of ECh (Fig. 5).

The use of increased refrigeration capacity for gas engine intake air cooling enables
to enlarge the engine electricity production with reduced specific fuel consumption.
Thus, such deep utilization of the heat released from gas engines enhances engine fuel
efficiency and prolongs the duration of trigeneration plant efficient operation evenwithin
periodic cooling and heating demands.
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Fig. 5. The circuit of deep utilization of the heat released from gas engine in AECh

5 Conclusions

The analysis of converting the heat released from gas engine to refrigeration by ACh in
typical IEP, proceeding from monitoring data on the temperatures of hot water during
utilization of its heat, revealed the heat losses of about 40% of the heat converted in ACh.
This is caused by conflicting requirements to temperature conditions for the effective
operation of ACh and gas engine. To provide the condition of safe engine operation at
the required thermal level, the temperature of return hot water after ACh at the entry of
engine heat removing circuit is limited to 70 °C. Therefore in the typical IEP the return
hot water excessive heat is removed to the atmosphere through an emergency radiator.

The innovativewaste heat recovery system for IEP through converting the rest of heat
(not used by ACh and usually removed to the atmosphere) in ECh to generate addition
refrigeration for gas engine intake air cooling is developed as the simplest solution to be
implemented at the typical IEP.

The absorption-ejector chiller (AECh) with a low-temperature ECh stage and a high-
temperature absorption stage for the deepwaste heat recovery system of IEP is proposed.

Such a deep waste heat recovery system makes it possible to enhance engine fuel
efficiency due to intake air cooling and prolong the time of IEP performance even within
periodical technological cooling needs.
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Abstract. The application of absorption lithium-bromide chillers (ACh) for tur-
bine inlet air cooling (TIC) is very effective in hot climatic conditions due to
enlarged ambient air temperature drops and fuel reduction. But in temperate cli-
matic conditions, the efficiency of TIC by ACh of a simple cycle is considerably
reduced decreased ambient air temperature drops cause that. The last is limited
by a comparatively raised temperature of chilled water of about 7 °C that makes it
unable to cool ambient air lower than 15 °C. The application of low boiling refrig-
erants as a coolant enables deeper turbine inlet air cooling to 10 °C and lower.
Therefore, the low boiling refrigerants can be used for subsequent cooling air after
its pre-cooling in ACh. A refrigerant ejector chiller (ECh) is the most simple in
design and cheap and can be applied for subcooling air from 15 °C to 10 °C. Such
deep cooling air to 10 °C in combined absorption-ejector chiller (AECh) provides
about twice the annual fuel reduction in temperate climate compared with con-
ventional TIC to 15 °C by ACh. The method to determine rational refrigeration
capacity of AECh and distribute it between ACh and ECh that provides practically
maximum annual fuel reduction at reduced design refrigeration capacity by about
20% is developed. With this current excessive refrigeration, capacities are used to
cover peaked loads.

Keywords: Energy efficiency · Gas turbine · Fuel efficiency · Inlet air · Chilled
water · Refrigerant

1 Introduction

The fuel efficiency of combustion engines and especially gas turbines (GT), is strictly
influenced by ambient air temperature at their inlet [1, 2]. The application of absorption
lithium-bromide chillers (ACh) [3, 4] for turbine inlet air cooling (TIC) is very effective
in hot climatic conditions due to high ambient air temperatures and enlarged their drops
and fuel reduction as a result [5, 6]. But in temperate climatic conditions, the efficiency
of TIC by ACh of a simple cycle is much lower than is caused by decreased ambient air
temperature drops [7, 8]. The last is limited by a comparatively raised temperature of
chilled water of about 7 °C that makes it unable to cool ambient air lower than 15 °C.
The application of low boiling refrigerants as a coolant enables deeper turbine inlet air
cooling to 10 °C and lower [9, 10]. Therefore the low boiling refrigerants can be used for

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
V. Ivanov et al. (Eds.): DSMIE 2022, LNME, pp. 278–287, 2022.
https://doi.org/10.1007/978-3-031-06044-1_27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-06044-1_27&domain=pdf
http://orcid.org/0000-0001-5796-5370
http://orcid.org/0000-0001-5761-6824
http://orcid.org/0000-0001-5050-5937
http://orcid.org/0000-0001-7868-4519
http://orcid.org/0000-0002-6549-3278
https://doi.org/10.1007/978-3-031-06044-1_27


Turbine Intake Air Combined Cooling Systems 279

subsequent cooling air after its pre-cooling in ACh. A refrigerant ejector chiller (ECh)
is the most simple in design and cheap and can be applied for cooling air from 15 °C to
10 °C [11, 12]. Such deep cooling air to 10 °C in combined absorption-ejector chiller
(AECh) provides about twice the annual fuel reduction in temperate climate compared
with conventional TIC to 15 °CbyACh. The efficiency of ECh is very sensitive to thermal
load changes. Ambient air pre-cooling to 15 °C in ACh practically covers thermal load
fluctuations and provides operation of ECh at about stable loading.

The operation of ACh at variable current loads is accompanied by the formation of
excess refrigeration capacity that can cover peaked thermal loads.A rational refrigeration
capacity distribution within the range of fluctuated thermal loads enables to reduce a
design refrigeration capacity of ACh and the overall AECh. A corresponding method
to determine a rational refrigeration capacity of AECh in the whole and its distribution
between ACh and ECh is to consider the actual current thermal loads and yearly effect
gained due to TIC, for instance, as annual fuel saving.

2 Literature Review

A lot of research is focused on enhancing the efficiency of combustion engine inlet air
cooling by waste heat recovery [13, 14]. The exhaust heat utilization can be improved
by the application of fuel afterburning and exhaust gas boilers with low-temperature
heating surfaces [15, 16] that enlarges the available heat to be converted to refrigeration
for TIC to lowered temperature of 10 °C and less as compared with conventional TIC
to 15 °C in ACh. The advanced system to utilize the exhaust heat by jet technics [17,
18] for cooling cyclic engine air was developed [19]. Some modern simulation methods
such as ANSIS [20–22] can be applied for rational designing heat exchangers to match
actual operation conditions.

A lot of publications were devoted to combined cooling, heating, and power (CCHP)
generation [23, 24] or trigeneration [25, 26].

Practically all the analyses focus on enhancing engine fuel efficiency due to inlet
air cooling through rational loading [27, 28]. Many of those methods are based on
cooling degree-hour (CDH) numbers and modified methods of their calculation [29, 30]
to match current cooling demands in respect to actual climatic conditions [31, 32] and
thermal management [33, 34] proceeding from various criteria [35, 36]. The research to
determine the input ambient air data for estimating TIC [37].

Most of the TIC system designing methods are based on the approach to cover
the maximum yearly thermal loads [38, 39]. Such assumption inevitable leads to
overestimating the design refrigeration capacity of TIC system and its oversizing.

The research focuses on developing the advanced TIC system with combined AECh
to provide deep TIC and the method to define a rational refrigeration capacity that
enables practically maximum annual fuel reduction and distributes it between ACh and
ECh matching current loading.
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3 Research Methodology

A developed method of designing the TIC system focuses on determining the refrig-
eration capacity of AECh to achieve practically maximum annual fuel reduction and
rational distribute it between ACh and ECh according to actual thermal loads to reduce
design refrigeration capacities of the chillers.

The annual GT fuel reduction �Be due to (TIC) is considered a primary criterion
when defining a rational refrigeration capacity Q0 of the TIC system. The current fuel
savings Be is yearly summarized to calculate the annual value:

�Be =
∑

(�ta · τ) · bet · Ne · 10−3, t, (1)

where: �ta = tamb – ta2– current air temperature drop at GT inlet, °C; tamb and ta2
– temperatures of ambient air at the entrance and cooled air at the exit of the cooler at
the GT intake, °C; Ne – GT power, kW; τ – time interval, h; bet – specific fuel reduction
for 1 °C turbine intake air temperature drop, accepted as 0.7 g/(kWh·K) for turbine
UGT10000 (power 10000 kW) [40].

A refrigeration capacity Q0 for air mass flow Ga, kg/s:

Q0 = Ga �ta ξ · cma, kW, (2)

where: ξ – specific heat ratio; cma – specificmoist air heat, kJ/(kg·K);Ga = 40 kg/s – total
air mass flow for UGT10000.

Specific refrigeration capacity q0 referred to unit air mass flow rate 1 kg/s:

q0 = Q0 /Ga, kW/(kg/s) or kJ/kg. (3)

The variations in the current turbine fuel reduction Be are taken into account by the
rate of their annual increment in relative value �Be/Q0 related to required refrigeration
capacity Q0.

So the relative annual fuel reduction increment �Be/Q0 is applied as an indica-
tor to determine a maximum rate of yearly fuel-saving increment, and its maximum
corresponds to optimum refrigeration capacity Q0.opt.

The optimum refrigeration capacity Q0.opt corresponds to the minimum sizes of the
chillers and TIC system accordingly.

4 Results

A circuit of the developed TIC system with AECh is presented in Fig. 1.
Current specific thermal loads q0.10 and q0.15 for cooling air to 10 and 15 °C during

2017 in Mykolayiv, southern Ukraine, are presented in Fig. 2.
As seen, large variations in current specific thermal loads q0 for cooling ambient air

make it problematic to determine a design refrigeration capacity of TIC systemproviding
maximum annual fuel reduction �B without overestimating.

According to the advanced proposed method, the variations of the current required
refrigeration capacity q0 (for 1 kg/s) and Q0 (for Ga = 40 kg/s, UGT10000) and cor-
responding fuel-saving Be are considered the relative annual fuel reduction increment
�Be/Q0 related to the required refrigeration capacity Q0.
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The results of the calculation of optimum design refrigeration capacity Q0.opt that
enables a maximum rate of annual fuel saving

∑
Be/Q0 for gas turbine UGT 10000 are

presented in Fig. 3a.
As seen, a maximum rate of annual fuel saving increment

∑
Be/Q0 for ta2 =

10 °C occurs at the optimum refrigeration capacity Q0.10opt of about 1050 kW and
corresponding

∑
B10opt of about 140 t (Fig. 3a).

To determine a reasonable value of design refrigeration capacity Q0.rat, enabling
practicallymaximum annual fuel saving

∑
Be it is necessary to define the next maximum

value of annual fuel saving rate
∑

Be above the first one:Q0 >Q0.opt and
∑

Be >
∑

Be.opt
(Fig. 3b).

A maximum value of annual fuel saving rate
∑

(Be – Be.opt)/Q0 above the
∑

Bf .opt
= 140 t corresponds to Q0.opt = 900 kW and occurs at the rational value Q0.rat about
1400 kW and enables annual fuel saving

∑
Be.rat = 150 t about the maximum value

160 t but at a reduced design refrigeration capacity Q0.rat = 1400 kW less than Q0.max
= 1800 kW by about 15%.
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The optimumdesigning of TIC systems enables reduction of the chillers refrigeration
capacities by�Q0.10,15, i.e., 15 to 20%comparedwith theirmaximumvaluesQ0.10,15max,
received in typical designing (Fig. 3b).

Deeper turbine intake air cooling to 10 °C in AECh compared with typical cool-
ing air to 15 °C in ACh provides practically twice the increase in annual fuel saving∑

B10max compared with
∑

B15max for ACh in temperate climatic conditions (Fig. 3b).
The refrigeration capacitiesQ0.15 required for cooling air to 15 °C, values of rational

cooling capacities Q0.10rat and Q0.15rat for cooling air to 10 and 15 °C, the basic refrig-
eration capacity as difference Q0.10-15 = Q0.10 – Q0.15, required for cooling air from
15 °C to 10 °C and the rest boost refrigeration capacities Q0.b10–15 were calculated for
temperate climatic conditions inMykolayiv region, southernUkraine, July 2017 (Fig. 4).
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subcooling air from 15 °C to 10 °C, boost refrigeration capacity Q0.b10-15 for 15 °C: Q0.b10-15 =
Q0.10rat – Q0.10-15, where Q0.10-15 = Q0.10 – Q0.15



Turbine Intake Air Combined Cooling Systems 283

Such significant variations in the current thermal loadsQ0.15 when cooling the ambi-
ent air to 15 °C indicates to considerable excess of refrigeration capacities. But when
subcooling air from 15 °C to 10 °C, the thermal load variations �Q0.10-15 = Q0.10 –
Q0.15 is small. The boost part of Q0.10rat is used for pre-cooling ambient air to 15 °C
and calculated as Q0.b10-15 = Q0.10 –�Q0.10-15. The boost cooling capacity Q0.b10-15
completely covers current loads q0.15 for cooling air to ta2 = 15 °C (Fig. 4b).

Further enhancing the efficiency of TIC due to advanced design method is possible
through shearing the unstable boost range of refrigeration capacityQ0.b10-15 in two parts:
Q0.b10-20 and �Q0.15-20 (Fig. 5).
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Fig. 5. The refrigeration capacitiesQ0.20 (a) andQ0.15 (b) for cooling air to 20 and 15 °C, rational
values of refrigeration capacitiesQ0.10rat,Q0.15rat andQ0.20rat for 10, 15 and 20 °C, rational design
refrigeration capacity Q0.10-20rat for cooling air from 20 °C to 10 °C and capacities Q0.10-20 for
cooling air from ta2 = 20 °C to ta2 = 10 °C, boost capacity Q0.b10–20 for cooling air to 20 °C:
Q0.b10-20 = Q0.10rat –Q0.10-20, where Q0.10-20 = Q0.10 – Q0.20; Q0.10-20rat = Q0.10rat –Q0.20rat

Comparing the boost refrigeration capacity Q0.b10-20 with current thermal loads
Q0.15 indicates that the boost refrigeration capacity Q0.b10-20 generally covers even the
current loads Q0.15 (Fig. 5b).

Issuing from this, the hypothesis of reducing a design boost refrigeration capacity
Q0.b10-15 or Q0.15rat practically twice due to usingQ0.20rat to cover current thermal loads
Q0.15 has been approved (Fig. 5b).

The installed refrigeration capacity of ACh rational distribution makes it possible to
reduce a design boost one by �Q0.15-20rat = Q0.15rat–Q0.20rat (Fig. 5b and Fig. 6), which
is practically twice less as compared with Q0.15rat.

As Fig. 6 shows, rational designing of TIC systems provides a decrease of installed
refrigeration capacities of the chillers by �Q0.15,20max-rat, i.e., by 15 to 20% compared
with their maximum values Q0.15,20max received in conventional designing.

In a temperate climate, applying the proposed TIC system with combined AECh
enables achieving nearly twice higher annual fuel reduction

∑
B10 than

∑
B15 for ACh.

It can be supposed as a prosperous trend in TIAC.
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5 Conclusions

A new trend in enhancing TIC efficiency by applying combined AECh is proposed for
temperate climatic conditions that provide practically twice higher annual fuel reduction
than ACh.

An advanced TIC systems rational designing method is developed to achieve prac-
tically maximum annual fuel reduction; moreover, the installed refrigeration capacities
are reduced by 15 to 20% compared with conventional designing practice.

The method is based on the rational distribution of design refrigeration capacity of
AECh between ACh for ambient air pre-cooling within unstable thermal load range and
ECh for further air cooling within a comparatively stable load range.

With this, the annual fuel reduction of GT is assumed as a primary criterion, and the
variations of the current values of Be due to TIC are taken into account by the rate of the
annual increment as its value �Be/Q0 related to required refrigeration capacity Q0.

The maximum rate of annual fuel saving
∑

Be/Q0 and minimum sizes of the chillers
is achieved at the optimum value of design refrigeration capacity Q0.opt.

The hypothesis of reducing a design boost refrigeration capacity Q0.b10-15 or
Q0.15rat of ACh to Q0.b10-20 or Q0.20rat, id est. practically twice has been approved.
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Abstract. The Ukrainian power generation industry is a fundamental branch for
developing the state economy and keeping its sovereignty. A significant problem
is the reasonable use of Earth’s power resources today. Ukraine has been try-
ing to resolve this issue, which is proved by the implemented program “Safety,
Energy Performance, Competitiveness (the Ukrainian Power Strategy till 2035)”.
It provides a shift from the old energy industry model to the new one with a
larger competitive space and opportunities to increase energy performance via
renewable and alternative power sources. A sensible way to complete this task
is waste energy recycling. Turbine-generator sets can decrease pressure and uti-
lize potential energy of gas or steam pressure to produce electricity. It is another
economic and technological challenge for Ukraine and the whole world. Simulta-
neously, that opens new prospects for introducing innovative projects. The article
is devoted to studying gas-dynamic processes in jet-reactive turbine (JRT) flow
ducts. The research assesses the off-design traction nozzle influence on the JRT
circular efficiency. There are detected dependencies between circular efficiency
and dimensionless velocity λWout.t by certain feed-in nozzle inlet pressure during
design (S = 1) and off-design conditions (S > 1). Diagrams of circular efficiency
against blade wheel velocity (U = 0…1) are drawn. The research established that
the feed-in nozzle inlet pressure rise causes the circular efficiency to fall. The effi-
ciency optimum is defined by the blade wheel velocity for design and non-design
circumstances. The highest efficiency is found by design traction nozzle operation
(S = 1).

Keywords: Energy efficiency · Jet-reactive turbine · Circular efficiency ·
Relative velocity · Absolute velocity · Moving moment · Gas mass flow ·
Characteristics · Sustainable development · Industrial growth

1 Introduction

Increasing power generation and consumption requires new science and technology
changes for people’s welfare. Industrial energy performance comprises a more reason-
able use of all resourceswith significant environmental damage fall. Therefore, the proper
application of energy performance and Earth power potential have always been top-
priority questions. In particular, developed countries pay massive attention to financing
projects of energy performance and correct compressed gas or steam use.
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Many compressed gas and steam exergy are irreversibly lost in gas distribution
stations’ reduction gears and pressure regulators. An urgent way to settle this problem
is waste energy recycling. Among promising solutions in energy performance, there
is a creation of low-capacity turbo-expanders (up to 500 kW) based on jet-reactive
turbines (JRT) to utilize compressed gas and steam energy. As usual, such sets are
repaid for less than two years. These units allow producing environmentally friendly
energy (mechanical energy on the turbine shaft or electricity from an electric generator)
in contrast to classic gas turbine and steam turbine plants, which need to burn fuel to
produce this energy, the combustion products of which pollute the environment. That
is, we have energy-saving, environmentally friendly technology that meets sustainable
development goals [1].

2 Literature Review

In our previous publications, we stated that the essential task of the modern gas transit
branch is constructing a reliable and serviceable pneumatic drive for safe gas pipeline
operations. More information on the safe [2] and effective run of gas turbines and their
engines may be read in materials [3].

Those studies stress the current research topicality [4, 5].
The research object is JRT operation processes.
The research subject is the description of JRT features and characteristics.
JRTs are principally not popular in use because their design and internal flow are not

sufficiently learned [6]. In our previous papers, the internal turbine flow was explained
in detail. There is a foreign experience on this topic [7, 8]. Gas flow models of such
machines significantly differ from our JRT operations (Fig. 1).

Fig. 1. JRT structure: reversible (a) and irreversible (b).

Also, there are several research works in ensuring the energy efficiency of rotary
machines. Particularly, analytical and practical approaches for condition monitoring
and vibro-diagnostics of turbines are presented in [9].

Ways for increasing the load capacity of bearings and impulse end seals are proposed
in [10] and [11], respectively. Also, different algorithms for ensuring real power loss
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reduction have been developed in [12, 13]. Moreover, numerical methods for ensuring
vibration reliability of turbopump units using artificial neural networks are proposed in
[14, 15].

Overall, according to the thorough analysis of recent studies in the design and cal-
culation of rotary machines, their reliability, and energy efficiency, the paper aims to
assess the influence of different factors on the circular turbine.

3 Research Methodology

The JRT circular efficiency (ηU) is calculated as:

ηU = hU
hs

= NU

Gths
= MUωT

Gths
= 2Uout.tMU

LC2
s Gt

= 2UMU

LCsGt
(1)

hU - 1 kg of gas work in the traction nozzle (Euler work). hs – 1 kg of gas work
by isentropic expansion from inlet parameters to environment pressure. MU – moving
moment. NU – capacity for MU . ωT – turbine shaft revolution velocity. Gt – gas mass
flow through the traction nozzle. Cs – velocity for isentropic work hs′ (Cs = √

2hs). L
– distance from the JRT axis to the traction nozzle section center. Uout.t – blade wheel
circular velocity in the traction nozzle section center.U – indicated blade wheel circular
velocity (U = U/Cs).

Within this JRT design (Fig. 1), gas mass flow through the traction nozzle Gt, in case
of no leak, is equal to gas mass flow through the feed-in nozzle Gin.

Moving moment is measured as [16].

MU = [
GtCout.t + fout.t

(
pout.t − pa.p

)]
L = [

GinCout.t + fout.tpa.p(S − 1)
]
L (2)

Cout.t, pout.t, fout.t, – absolute velocity, static pressure, and gas flow square in the traction
nozzle section. pa.p – environment pressure (when gas leaves the traction nozzle). S –
off-design traction nozzle degree (ratio between traction nozzle section pressure and
environment pressure (S = pout.t/pa.p).

Subsequently, we have:

ηU = 2U
[
GinCout.t + fout.tpa.p(S − 1)

]

CsGin
(3)

For the JRT design run (S = 1), the equation is:

ηU = 2U
[
GinCout.t + fout.tpa.p(S − 1)

]

CsGin
= 2U

Cout.t

Cs
(4)

Gas flow velocity in the traction nozzle section (absolute and relative) is interpreted
via the equation:

Cout.t = Wout.t − Uout.t (5)

Wout.t – gas flow velocity in the traction nozzle section (relative).
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The dependence Wout.t = f (Uout.t) is revealed as.

Wout.t = λWout.t

√

a2kr + k − 1

k + 1
U 2
out.t (6)

akr – gas flow critical velocity in the feed-in nozzle.; λWout.t –dimensionless gas flow
velocity in the traction nozzle section (relative). It depends on the traction nozzle off-
design and JRT power loss:

λWout·t =
√√√√k + 1

k − 1

[

1 −
(

pout·t
p∗
Wout·t

) k−1
k

]

=
√√√√k + 1

k − 1

[

1 −
(
Pa.pS

σp∗
in

) k−1
k

]

(7)

k – gas isentrope coefficient. σ – JRT total pressure recovery coefficient (from the feed-in
nozzle inlet to the traction nozzle outlet). p∗

Wout.t – inhibited flow pressure in the traction
nozzle section. p∗

in – inhibited flow pressure in the JRT inlet.
Accordingly, we have:

ηU = 2U
[
Gin(Wout·t − Uout·t) + fout·tpa.p(S − 1)

]

CsGin

= 2U

⎡

⎣λWout·t

√
a2kr
C2
s

+ k − 1

k + 1
U

2 − U + fout·tpa·p(S − 1)

CsGin

⎤

⎦
(8)

From the mass loss equation in the traction nozzle (TN)

Gt = pout.t fout.ty(λWout.t)kβkr

αWkr
(9)

the equation to measure the traction nozzle section square is obtained

fout·t = GtαWkr

pout·ty(λWout·t)kβkr
(10)

βkr – critical pressure ratio: βkr =
(

2
k+1

) k
k−1

. αWkr – gas flow critical velocity in the

traction nozzle (relative):

αWkr =
√

2k

k + 1
RT ∗

Wout.t

=
√

2k

k + 1
R

[
T ∗
in + U 2

out.t(k − 1)

2kR

]
=

√

a2kr + k − 1

k + 1
U 2
out.t

(11)

T ∗
Wout.t – inhibited gas flow temperature in the TN.; T ∗

in – inhibited gas flow temperature
in the JRT inlet.
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Then, the circular efficiency equation is regarded as:

ηU = 2U

⎡

⎣λWout.t

√
a2kr
C2
s

+ k − 1

k + 1
U

2 − U + (S − 1)

Sy(λout.t)kβkr

√
a2kr
C2
s

+ k − 1

k + 1
U

2

⎤

⎦

= 2U

⎡

⎣

√
a2kr
C2
s

+ k − 1

k + 1
U

2
(

λWout.t + S − 1

Sy(λout.t)kβkr

)
− U

⎤

⎦

(12)

The JRT circular efficiency includes energy losses during gas duct friction, wave
losses (sealing leaps), and losses with the outlet velocity.

As a research result, the preliminary JRT shaft efficiency calculation may be done
via a simpler velocity value: Cd.t.s=0 instead of Wout.t (Cd.t.s=0 – gas flow velocity of
the traction nozzle section in the starting mode). The formula that shows the relation
between relative gas flow velocity of the traction nozzle section and gas flow velocity
of the traction nozzle section in the starting mode:

Wout·t = λWout·t
√

a2kr + k − 1

k + 1
U 2
out·t = Cd .t.s=0

√

1 + k − 1

2kRT ∗
n
U 2
out·t (13)

Formula (13) states that the higher the circular velocity U is, the more significant
difference is between gas flow relative velocity of the traction section and gas flow
velocity of the traction nozzle section in the starting mode.

In previous studies, one of the JRT dimensionless coefficients has been discussed.
It is a gas-dynamic traction nozzle off-design S. That measures static pressure of the
traction nozzle concerning environment pressure, which is taken from rocket engine
theory.

4 Results

In case the difference betweenWout.t and Cd.t.s=0 is neglected, the JRT circular efficiency
formula for design traction nozzle operation S = 1 can be written as:

ηU = 2U

[
λWout·t

akr
Cs

− U

]
(14)

Within Eq. (14), λWout·t is calculated by Eq. (7) when S = 1.
Dependence “operating space – air” according to formula (14) is indicated by Fig. 2.
Analysis of the Fig. 1 diagram concludes that the same circular velocity increases

efficiency within JRT inlet pressure change. The highest efficiency value (by the inlet
pressure 2 MPa and 10 MPa) is 47% and 49%, respectively.

The JRT circular efficiency formula for the off-designmode when the traction nozzle
off-design degree is S > 1 with no including the difference betweenWout•t . and Cd.t.s=0

(Wout.t = Cd.t.s=0):

ηU = 2U

[
akr
Cs

(
λW ·out·t + S − 1

Sy(λout·t)kβkr

)
− U

]
(15)
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Fig. 2. Dependence of design circular efficiency change on circular velocity (Wout.t = Cd.t.s=0);
inlet pressure Pin = 2; 4; 6; 10 MPa.

Fig. 3. Dependence of off-design circular efficiency change on circular velocityWout.t =Cd.t.s=0;
inlet pressure Pin = 2; 4; 6; 10 MPa.

Figure 3 reveals dependences as to formula (9) at λWout.t = 1, 4.
Comparison of Figs. 2 and 3 clarifies the exact influence of the traction nozzle off-

design degree on the JRT efficiency by Wout.t = Cd.t.s=0: higher feed-in nozzle inlet
pressure decreases the off-design efficiency (S > 1) (Fig. 3). For Fig. 2, the design
pressure change influence is minimal while the optimum efficiency shifts to the circular
velocity rise. The most significant design efficiency value is about 50%. According to
Fig. 3, the efficiency optimum with an inlet pressure of 2–10 MPa shifts within the
circular velocity of 0,4–0,43. The maximal efficiency is 42% at 2 MPa.

The JRT off-design efficiency (S= 1) with the difference betweenWout.t andCd.t.s=0

concerning Eq. (12):

ηU = 2U

⎡

⎣λWout.t

√
a2kr
C2
s

+ k − 1

k + 1
U

2 − U

⎤

⎦ (16)

Figure 4 illustrates dependence as to formula (16)whereλWout·t is defined via formula
(7).

Figures 2 and 4 reveal that the higher relative velocity of the traction nozzle section
affects circular efficiency (thanks to the compressor effect during JRT blade wheel rev-
olutions) compared to starting mode leak velocity according to the formula (13). Within
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Fig. 4. Dependence of design circular efficiency change on circular velocity (W,out.t > Cd.t.s=0);
inlet pressure Pin = 2; 4; 6; 10 MPa.

the given JRT inlet pressure variations, the maximal circular efficiency is 11–16% higher
than the Fig. 2 dependence. Such a value is reached with blade wheel velocity of 0,65–
0,8 while the efficiency top shifts to a more significant circular velocity. Therefore, the
compressor effect influence on the circular efficiency is significant (in contrast to JRT
shaft efficiency, whose maximum with the same pressure changes by 1–5% and is kept
when blade wheel velocity is 0,25–0,40 [17]).

Figure 5 shows dependence as to formula (12) with λWout.t = 1, 4. Review of Figs. 3
and 5 detects that higher relative velocity of the traction nozzle section affects circular
efficiency in contrast to the starting mode for the off-design JRT run at λWout.t = 1, 4:
efficiency rises by about 8%. In contrast to the design JRT mode, circular efficiency
fell by about 12% (Fig. 4). Efficiency tops are indicated in Figs. 3 and 5 with a circular
velocity of 0,47 … 0,5. Analyzing these diagrams provides an opportunity to assess
off-design degrees on the JRT efficiency.

Fig. 5. Dependence of off-design circular efficiency change on circular velocity (Wout.t > C

d.t.s=0); inlet pressure Pin = 2; 4; 6; 10 MPa.

In Fig. 6, there is the dependence of circular efficiency change on circular velocity
during the design and off-design JRT modes (inlet pressure Pin = 2; 4; 6; 10 MPa).
According to the diagram, when S = 1, efficiency is the highest. The most significant
value for 10 MPa is traced with S = 42 (respectively, λWout.t = 1). Through similar
calculations, we drew diagrams for Pin = 2; 4; 6 MPa.
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The obtained Fig. 6 dependence reproduced a Fig. 7 diagram. It shows the change
of design and off-design circular efficiency top values concerning the traction nozzle
off-design degree (with corresponding inlet pressure). Also, a diagram of turbine shaft
efficiency maximum is represented [17]. It clarifies that the highest efficiency is at S= 1.
Solid lines stand for circular efficiency dependences. Dash lines imply shaft efficiency.

Fig. 6. Dependence of circular efficiency change on circular velocity during the design and off-
design JRT modes (λWout.t > Cd.t.s=0); inlet pressure Pin = 10 MPa; different values of traction
nozzle off-design degrees.

Fig. 7. Dependence of top design and off-design circular efficiency change on the traction nozzle
off-design degree; inlet pressure Pin = 2; 4; 6; 10 MPa (solid lines – circular efficiency; dash
lines – JRT shaft efficiency).

Figure 8 indicates the dependence of top design (the right extreme points) and off-
design circular efficiency change on the dimensionless gas flow velocity in the traction
nozzle section. That is calculated via formula 7 for each specific value of the traction
nozzle off-design degree. Efficiency rises when λWout.t = 1 is kept for each pressure
value (the off-design degree is the highest), and if λWout.t increases. Thus, the most
significant efficiency is traced at S = 1.
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Fig. 8. Dependence of top off-design circular efficiency change on the dimensionless gas flow
velocity in the traction nozzle section; inlet pressure Pin = 2; 4; 6; 10 MPa.

5 Conclusions

We derived JRT circular efficiency formulas for:

– more general case, for the off-design mode of operation of the JRT in the course
of rotation of unexpanded sound and supersonic jet from the traction nozzle (static
pressure in the outlet section of the traction nozzle more than ambient pressure, the
degree off-design mode S > 1) and taking into account the difference between flow
velocities at the exit from the traction nozzle in relative motion and in start-up mode
(Wout.t > Cd.ts = 0);

– the off-design mode (the degree off-design mode S > 1) and without taking into
account the difference between flow velocities at the exit from the traction nozzle in
relative motion and in start-up mode Wout.t = Cd.t.s=0;

– the designmode of operation of the traction nozzle (static pressure in the outlet section
of the traction nozzle is equal to the ambient pressure, the degree off-design mode S
= 1) and taking into account the difference between flow velocities at the exit from
the traction nozzle in relative motion and in start-up mode (Wout.t > Cd.ts = 0);

– the designmode (S=1) andwithout considering thedifferencebetweenflowvelocities
at the exit from the traction nozzle in relative motion and in start-up mode Wout.t =
Cd.t.s=0.

According to the obtained formulas, the graphical dependences of top JRT circular
efficiencies on the given circular velocities of the impeller at different values of the inlet
pressure in the JRT in the range from 2 to 10 MPa and their analysis. It is established
that:

– maximum values of circular efficiency (56–63% depending on the gas pressure at
the inlet to the leading nozzle) are achieved at much higher values of the reduced
circular velocities of the impeller (U = 0,65–0,8) than the value of the efficiency on
the turbine shaft (30–46% at U = 0,25–0,45 [17]) therefore, when calculating the
circular efficiency, it is necessary to take into account the difference between the flow
velocities at the outlet of the traction nozzle in relative motion and on the starting
mode;
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– the efficiency optimum proved to shift to higher blade wheel circular velocity (for the
design and off-design modes).

There are drawnand interpreteddiagramsof the top JRTcircular and shaft efficiencies
the degree off-design mode S and from the dimensionless gas flow rate at the section
of the traction nozzle λout.t at different values of the inlet pressure in the JRT in the
range from 2 to 10 MPa. It was found that for each set value of the pressure at the inlet
to the turbine at λout.t = 1, when the degree of miscalculation of the traction nozzle
becomes the largest value, the maximum efficiency has the lowest values and increases
with increasing λout.t. and acquire the most significant values in the design mode of
operation of the traction nozzle at S = 1.
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Abstract. Currently, humanity is beginning to experience difficulties with unlim-
ited energy consumption since there are fewer and fewer opportunities to increase
capacity generation. The use of renewable energy sources is an effectivemethod of
solving the problem of shortage of energy sources. Oneway to do this is to develop
a wind-solar power plant, called a “hybrid”, which simultaneously uses both wind
and solar energy. For such a hybrid power plant, it is suggested to use a new type
of medium-speed vertical axial wind power station, with a high utilization coeffi-
cient of wind energy and improved strength characteristics. Wind turbine models
proposed for vertical axial wind power stations were tested in a wind tunnel. A
comparison of the capacity of the specific vertical axial wind power station and
the proposed wind turbine confirms the value of the wind utilization coefficient
at the level of world samples with an average speed coefficient. The simultaneous
working wind power station analysis and solar cells and energy utilization are
performed. It is indicated that the feasibility and cost-effectiveness of solar cells
should be analyzed in each specific case. Formulas for determining the amount of
energy produced by a hybrid power station over a certain period are proposed.

Keywords: Energy efficiency · Industrial growth · Wind-solar power plant ·
Wind turbine · Solar cells

1 Introduction

Only sustainable development of humanity can ensure the further progress of life onEarth
with the satisfaction of the needs of society while not threatening the ability to meet the
needs of future generations [1]. Currently, humanity is limited in energy consumption
because available generation capacity is insufficient. New energy technologies are not
used globally, and their development leaves much to be desired. It should be noted
that the existing energy transfer methods inhibit its uniform distribution. In addition
to the high cost of equipment, the processes of long-range energy transmission lead to
significant energy losses – according to some data, up to 20% of the amount of power
generated [2]. Traditional energy (which uses fossil fuel and energy resources) threatens
a stable climate and planet ecology. The main hazard is an increase in the atmosphere
temperature and its pollution. Developed countries are elaborating new doctrines on fuel
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and energy complexes, which provide for the global introduction of alternative energy
sources, such as wind and solar [3].

The purpose of this study is to study the prospects of using vertical-axial wind
turbines of medium speed with a new type of blades in a wind-solar power plant based
on the results of studies of wind turbines models of proposed wind power plants and
analysis of the features of the joint operation of the proposed wind power plant and solar
cells with further use of energy.

2 Literature Review

It is known that now, one-third of theworld’s electricity is already generated by renewable
energy sources, but the growing population of the planet and the need for energy until
2050may cause an increase in the share of renewable energy sources to maintain climate
stability [3]. Thus, researchers believe that we should completely abandon fossil fuels.
Therefore, the priority direction for the electric power industry globally is renewable
energy. Now the global market offers enough options for designingwind and solar power
plants. However, both of them are obviously justified in certain climatic conditions. Both
wind and solar energy have a significant drawback, namely time instability caused by
both the time of the day and the time of the year. The peaks of electric power generation at
solar and wind power plants occur at different times of the year and the day. In addition,
factors such as the location latitude of solar radiation receivers, the time of year, and the
daily irradiation play a determining role for the amount of solar energy produced [4].
The feasibility of solar cells should be analyzed in each specific case, depending on the
location latitude, the range of changes in the angle of incidence of the directed radiation
flow, the presence or absence of atmospheric pollution, and other climatic conditions.
Currently, the maximum efficiency of solar energy conversion does not exceed 25% [5].

As for the wind as a renewable energy, many countries of the world are currently
successfully developing this source of alternative energy. It is known that wind power
station capacity is determined by the formula:

P = Cp
ρa

2
U 3∞S. (1)

where Cp is the wind energy utilization coefficient; U∞ a is the air density; U∞ is the
wind speed; S is the area of the axial section of the figure swept by the wind power
station blades.

The wind speed U∞ is unstable, its magnitude and direction change stochastically
over time,which complicates the direct utilizationofwind energy.Therefore, the problem
of instability in time of both solar andwind energy needs to be solved in terms of reducing
the ripples of the received energy at the output.

One of the ways to do so is to develop a wind-solar power plant, called “hy-
brid”, which simultaneously uses both wind and solar energy. Hybrid wind-solar power
plants may be preferable to independent solar and wind power plants, especially as the
autonomous power supply for cottages, small farms, mini-enterprises of food industries,
etc. The uninterruptible power supply from a centralized source is not fully guaran-
teed for various reasons. To ensure an uninterruptible power supply and a centralized
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power system, it is advisable to use local low-powered autonomous power plants close
to energy consumers. There are various methods and ways to choose a suitable location
for installing wind turbines. One of the most common, using a Multifactorial method of
analyzing the possibilities of wind power in the municipality of Knyazhevac (Eastern
Serbia), is the unification of the process of analytical structuring and geo-information
systems [6].Geodata acquisition andprocessing includedmeteorological data fromavail-
able sources, an electronic terrain model for analyzing terrain orography, and Landsat 8
satellite data for analyzing land cover. Finding optimal locations for wind turbines (wind
farms) through multifactorial analysis using decision theory methods helped figure out
how to choose the best places to invest and minimize the impact on the environment.
The document [7] shows that such a source will be sufficient to meet the global needs
for electricity and energy in its other forms. Special attention is paid to China and the
United States of America – the world’s largest producers of greenhouse gases. Possi-
ble volumes of energy extraction from wind are discussed. Information on hybrid power
plants offered on themarket is sufficient. The report on the developed hybrid (wind-solar)
electric system ECOSPECTR (ECOSPECTRCo. USA-Ukraine) is worth noticing. This
system is designed to convert wind and solar energy into high-quality electricity for res-
idential and small industrial facilities and sell surplus electricity to the central electrical
grid at a “green tariff”. Analysis of information sources shows that in the combination
of “wind turbine + solar cell”, traditional schemes of wind power stations with wind
turbines having a horizontal axis position prevail. However, vertical axial wind power
stations are also used, which is due to certain advantages in comparison with horizontal
ones: vertical axial wind turbines do not require a change in positioning when the wind
direction changes, energy conversion, and storage devices can be located on the ground,
it is possible to connect the shaft of a wind power station directly to the shaft of any
mechanical power device. In work [8], designs of modern small wind power stations
offered on the global market are analyzed. The wind energy utilization coefficient Cp of
most wind power stations does not exceed 0.3, along with their high cost. Cp of most
wind power stations does not exceed 0.3, along with their high cost. Traditional blade
systems are used for vertical axialwind turbines: Savona’s, withwing blades. The density
of flows of both solar and wind energy is low. The energy supply is unstable, so ensuring
a large and stable energy potential over time is associated with certain difficulties [9].
In the study [10], K. Eureka et al. offers the methodologies and assumptions used in
developing robust estimates of global terrestrial and offshore wind technical potential.
The global trends in the use of wind energy discussed in this document show that renew-
able energy technologies in common assessment models contribute to demonstrating
growth and improvement. These studies help to more accurately determine the impact
of renewable energy technologies on the global electricity sector. The methods of stimu-
lating and attracting investors, the procedure for obtaining permits, social and scientific
issues, the provision of data on green energy sources and regional production capacities,
and support policies are discussed [11]. Possible obstacles to the placement of wind
farms and possible ways to increase the received power are considered. The analysis and
forecasting of economic development are evaluated, considering the prospects for the
introduction of wind power facilities. In favorable developments, the amount of power
received from wind could reach 10 GW by 2030. The hybrid wind-solar power plants,
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to a certain extent, solve the problem of achieving the maximum possible stability. An
analysis of simultaneous working wind power stations, solar cells, storage devices, and
conversion devices shows that existing power generators often cannot provide the quality
of output energy required by the consumer. Therefore, to increase the efficiency of wind
and solar energy and meet the requirements of consumers regarding energy quality, it
is necessary to improve existing power generators and create fundamentally new ones
[12, 13]. Also, in [14], offshore wind turbines are described, which have a special type
of structures that have not been tested by long-term tests or industrial operation. In this
part, issues related to the development and adaptation of such turbines for use in the
maritime territories of China are considered. The natural loads on the turbine typical
for this region in conditions of the predominance of typhoons and earthquakes are con-
sidered. Attention is paid to loose and layered marine soil from the point of view of
the successful installation of the turbine. The problems associated with the combined
impact of the above factors are also indicated [15].

There are many designs of vertical-axial wind turbines in the world [16, 17]. A new
type of vertical-axial wind turbines with original blades having an open aerofoil has been
developed [12]. Power characteristic of wind turbines with such blades have shown that
their speed ratio coefficient θ is in the range from 1 to 3 (the so-called average speed
ratio). Studies shows the presence of self-starting wind turbines, a fairly high utilization
coefficient of wind energy and operation at both high and low wind speeds [18].

3 Research Methodology

3.1 Key Research Results of the Wind Wheel Model with Original Blades
of Medium Speed

The research was carried out at the aerodynamic stand of Sumy state university and
the wind tunnel of National Aerospace University “Kharkiv Aviation Institute”. In the
experiments the following parameters were measured: wind velocity, the torque on the
propeller axis, the number of revolutions of the axis of the model propeller. Using
obtained parameters, the wind energy utilization coefficient Sp and the power-speed
coefficient θ were determined using these formulas:

Cp = P

Pf
. (2)

where P is the shaft power of the wind wheel, Pf is the energy of the flow:

Pf = ρa

2
U 3∞S. (3)

where ρa is the air density; U∞ is the flow speed; S is the axial section area, swept by
the blades of the wind power installation.

The average speed coefficient is according to the formula:

θ = Ur

U∞
. (4)
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where Ur is the blade speed, U∞ is the flow speed.
As a result of the physical experiments carried out in the wind tunnel, the power

characteristic of the wind turbine model with KN-M (KN-6) blades in the coordinates
θ – Cp is obtained, shown in Fig. 1. It should be noted that full-scale wind turbines may
have a higher wind energy utilization coefficient Cp, compared to the model due to the
scale effect [18].

Fig. 1. Characteristics of Cp = f (θ) wind wheel with KN-M (KN-6) blades, i = 3.

Analysis of the power characteristic of vertical axial wind power installations shows
that in general, the dependence curves Cp = f (θ) maybe approximated by cubic (left
branch) and quadratic (right branch of the characteristic) parabolas that have a common
vertex at the point with the ordinate Cpmax (for θopt). As a result of this approxima-
tion, equations were obtained for calculating the left and right branches of the power
characteristics of vertical axial wind power plants [14]:

– the left part of the power characteristic (power-speed coefficient area θ < θopt):

Cp = C

(
θ

θpt

)2[
3 − 2

(
θ

θopt

)]
pmax

; (5)

– the right part of the power characteristic (power-speed coefficient area θopt < θ ):

Cp = Cpmax − Cpmax(
θmax − θopt

)2
(
θ − θopt

)2 = Cpmax

[
1 −

(
θ − θopt

)2
(
θmax − θopt

)2
]
. (6)

The results obtained in physical experiments on models of specific vertical axial
wind turbines of average speed with KN-M (KN-6) blades showed that these equations
are also valid for vertical axial wind power plants with original KN-M (KN-6) blades.
Thus, based on the research of the wind wheel with KN-M blades (i= 3),Cp max = 29%;
θopt = 1.2; θmax = 1.85 [14], we obtain the following approximation formulas [6]:

– left part of power characteristic Cp = 20, 14θ2(3 − 1, 66θ);

– right part of power characteristic Cp = 29
[
1 − (θ−1,2)

0,4225
2
]
.
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Obtained Cp values correspond to experimental findings. Tests of the wind turbine
with the original KN-M blades showed the presence of self-starting.

The obtained experimental power characteristics of a vertical-axial wind turbine
with original KN-M (KN-6) blades are compared with the Betz, Glauert criteria and the
characteristics of known vertical-axial wind turbines [5], Fig. 2.

Fig. 2. Comparison of the power characteristics of vertical-axial wind power plants in accordance
with the Betz (1) and Gluers (2) criteria [19]; 3 – Savona’s rotor [19]; 4 – Darrius wind power
installation [19]; 5 − rotor with straight wing blades NACA0018 [16]; 6 − rotor with KN-M
(KN-6) blades [18].

The comparison of characteristics shows that the Cp of a new type of wind turbine
is high at average θ. Since the value of the power speed coefficient θ of a specific wind
unit with KN-M blades is within 1…1.85, the circumferential speed of the blade and the
number of revolutions of the shaft of the wind unit are small.

Thus, the operation of a medium-speed wind turbine is accompanied by a signifi-
cant decrease in the centrifugal force on the blades compared to high-speed ones. The
magnitude of the decrease depends on the ratio of the circumferential speeds of the
blade with the same mass of the blades and the radius of rotation. This is certainly a
positive effect since the requirements for structural strength are reduced. In addition, the
low value of the circumferential speed of the blades causes low noise characteristics.
Thus, a new type of vertical-axial wind turbines with a sufficiently high wind energy
utilization coefficient has improved strength, reliability, environmental friendliness, and
maintenance characteristics.

Thus, considering the above, the use of a vertical-axial wind power plant with KN-M
blades in a wind-solar power plant is highly advisable.

3.2 Analysis of Simultaneous Working Wind Power Stations and Solar Cells
with Energy Utilization

As for solar energy, factors such as the location latitude of solar radiation receivers, the
time of the year, and the daily irradiation play a determining role. Daily irradiation is
generally determined by the formula [19]:

H =
∫

Gdt. (7)
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whereH is the daily irradiation,G is the intensity of solar radiation per unit of time, and
dt is the time period under consideration.

The intensity of solar radiation G includes the components of directed and scattered
radiation:

G = Gb + Gd . (8)

where G is the total irradiance of a random site, Gb is the intensity of directed radiation
flow, Gd is the intensity of scattered radiation.

Thus, the feasibility of solar cells should be analyzed in each specific case, depending
on the location latitude, the range of changes in the incidence angle of the directed
radiation flow, the presence or absence of atmospheric pollution, and other climatic
conditions. Electric energy from solar cells can be obtained in two ways [19]: using a
heat engine and photovoltaic generation.

At a hybrid power plant, of course, as a source of electromotive force, solar cells are
functioning in the presence of a radiation flux. Thus, the amount of energy that can be
obtained from a solar cell can be determined by the formula:

Pc=Cpc

∫
Gdt. (9)

where G is the intensity of solar radiation at a given period, t is the period under consid-
eration, Cpc is the efficiency coefficient of a solar cell. The amount of solar insolation
in a specific area can be found in the relevant sources.

The efficiency coefficient of a solar cell (Cpc) is the ratio of the battery energy to the
energy of the solar flow at a specific area on the receiving surface of a solar cell.

The capacity characteristic of a wind-solar power plant is the sum of two energy
sources capacities, which ensures greater stability of its supply to the consumer. In
general, the amount of energy received over a certain period can be determined by the
formula:

P = Cpc

t2∫
t1
Gdt + CpηS

ρ

2

t2∫
t1
U∞dt. (10)

where Cpc is the efficiency coefficient of a solar cell, G is the intensity of solar radiation
per unit of time (the t function); Cp is the utilization coefficient of wind power, η is the
coefficient of efficiency of mechanical components of wind power installations, U∞ is
the wind velocity (the τ function), ρ is the air density, S is the wind wheel area, t is the
time.

The annual amount of energy can be determined using the formula:

Ryear =Cpc

∑
CtcpRyear = Cpc

∑
CtcpτY+

ρ

2
S

∑
U 3∞τnCpη. (11)

whereGtcp is the average insolation value per hour, τγ is the annual working time, hour;
τn is the sum of the time (number of hours) when each type of wind speed repeats, η is
the efficiency of the mechanical components of the wind power installation.
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4 Results

The results of the study of the prospects for using a vertical-axial wind turbine ofmedium
speed with a new type of blades as part of a wind-solar power plant and the analysis of
the features of the joint operation of the proposed wind power plant and solar cells with
further use of energy are as follows.

The expediency of using a vertical-axial wind power plant is justified, since:

1. The wind energy utilization factor of the proposed wind unit has a high value for
the speed coefficient range (1 ≤ θ ≤ 3) and is at the world level of wind energy
utilization values for both low- and high-speed wind turbines [20, 21].

2. The circumferential speed of the blades in the proposed wind turbine is low. This
causes a small amount of centrifugal force, which is important from the point of
view of the strength and reliability of operation requirements. In addition, the low
circumferential speed of the wind turbine blades ensures a low noise level, which
allows you to place a power plant near housing.

3. The presence of self-starting of the wind wheel and the absence of wind orientation
requirements greatly simplifies the maintenance of the power plant.

The performed analysis showed that changes in solar insolation to one degree or
another have a certain pattern and can be predicted. Speed changes and, consequently,
wind energy, are unpredictable. In the second case, the amount of energy received
changes and the circumferential speed of the blades, and the number of revolutions
of the axis (shaft) of the wind turbine.

Formulas are proposed for determining the amount of energy that a wind-solar power
plant will generate over a certain period of time (see above).

Since the speed of the shaft (axis) of the wind turbine of the proposed wind unit (1<

θ < 3) is small, it requires the use of multipliers to increase the number of revolutions,
which reduces the overall efficiency and increases the cost of the wind unit. Thus, it is
logical to use low-speed generators with soft characteristics for a wind plant [21].

It is concluded that since the amount of energy generated at the wind and solar power
plants is unstable, it is necessary to use energy storage and storage systems to organize an
uninterrupted supply of high-quality energy to the consumer. They allow storing excess
generated electricity and using it in windless and cloudy weather [22]. The choice of
accumulating and converting devices, as a rule, is determined by the required amount
of energy given over a certain period, the requirements for its quality and consumption
schedule, on the one hand, and on the other hand, the time required for energy storage
[23]. For an autonomous power plant, an uninterrupted power supply to the consumer is
obviously possible due to a storage device accumulating the necessary amount of energy,
which can be distributed over time according to the consumer’s schedule [24].

5 Conclusions

Analysis of information sources has shown the feasibility of wind-solar power plants,
especially autonomous ones.
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The prospects of using vertical-axial wind turbines of medium speed with a new type
of blades in a wind-solar power plant have been studied.

A new type of medium-speed (1< θ < 3) vertical-axial wind power plants is promis-
ing for use in wind and solar power plants (1 < θ < 3) since it has such qualities of a
wind wheel as a sufficiently high wind energy utilization factor, self-starting of the wind
turbine, no need for wind orientation, low centrifugal force on the blades, low noise, i.e.,
it shows improved characteristics in strength, reliability, ecology, and maintenance.

The features of the joint operation of the proposed wind power plant and solar cells
with the further use of energy are analyzed. Recommendations are given for determin-
ing the capacity of a wind-solar power plant in terms of climatic conditions and its
compliance with energy consumption requirements.

Recommendations on the choice of an electric generator and converting devices are
offered, taking into account the peculiarities of the proposed wind power station.
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