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The article presents the results of a study of a high-performance grain cleaning machine for the preliminary cleaning
of grain pile with a closed aspiration system. The flow regimes of the “air-grain pile” mixture determined by the Reyn-
olds number and the bulk concentration of particles are established. As a result of the modeling, further directions for
improving pneumatic systems of grain cleaning machines were determined: the cleaning efficiency of the E  fraction
of pure grain from light impurities, shriveled and crushed grain reaches 82%, the output cleanliness of the grain was
93.7%, and the loss of full grain to waste P, = 0,017%. The average speed of the air flow in the separating channel
is U =7.12 m/s, its coefficient of variation across the width of the separating channel is v = 12,7%. The results of the
experimental data confirmed the adequacy of using mathematical modeling of the air flow in the pneumatic system
of a grain cleaning machine to substantiate the basic parameters of the pneumatic system.
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INTRODUCTION
The problem statement

In pneumatic systems of grain pre-cleaning machines,
the process of separating a grain pile from large impuri-
ties (spikelets, straw residues, etc.) and light impurities
(husks, small weed seeds, etc.) occurs by airflow [1-5].
However, modern grain cleaning machines for prelimi-
nary cleaning of grain pile with a pneumatic system as
their main working element, in their operational qualities
do not fully meet the increasing requirements of mod-
ern agricultural production [6-9]. Due to the imperfection
of the design of the pneumatic system, there is an in-
creased dustiness in the service areas and poor-quality
separation of the grain pile by the air flow [10-12]. The
development of a new technology for the separation of
a heap of grain and more advanced technology for its
implementation is difficult due to the diversity of crops
and methods of separation; the complexity and diversity
of the process of interaction of the particles of the sepa-
rated materials with the air flow and the working bodies
of the machine; insufficient development of the theoret-
ical foundations of separation by air flow and methods
for substantiating the parameters of machines and the
modes of their operation [13-17]. In this regard, it is nec-
essary to improve the theory of separation by air flow
and the designs of pneumatic systems of grain cleaning
machines [18-20].

Research aims

The accuracy of the mathematical description of the tech-
nological process of the pneumatic system of the grain
cleaning machine for the preliminary cleaning of the grain
pile (GCM) depends largely on how the presence and
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intensity of the interfacial interaction (particle relaxation
time), particle concentration, etc., are taken into account
in the mathematical model. It is necessary to establish
the "gas-particle" interaction mode (air-grain and air-im-
purities), which is determined by the Reynolds number
of the Rep particle and the volume concentration of the
particles @, as well as the kinematic (structural-techno-
logical) parameter of the pneumatic system. In turn, to
determine the data of these parameters, it is necessary
to know the amount of the material entering the clean-
ing (capacity), the speed of the air flow and particles,
as well as their aerodynamic drag coefficients. Thus, the
purpose of this paper is to substantiate the parameters
of the air flow and grain pile (particles with different phys-
ical and mechanical properties) for the implementation
of the mathematical model of the technological process
of the pneumatic system of the grain cleaning machine
for pre-cleaning of the grain pile, taking into account its
structural and technological parameters.

MATERIALS AND METHODS

A wide range of mathematical models is offered to de-
scribe gas flows with solid particles. They differ in the
way they describe the motion of gas and particles, the
assumptions made, and the areas of applicability. The
choice of a suitable model is made taking into account
the available information on the flow structure and the
required accuracy of its description. The construction
of mathematical models describing the flow of gas with
an admixture of solid particles is hampered by the fact
that the flow of the carrier phase is only the background
against which a large number of macroscopic particles
move. The practical impossibility of solving the equa-
tions of motion of each of these particles together with
the equations of motion of the carrier phase, the action
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of a number of factors which randomize the movement
of particles (the polydispersity of the impurity, the irregu-
larity of the particle shape, turbulence) lead to the devel-
opment of special mathematical and numerical models.

Modern methods of mathematical modeling of two-phase
flows are classified into three main groups: continuum
(Eulerian), trajectory (Lagrangian), kinetic (statistical).
After analyzing all the advantages and disadvantages
of each approach, in order to describe the movement of
the air-grain mixture in the GCM pneumatic system, the
most appropriate in our opinion is the mathematical mod-
el of gas flow with particles, described by the trajectory
(Lagrangian) approach. The advantage of this approach
is the possibility of describing non-equilibrium particle
flows, i.e. particles have a different geometric parameter,
density, mass, etc., the mutual influence of the particles
themselves, the turbulence of the air flow, the mutual in-
fluence of gas and particles are also taken into account.
All these features, that is, differences in the physicome-
chanical properties and geometrical parameters of the
grains, as well as the influence of the grain mass on
the nature of the separation process, are fundamental
for GCM. For an accurate description and selection of
a model according to the theory of two-phase flows, it is
necessary to determine the class of gas (air) flow with
particles (grain) in the GCM pneumatic system.

In the GCM pneumatic system, the technological pro-
cess of separating a grain pile from impurities by air flow
can be mathematically described as a complex system
of polydisperse two-phase flow taking into account grav-
itational, resistance and friction forces, where one phase
is air created by a fan, and the second is solid particles
(grain pile). The particles have different concentrations,
physical and mechanical properties (mass, density, geo-
metrical dimensions, humidity, elasticity, sailing, etc.).
The difference in the physical and mechanical properties
of the phases determines the nature of the interaction of
air and particles. The inertia and sailing of various par-
ticles (heavy - seeds, light - husks, impurities) lead to a
different separation of the trajectories of motion from the
air. In such flows, light particles move (are separated)
by the air flow due to the aerodynamic drag force, which
exceeds the gravitational force, the cause of which is
the difference in air velocity and particle. Heavy particles
mostly move (separated from the light ones) under the
action of gravity, while the aerodynamic drag force acts
slightly [1-18].

The force of aerodynamic drag is determined by the ex-

pression:

5 nd} |U-V|(u-v)

Fy = Copy ™ . (1)
where C, is the aerodynamic drag coefficient of the par-
ticle, p, is the air density, kg / m*® (o = 1.225 kg / m®);
dp- particle diameter, m; U is the air flow speed created
by the fan, m / s; V - particle velocity, m / s.

The aerodynamic drag coefficient of spherical particles
C, is determined according to the Rayleigh curve de-
pending on the Reynolds number Re (C, = (Re)) [1-3].
The number of Reynolds for particles is determined by
the formula

__ pglU=Vldy
— 2)

where n is the dynamic viscosity of air, Pa-s (at 20 ° C
n=1.8210°% Pa-s).

Mathematical description of the process of interaction of
the air flow with a grain pile. The case is described when
the forces of aerodynamic drag and gravity have the
main influence on the motion of particles, the Lagrangian
equations of motion will take the following form

Re,

dv; _ Uiy

tg (3)

ar T

Thus, we obtained the equation of the pulsation motion
of inertial particles. The approach to the derivation of the
pulsation equations of polydisperse particles is based on
the application of the Reynolds number of particles to the
Lagrangian equations.

The heterogeneous flows have their own specific char-
acteristics: intensive and extensive. The intensive quan-
tities include the physical properties of particles, such as
their geometric parameters (equivalent diameter) dp and
density P,

The dynamic inertia of particles is the time of exposure of
a particle in the air stream, determined by their relaxation
time 7, (dynamic particle relaxation time), which has the
following form

0o d2
=D 4)
P 18uz
where Z is the correction function
R 25
1+—2— with Re,<10°
Z= 6 )
0,11-Rep

with Re,>10°

where p is the kinematic viscosity of air (at 200C y =1,51
-10-5m2/s).

The inertia of a particle depends on the characteristics
of the air flow in which it moves. The correction function
Z takes into account the effect of inertia forces on the
particle relaxation time. Thus, when a particle moves, its
inertia also depends on the particle Reynolds number.

To calculate the movement of the air flow generated by
a fan in a rotating coordinate system, use is made of the
approximation of a one-component incompressible me-
dium described by the Navier — Stokes equations taking
into account the effects of turbulence:

—i +Y(UR)=- L+ly ((Juﬂ:f)(‘?UJr(VU)T)) D (6)
C o s
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vU=0 (7)
D-{1- Jrf:—Ld)(g-FJ-i—? 8)

where P is the pressure; J - coefficient taking into ac-
count the force of rotation, y, - turbulent viscosity.

Equations (6-8) take into account the main nonlinear
mechanisms of turbulent flows: inertial forces and gravity.
The rotational forces (Coriolis and centrifugal) while in
the rotating coordinate system have the form:

J=20U-w"r (9)

where w is the angular velocity of the fan, ris the radius
of the fan wheel.

The equations (6—9) describe the technological process
of the fan operation, taking into account the rotating
wheel in the coordinate system.

The impact of the air flow generated by the fan on the
grain pile entering the GCM pneumatic system, in gener-
al, based on the Navier-Stokes equation, takes the form
[13-14].

afg 4V (pgl I) - Q)

o

(10)

where V is the operator nabla (Hamilton), a vector differ-
ential operator whose components are partial derivatives
with respect to coordinates; Q° - mass feed of particles,
kg / m*s.
The equation of motion of the elements of the grain pile
dv, wd3 2
BB _ _V s

dt Sm ( D!‘}._E'IU Vpl({] __I{_*r,_;}"'g,’ (j PP) (11)
The modeling the transfer of the polydisperse phase in-
volves solving a non-uniform convective-diffusion equa-
tion for the concentration of particles:

aNp _ Vi o
TEHV (G N) =V (GEUN, ) 4N, (12)
where v, is the kinematic coefficient of turbulent air vis-
cosity; Sc, is the turbulent Schmidt number; N is the
concentration of particles; Np - speed of ablation of light
particles.
The impulse transfer of the dispersed phase is described
by an inhomogeneous convective-diffusion equation that
is solved for the particle velocity:

a(N,V,)

1 . U
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Results

Tables 1 and 2 present the main physicomechanical
properties and the statistical analysis of the geometric
parameters of the seeds of a grain pile.

Table 1: Statistical analysis of the geometric parameters
of the grain pile and clean grain (wheat, "Vatan" variety)

Ve 1
V-V, N, ——=—VN V,]=—-N,—VP
ac T ((p P Sc, p)®p) " pp *

R o
5 e
&x |2 |85|S
; So |9 A=
£ |5 |¢2 |2.|2¢E|5
S |= |28 [av|22|3
Grain pile (before cleaning)
Length /, mm | 1.11 | 28.1 [ 10.77 | 39.8 | 6.31 | 58.59
Thickness a,
mm 03 |195]| 211 | 1.8 |1.34(63.57
Widthe, mm | 14 | 57 | 3.53 [1.02| 1.01 | 28.64
Equivalent
diameterd, |0.72|541( 259 [ - - -
mm
Pure grain (after cleaning)
Length/, mm | 5.06 | 6.92 [ 6.03 | 0.22 | 0.47 | 7.74
Thickness a. | 5 24 {3.36 | 2.70 |0.05|0.23| 8.62
mm
Width e, mm [2.05|3.63| 2.98 | 0.11 | 0.34 | 11.28
Equivalent
diameterd,, |3.12(4.64| 3.90 | - - -
mm
Table 2: Statistical analysis of the mass of a single weevil
(wheat, “Salavat Yulaev” variety)
< e g
NN :
g s | 2 > | E
= = < (@] << © > <
Mass, g{0.012{0.08(0.036(0.0001{0.0105|29.32/0.0011
(13)
(14)
(15)
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As shown by experimental measurements (table 1 and
2), the grain pile is heterogeneous and has a wide range
of both physicomechanical and geometrical parameters
[13-16]. The data obtained are used in a mathematical
model describing the technological process of the pneu-
matic system of a grain cleaning machine for pre-clean-
ing.

Determination of flow regime and intensity of interfacial
interaction (volume and mass concentration of grain
pile). The technological process of separation in the
GCM pneumatic system proceeds with a relatively small
volumetric content of the grain pile. At the same time,
the total mass of the grain heap is several times greater
than the mass of the air flow generated by the fan. In this
regard, it is necessary to determine the intensity of the
interfacial interaction, which is estimated by the volume
and mass concentrations of the air-grain mixture.

In GCM pneumatic systems, the volume concentration of
a grain pile is within ® = 1.5« 10* ... 2.3 » 107, and the
mass concentration M = 0.16 ... 2.51, which is consid-
ered according to the accepted classification of hetero-
geneous flows to be slightly dusty.

In such a flow mode, the effect of the carrier phase (air
flow) on the movement of solid particles (grain) is ob-
served, and the reverse effect of particles on the air flow
is negligible. As the concentration of particles (supply)
increases, the effect of the grain pile on the air flow in-
creases, as well as the interaction of the components of
the pile between them. But in this case, the cleaning pro-
cess is violated, which is unacceptable. Experimentally
obtained concentrations are used in simulation modeling
of the technological process of operation of GCM pneu-
matic systems in the FlowVision program.

Visualization of the trajectories of the airspeed, obtained
from the results of modeling and calculation in the soft-
ware package FlowVision (Figure 2-4).

Figure 1: Model calculation area with boundary
conditions: 1 - output of the purified grain; 2 - grain pile
entering; 3 - wall; 4 - symmetry; 5 - air inlet;

6 - fan (rotation)
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Figure 2: Trajectories of the air flow in the GCM
pneumatic system

Figure 3: Distribution of the air flow rate in the GCM
pneumatic system

e Ly \

i

pneumoseparation
The effect of cleaning the E, fraction of pure grain from
light impurities, puny and crushed grain reaches 82%,
and the loss of full-grain to waste Lg = 0.017%. The pu-
rity of the grain output was 93.7%. The mass of 1,000
grains of pure grain after cleaning was 33g, and the na-
ture - 754 g/I. In comparison with the existing MINO-50
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Figure 5: Graph of the P purity of the fraction of pure
grain, the effect of cleaning EO from light impurities, the
completeness of the selection of E impurities from the
supply q of the initial material

before cleaning

after cleaning
Figure 6: Sampling of wheat “Omskaya-36" variety

machine, the effect of cleaning the grain from light impu-
rities E,, the purity of the grain P and the completeness
of the emission of impurities E are 6, 5 and 11% higher,
respectively.

DISCUSSION

The experimental data of the distribution of air velocity
in the pneumatic systems of the existing modern GCM
showed that the air flow in the pneumatic separating
channel is unevenly distributed and varies over a wide
range (coefficient of variation v to 37%). This is evi-
denced by the results of other researchers [1-12]. This
indicates that the technological process of separation of
the grain pile in the GCM pneumatic system proceeds
in violation of agrotechnical requirements. Due to the
increase in productivity and throughput, there are prob-
lems of high-quality functioning of the GCM pneumatic
system. This can be explained by the complexity of the
simultaneous regulation of several structural and tech-
nological parameters (fan speed and air flow rate U,
supply of grain pile g) and, depending on the crop to be
harvested, on its physical and mechanical properties
(geometrical parameters, humidity, impurities). The ex-
perimental data were confirmed by theoretical studies of
the mathematical description and modeling in the form of
a polydisperse two-phase flow with regard to concentra-
tion, inertia, relaxation time, resistance coefficient. Simi-
lar studies were carried out by other scientists, which are
reflected in the works [1-13].

Journal of Applied Engineering Science Vol. 17, No. 4, 2019
ISSN 1451-4117

L

The adequacy of the model, theoretical and experimen-
tal studies is confirmed by their convergence (reliability
is 0.97), which suggests that the possibility of accepting
the results is reliable. By simulating and calculating a
model of real pneumatic systems of existing grain clean-
ing machines, using this method, problem areas of the
pneumatic system were identified. These problems can
be solved by changing the design parameters and add-
ing baffles to the separating channel of the pneumatic
system, which contributes to a uniform distribution of the
air flow across the entire width of the separating channel
of the pneumatic system of the grain cleaning machine.

The obtained characteristics allow us to develop rec-
ommendations for the optimization of the structural and
technological parameters of the pneumatic system of the
grain cleaning machine as a whole. Using this simulation
method, it is possible to improve the GCM pneumatic
systems without significant costs and efforts.

CONCLUSION

The following indicators of the flow mode in the GCM
pneumatic system for preliminary cleaning are substanti-
ated: mass concentration M = 0.16 ... 2.51; volume con-
centration of a grain pile ® = 1,5.10*...2,3+10%; Reynolds
number of grain pile Rep = 125 ... .1884; aerodynamic
coefficient of grain pile resistance C,=0.19 ... 0.59;
sailing ratio coefficients - for full grains it varies in the range
k =0.09 ... 0.3, and for weed admixture k. = 0.4 ... 1.22;
dynamic inertia of grain heap particles 7 = 1 ... 28.5.
The flow mode “air - grain pile” in the GCM pneumatic
system refers to heterogeneous, lightly dusty streams.
The obtained parameters allow us to establish that for
mathematical modeling of the technological process of
operation of the pneumatic system of a grain cleaning
machine, it is possible to use the methods of two-phase
"gas-particle" flows as well as to develop recommenda-
tions for the optimization of the structural and techno-
logical parameters of the pneumatic system of the grain
cleaning machine as a whole. Using this simulation
method, it is possible to improve the GCM pneumatic
systems without significant costs and efforts.
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