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Abstract The results of the preparation of an analytical platform for building a
cyber-physical system (CPS) for industrial mixing of bulk components in a gravita-
tional apparatus with additional mixing elements are presented. The latter includes
rotating drums with brushes and inclined fender planes. To perform an analysis of
the efficiency of the process of mixing bulk materials with different physical and
mechanical properties in rarefied flows, the author’s models are used. The above ele-
ments of the analytical platform forCPS contribute to the development of engineering
methods for calculating gravity-type mixing equipment.

Keywords Cyber-physical system · Gravity mixer · Loose components · Brush
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1 Introduction

The problem of creation of the cyber-physical system (CPS) for the realization of an
effective mixture of loose components can’t be solved without the formation of the
analytical platform, theoretical bases of the most specified technological process.
Important stages, preceding model operation of the process of mixture of loose
components, identification of its information parameters and the choice of basis
(settlement) variables are. At the same time research of influence of input parameters
of this technological operation as a mechanical process, on its output characteristics
demands the description of mechanics of behavior of firm dispersion mediums in the
displacement volume of the concrete mixer.
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The research of behavior of loose components at their interfusing is of special
interest at a development stage of theoretical bases of projection of mixing equip-
ment for the needs of a wide range of industries and agriculture. One of the ways to
overcome the prerequisites for the segregation effect, characteristic of the operation
modes of many devices of the indicated purpose, is the constructive organization of
crossing of rarefied flows of mixable bulk components in the working volume of
the mixer [1, 2]. At the solution of specific technological objectives, it is required
to consider a complex set of parameters of the studied process to which not only
procedural indicators of operation of interfusing and its design parameters but also
physicomechanical characteristics of loose materials belong. The analysis of the
behavior of loose components in the described conditions often is complicated by
the impossibility of realization of model experiments in connection with toxic prop-
erties of actuation mediums. In this case, it is expedient to select safe substitutes
of compositions of the required mix with similar physicomechanical properties to
perform «tunings» of an engineering methodic of calculation of key parameters of
the mixer. In this time realization of theoretical researches on approbation of such
replacement of toxic substances with model environments by means of the analysis
of the corresponding results of stochastic modeling is required [1].

The significance of the creation of a cyber-physical systemof an industrialmixture
of loose components even more increases in the specified conditions.

2 Analysis of the Fundamental Scheme of the Mixer
of Loose Materials

Brieflywewill stop on the description of the key diagramof the device formechanical
mixture of thefirmdisperse components «1» and«2»with the continuous duty (Fig. 1)
as the operation of hashing which is carried out before achievement of the specified
coefficient of degree of inhomogeneity of the obtainable loose mix. Let the flow of
the loose component «1» be «transporting», and a flow «2»—«key». Let’s allocate
the following main stages of mechanical technological process in the mixer with a
set of design parameters a = {

aj1 = cont
}
, j1 = 1, u1 flows «1» and «2».

• Realization of giving by means of the special device (a batcher or the feeder)
of working materials with a set of input parameters x(t) = {xi(t)}, i = 1, 2
from area of their change of X = {

x−
1 ≤ x1 ≤ x+

1 ; x−
1 ≤ x1 ≤ x+

1

}
. In particular,

mass consumption Qi(t),Q2(t) and mass fractions γi(t), γ2(t) of «1» and «2»
components belong to components of entrance sets for each component.

• An increase in surfaces of shift S components is typical at their turbulent nature
of hashing with a supply of energy of E during mixture. This energy is spent
on the shift of particles with a rupture of intercommunications between them
and also a macrodiffusion process. Therefore, a set of the regime parameters
b = {S,D,E, τS ,} includes the listed indicators of the studied process where
D—is the macrodiffusion coefficient.
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Fig. 1 The fundamental scheme of the device for the mechanical mixture of the firm disperse com-
ponents «1» and «2» with the continuous duty: I and II—zones of driving of flows of «transporting»
and «key» components and their mix, III—the diffusion surface of contact

• Removal (output) from displacement volume of the mixer of the obtained
loose mix with coefficient in inhomogeneity of VC which is characterized by
the following set of output variables y3(t) = {x1(t), x2(t), VC} or y3(t) =
{Qi(t),Q2(t), γi(t), γ2(t), VC} of process of the given set of Y = {

y−
3 ≤ y3 ≤ y+

3

}
.

Thus, the full set of z(t) = {x(t), y(t), a, b} information variables with total num-
ber of w for the continuous mechanical mixing of two firm disperse components «1»
and «2» with the continuous duty consists of several sets: input x(t), output y(t),
constructive a, regime b. Further, there is a question of the division of information
variables into two categories (Fig. 2): settlement zm (basis, defined from the formed

Fig. 2 The conditional scheme of calculation of the technological process by means of information
variables
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mathematical model of the mixture) and design zp (all others from among informa-
tional). As a rule, last

(
zp = zpr + zpo

)
are divided into the regulated zpr parameters

(which set consists of technological and design) and the optimizing zpo parameters.
Variation of the optimizing process parameters within its model allows formu-

lating a problem of optimization. Let’s notice that the calculation of the number
of the projected variables corresponds to the number of degree of freedoms of the
technological process of STP = w − n where n is the number of basic variables.
The existence of a multifactorality directed by such a task significantly complicates
obtaining required optimal values of parameters of the designed device.

However, in practice the considerable accuracy isn’t always required at the assess-
ment of optimal values of parameters of technological process and searching for
effective ranges of change of the specified characteristics is possible. In that case,
restrictions for change of similitude criteria of a technological system (Fig. 2) can
be used. In these conditions searching for limits of variation of effective values of
parameters of the studied technological process within the analytical platform is
carried out. Further, we will pass to the consideration of the formation of the cor-
responding mathematical model of the process of the mixture in the gravitational
mixer with additional mixing elements.

3 Some Features of the Process of Interfusing of Loose
Components in the Gravitational Apparatus

In the device of gravitational type for the increase in the effectiveness of the process
of mixing of the not wetted loose components related to the I–III classes of loose-
ness by Kerr’s technique with particle sizes within 1.5–6.5 × 10−4 m it is offered
to use additional mixing elements. They represent drums with the brush elements
fixed on their surface along circular helixes of the opposite direction from both end
faces of drums. These brushes are applied to the formation of dilute flow from the
mixed loose components which enter from trays of the gravitational device. In works
[3, 4] the specified process for materials with particle sizes of (1.5–4.0) × 10−4 m
of comparable density is investigated. At the same time the key design and regime
parameters of the process of mixing having the most significant impact on the effec-
tiveness of receiving quality mix with a procedural ratio of components 1:10 and
more are revealed. Besides, on the basis of the stochastic approach [1] the conditions
of achievement of this effectiveness [3, 4] confirmed with data of experiments [5]
are theoretically described. Thus, for comparison with earlier received results from
[3, 4] studying of the behavior of the loose components close to the value of density
is of interest:

• in a more expanded range of change of the aggregate size of grains, in that number
up to 6.5 × 10−4 m;

• from toxic substances, the conduct of experimental studies which is difficult.
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Table 1 Physico-mechanical characteristics of bulk components

Name of bulk material, model Bulk density, ×103 kg/m3 Particle size average on
fractions, ×10−4 m

Natural sand GOST 8736-93
[2, 3]

1.525 1.5

Semolina GOST 7022-97 [2, 3] 1.440 4.0

Soda ash granules GOST
5100-85 model A (OKP 21
3111 0200)

1.080 1.75

Elimination of the shallow
crushed stone GOST 8267-93,
model M300

1.600 5.75

Considering a wide range of purpose of the loose mixes received in the grav-
itational device (from food and mineral structures to structural and chemical), as
actuation mediums elimination of the GOST 8267-93 shallow crushed stone model
M300 and the GOST 5100-85 soda ash model A granules (OKP 21 3111 0200) in
addition to earlier considered theGOST8736-93 natural sand and theGOST7022-97
semolina were chosen.

In particular, shallow crushed stone is applied to the production of concrete,
glass, printing materials; soda ash (Na2CO3 sodium carbonate)—for receiving glass,
paper, soap, cast iron, paint and varnish materials, etc. Let’s notice that soda ash is a
substance of the 3rd class of danger according to GOST 12.1.007. Bulk density and
particle sizes of the corresponding loose materials are specified in Table 1.

4 Application of the Stochastic Approach to the Formation
of the Analytical Platform of a Cyber-Physical System
of the Process of Interfusing of Loose Components

The problem of modeling operation of the process of formation of dilute flows of
loose components doesn’t lose the relevance [6, 7] since this process is a component
of many technological operations of chemical technologies [8]. According to the
made analysis of literature sources, it is expedient to carry out the description of
mechanics of behavior of particles of loose material in the formed dilute flows on
the basis of stochastic approach [9, 10] owing to the unpredictability of trajectories
of their driving. At the same time from all variety of the stochastic methods [8, 11–
13] including involved at creation of informational management [14] and cell-like
[15–17] models, descriptions with time series [18] and with the analysis of a power
condition of a single microsystem [19] it is offered to allocate a power way of model
operation.

This choice has a talk a possibility of account in the defined law of distribution
of number of particles in the formed dilute flow in the given parameters of process
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of interfusing of a number of the characteristic factors of driving of particles, for
example, of their rotations, interactions both with mixing elements, and at collisions
among themselves, etc [8, 20, 21]. Application of the specified power way which
was described in the monograph by Klimontovich [9], for the theory of technologi-
cal processes is insufficiently developed [22, 23], however this way is successfully
approved when studying shock interactions in dispersible and film systems [19] and
technological operation of a refinement [24]. According to the stochasticmodel oper-
ation of process of formation of dilute flows of granular environments described in
works [3, 4], the constructed differential distribution function of number of particles
χij

(
αj

)
for loose components i = 1, 2 on the angle αj of spreading the drum with

brushes depending on number of the deformed brush element j = 1, 2, 3 has the
form:

χij
(
αj

) = Kij

{
exp

[
−k4k

2
0

(
αj + ϕij

)2[
μij

(
αsij

)]2
/k1ik2i

]

(
erf

{
μij

(
αsij

) × [
1 + k0k3i

(
αj + ϕij

)]2
/k3i

}

−erf
[
μij

(
αsij

)
/k3i

])}
/
[
μij

(
αsij

)]
(1)

where μij,Kij, kvi, v = 1, 4—the coefficients depending on a set of input data of
model; ϕij, αsij—are the characteristic angles of driving of particles in drum trans-
verse sections for each brush element. Function χij

(
αj

)
in (1) it is received at the

adding Eij—the energy of stochastic driving of a single spherical particle of compo-
nent i= 1, 2 taking into account their headway, the accidental nature of theirmoments
of impulses and elastic interaction with deformable brush element j = 1, 2, 3. At the
same case, the element of a phase space d�ij is defined by polar coordinates of this
particle concerning a spin axis of a rotary drum mixer in the plane of its section for
each deformed brush element

d�if = dvxijdvyij = ω2rijdrijdθij (2)

whereω—an angular velocity of rotation of the drum; rij and θij,—radial and angular
coordinates for points of disruption of loose materials of i = 1, 2. Let’s notice that
(1)—the stationary solution of power representation of the Fokker-Planck equation,
which, in particular, in the presence of macroscale fluctuations of conditions of
particle systems of each component as collisions of their elements, has the following
form

χij = Aijexp
[
−Eij/E0ij + E2

ij/
(
2E2

fij

)]
(3)

where E0ij and Efij—energetic parameters of the model.
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5 Model Results

The received results for function χij
(
αj

)
from expression (1) for the GOST 5100-

85 soda ash model A and elimination of the GOST 8267-93 shallow crushed stone
modelM300 (Table 1) are reflected inFigs. 3 and4 respectively.Besides, the specified
results allowapproving thismodel [3] taking into account collisions betweenparticles
of the mixed components, which dropped by brush elements from screw spiralling
of opposite directions, for a wider class of loose materials, than for considered in
works [3, 4].

The analysis of these results is made depending on major factors revealed in
works [3, 4] having the greatest impact on quality of mix at this stage of the studied
process: angular velocity of rotation of the drum ω; extents of deformation of brush

Fig. 3 Dependences χij = (
αj

)
for number j of the deformed brush element: a, b,—the GOST

5100-85 soda ash model A (i = 1); c, d,—elimination of the GOST 8267-93 shallow crushed stone
model M300 (i = 2); a, c,—χij = (

αj,ω
)
, � = 1.5; b, d—χij = (

αj,�
)
, ω = 52.36 c−1; j = 1 (1);

j = 2 (2); j = 3 (3); hs =1.6 × 10−2 m
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Fig. 4 Dependences �i = (
αj

)
for the GOST 5100-85 soda ash model A (a surface 1; i = 1)

and elimination of the GOST 8267-93 shallow crushed stone model M300 (surface 2; i = 2):
a − �i

(
αj,ω

)
, � = 1, 5;, b—�i

(
αj,�

)
, ω = 52.36 c−1; hs = 1.6 × 10−2 m

elements � (as beater length relations to gap height between a tray of the device and
drum); step of spiralling of brush elements hs. The presented surfaces (Fig. 3a–d)
illustrate providing an estimated condition of effective interfusing in the form of
aspiration to the rapprochement of values of extremums for the angles of scattering
of particles of loose components i = 1, 2 which is very marked observed for case
j = 3 when comparing surfaces 3 in Fig. 3a, c or Fig. 3b, d. Moreover, the type of
these surfaces also aims to coincidence with the mixed granular environments. These
results confirm the conclusions explained inwork [3] for interfusing of other granular
materials—the GOST 8736-93 natural sand and the GOST 7022-97 semolina (see
Table 1; Fig. 4a, b) for the complete differential distribution functions calculated by

�i
(
αj

) =
nb=3∏

j=1

χij
(
αj

)
, (4)

based on (1)–(3).
Comparison of theoretical calculations and the experimental data of dependence

�2
(
αj

)
screening of 8 stone model M300 (i= 2), presented in Fig. 5, has satisfactory

consent with the relative accuracy which isn’t exceeding 10%. Let’s notice that
when carrying out experiences near the rotating drum with the fixed brushes in the
way described earlier the vertical trap with cells for particles of the studied loose
component was established. In comparison with data from work [3] for the specified
workingmaterial the general nature of change of the complete differential distribution
function of number of its particles �2

(
αj

)
remains on the angle of scattering αj from

(4) at formation of a dilute flow owing to interaction with brush elements both for
theoretical experimental data. In Fig. 5 it is more evident, than in Fig. 4, the tendency
to the rapprochement of values of extremums for α1jex and α2jex—the angles of
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Fig. 5 Dependences�i
(
αj

)
:� = 1,5;ω = 52.36 c−1; hs = 1.6× 10−2 m; 1—GOST 5100-85 soda

ash Brand A (i = 1); 2—elimination of the GOST 8267-93 shallow crushed stone model M300
(i = 2); lines—the theory; points are the experimental data for elimination of the GOST 8267-93
shallow crushed stone model M300 (i = 2)

scattering of particles of loose components i = 1, 2 is presented. This trend reflects
a condition of effective interfusing of loose components.

6 Conclusion

So, in the work preparation of an analytical platform for the construction of a cyber-
physical system of industrial mixing of bulk components was carried out. In the
considered example, the following parameters can be chosen as the characteristic
variables of the technological process of mixing bulk materials. Input variables are
x = {xi(t)} = {QVi, nV i}, i = 1, 2 where QVi volumetric costs of each component
are; nV i are their volume fractions, specified by the technological features of the
industrial process. Output variables are y = {yi(t)} = {

QVi, nV i, V tech
Cτ ,�VCτ

}
, i =

1, 2 where V tech
Cτ are routine values of the heterogeneity coefficient at the τ-stage

of mixing, τ = 1, 3; �VCτ are absolute parameter errors V tech
Cτ . The set of regime

parameters is b = {ωτ, ψ1τ } where ωτ is drum rotation speed; ψ1τ is the angle of
the bump to horizontal. As the design parameters can be selected: length, width and
angle of inclination of the tray; length and angle of the bump; width and radius of
the roll; the length, radius and angle of the helical winding of the cylindrical brush
element; the number of brush elements; the distance between the brush elements in
the helical winding. Given that the input parameters are a subset of the output, the
total number of information variables of the process of mixing bulk components in
a gravity mixer is determined by the expression N = Nyi +Nbτ +Naτ. For example,
the basic variables can be the parameters �VCτ = ∣∣V tech

Cτ − V pr
Cτ

∣∣ where V pr
Cτ are
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the calculated values of the inhomogeneity coefficient obtained from the proposed
stochastic mixing model of bulk components and optimizing—total sets of structural
and mode parameters.

The made the stochastic analysis of the behavior of various loose components
at the formation of dilute flows in the gravitational mixer confirms expediency of
application of brush elements and a possibility of realization with their help of the
effective mixing conditions revealed earlier in works [3, 4]. The specified factors
essentially influence the evaluation test of the mix [5] and the formation of an engi-
neering methodology of calculation of design and regime parameters, the designed
new gravitational device. Besides, the expediency of application of power approach
at the stochastic model operation of the process of interfusing of loose components
along with the most widespread informational management [14] and cell-like by
methods [15–17] is illustrated in the analysis of the degree of uniformity of the
received mix. Use of power approach [9] for special purpose calculations [5] in the
field of engineering chemistries can be considered how the development of their
theoretical bases.
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