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Computer modeling of various technological processes, including soil treatment, has currently become an urgent
task. The purpose of the study is to make energy evaluation of the tilling implement working tool by modeling the
technological process with the use of discrete element methods and the method of computational fluid dynamics. The
obtained results were compared with the results of real experiments. The paper presents the results of the compara-
tive energy assessment of the cultivator's working tool. The results were obtained during real experiments conducted
in the tillage bin by modeling the soil treatment technological process with the use of discrete elements (DEM) and
computational fluid dynamics methods (CFD). To measure the working tool tractive resistance in the tillage bin an ex-
perimental unit with strain indicators of 5000N rating value was created. The unit has the function of possible techno-
logical and structural adjustments. Soil particles configurations were selected by modeling the technological process
with the use of the discrete elements method. Literature sources and data of various soil examinations were used to
determine physical and mechanical properties of soil. Such values as Poisson's ratio (V), static friction coefficient (f),
shear modulus (G), and Young’s modulus (E) were set. According to the results the values got using computational
fluid dynamics method are similar to the results of real experiments conducted in the tillage bin. When using discrete

element modeling the value of the instrument tractive resistance is close to real data at low operating speeds.
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INTRODUCTION

Many technological operations are used to cultivate ag-
ricultural crops among which soil treatment operations
require greatest energy input. Even with the introduction
of new energy-saving technologies of minimum tillage
such as No-Till and Strip-Till the interaction of working
instruments of cultivators and seeders with the soil is not
excluded [1,2]. In this regard, when developing new and
improving existing working instruments for cultivators
and seeders, special attention should be paid to reduc-
ing their tractive resistance [3-7].

When developing and improving working bodies of till-
age and sowing machines various methods of modeling
the soil treatment technological process have been used
in recent years. Depending on the ways of numerical
implementation of soil treatment models these meth-
ods can be divided into three main types: models imple-
mented using the computational fluid dynamics method
(CFD) method) [8-11], models designed with the use of
the discrete element method (DEM) [12-21] and models
developed with the use of finite-element method (FEM
method).

Modeling of the soil treatment process implemented with
the use of discrete elements method is used rather wide-
ly. This method describes well the process of particles
movement during their interaction with the working in-
struments of tillage machines. It can be used to optimize
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design and technological parameters of working tools.

When modeling the process of soil treatment carried out
by a tined cultivator working tool and using discrete ele-
ments method the issues of the soil particles interaction
are considered [12,22]. Particle properties were selected
depending on physical and mechanical features of real
soil. The obtained results are equal enough.

The method of discrete elements can be used to study
strength characteristics of different soil types [14,19] as
well as mixing of soil particles [16].

In addition, some studies [16] prove that when model-
ing the technological process by using the discrete el-
ements method, physical and mechanical properties of
the simulated medium influence the working tool energy
performance. The effect of particle size on the tractive
resistance of working instruments is studied later [23]. To
analyze the results precision, an experimental unit was
created. The unit has the function of possible changing
the design and technological parameters of the tined cul-
tivator working instrument.

The use of the discrete elements method makes it possi-
ble to allocate soil particles of different density and size
into layers [24,25]. When soil particles are allocated in
such a way, the change in soil depth density is taken into
account.

Among the disadvantages of the method of discrete ele-
ments [13] is impossibility to study both the soil layer de-
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formation caused by the working tool, and the processes
of soil loosening and compaction.

According to the study analysis the reliability of the
data obtained when using DEM-modeling is largely de-
termined by the correct calibration of physical and me-
chanical properties of discrete particles and the selected
model of their contact, especially when evaluating the
working body tractive resistance.

In the work of Karmakar and Kushwaha [8] the CFD
method is used to analyze the stress-strain state of the
soil layer when it interacts with a narrow vertical working
body. In this case, a free surface model was used which
made it possible to visualize the process of furrowing af-
ter the passage of the working body and the ridge for-
mation in front of it. The correspondence of the modeling
results to the real experimental values was observed
only when the working body moved at a low speed and
a small depth.

In the work of Mudarisov [9] the possibility of using a
rheological Newtonian viscous fluid as a soil model was
proved. According to further research of Mudarisov et al.
[26], the change in pressures, forces and inertia acting
on the working bodies of tillage machines largely depend
on the viscosity of the simulated medium. For the numer-
ical implementation of the CFD method the Flow Vision
program was used. The correspondence between the
real soil properties and the viscous liquid of the simulat-
ed medium was established later [27].

The possibility of using the CFD method in the study of
the interaction between the soil layer and the working
surface of the instrument is considered in the work of
Zhu et al. [11]. Three-dimensional images of soil pres-
sure distribution on the surface of the working body ob-
tained by the authors were used to assess the wear and
durability of the working instrument.

-

In the work of Peng et al. [15] the existing modeling
methods are analyzed. According to the authors, the ex-
isting methods do not sufficiently take into account the
real properties of soil environment when modeling the
soil treatment process. The authors propose to use the
Langrangian (smoothed particle method or SPH-meth-
od) modeling approach. The paper presents the results
of tractive resistance measurements of the working in-
strument. However, when conducting real experiments,
there are no tractive resistance measurements of the
same working instruments.

The analysis of the works showed that the correspon-
dence of the results obtained using the DEM and CFD
modeling methods to the real soil treatment results ob-
tained during the energy assessment of tillage instru-
ments is largely determined by physical properties of the
simulated media. In this regard, this paper presents the
results of the evaluation of the working instrument trac-
tive resistance obtained with the use of the method of
discrete elements with different coefficient of static fric-
tion of particles and their relative positions in compari-
son with the method of computational fluid dynamics and
with the real values of the full-scale experiment in the
tillage bin.

THEORY AND EXPERIMENTAL

The vertical chisel cultivator working instrument used for
strip tillage was chosen as a subject for the study.

Real experiments to determine the traction resistance
of the working instrument were carried out in the tillage
bin of the Department of Agricultural and Technological
machines of Bashkir State Agricultural University. A lab-
oratory unit was made for the experiments. The unit was
hung on the strain-measuring bogie hinge (Fig. 1).
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Figure 1: Laboratory unit for determining traction resistance. 1 - tillage bin sized 3x15m; 2 - rails;
3 - powered bogie; 4 - MIC-400D analog to digital converter; 5 - strain-measuring hinge with sensors;
6 - hydraulic system; 7 - developed cultivator gang for strip-till planting
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Figure 2: MIC-400D data collection platform

Experimental data were registered and processed data
using the MIC-400D data collection platform produced
by “Mera” Research and Production Enterprise (Korolev,
Russia) (Fig. 2).

A calibrator was used for the equipment calibration (Fig.
3). The tensor link was loaded up with up to 3 tons. GRM-
20 rupture test machine was used for loading.

Modeling of the soil treatment technological process in
the Flow Vision software package was carried out ac-
cording to the method proposed by Mudarisov [9,27]. A
free surface model was used for that. The density of the
soil medium p=1400 kg / m3 was set in accordance with
the actual conditions. The viscosity of the soil medium
was determined depending on soil particle-size distribu-
tion and humidity according to the nomograph of Mu-
darisov et al.[27]. If according to the nomograph the hu-
midity of loamy soil w=22.5%, then its medium viscosity
v=1000 N*s / m2.

In discrete models soil medium is considered as a sys-
tem consisting of a number of individual particles. The
interaction between particles is based on the laws of
contact mechanics.

When using the DEM modeling, particles of the simulat-
ed environment can be presented as various combina-

b)

Figure 3: Calibration link. 1 - GRM-20 hydraulic rupture
test machine; 2 - tensor link; 3 - mechanical load gage;
4 - MIC-400D data collection platform

tions of balls of different diameters. Typically, in soil mod-
eling, granular particle contacts are realized using the
Hertz-Mindlin model [12-14,17]. In addition to determin-
ing the number of particles and their relative position, it
is necessary to define the conditions of their interaction.
Using literary sources [12-14,17] and data from the study
of various soils to determine the physical and mechan-
ical properties of soils Poisson's coefficient values (V =
0.3.0.35), the coefficient of static friction (f= 0.35...0.7),
the shear modulus (G= 10...12 MPa), young's modulus
(E= 30...35 MPa) were set.

We used the following combinations of spherical parti-
cles: a single ball, three balls on the apexes of an isos-
celes triangle, four balls on a single line (Fig. 4). At the
same time the diameter of the ball was equal to 1 mm.

The energy indicators of the working instrument in real
conditions are also affected by the physical and mechan-
ical soil properties such as its density and humidity. Soil
moisture affects the friction of the soil on the working sur-
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Figure 4: A combination of soil particles for the DEM: a - a single ball;
b - 3 balls on the apexes of an isosceles triangle; ¢ - 4 balls on a single line
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face of the working body and on its tractive resistance.
For real experiments carried out in the tillage bin with the
use of a working instrument leached black soil of a light
- loamy mechanical composition (clay - 17-28%, sand -
67-75%, 5-8%) was used. During the experiments, the
soil was maintained at an average density of 1400 kg/m?
and a humidity of w=22.5%.

RESULTS AND DISCUSSION

Below are the results of determining the traction resis-
tance of the working tool when modeling CFD and DEM
methods, as well as the values of the tractive resistance
of the working body on the soil channel at the same
speeds.

Table 1 shows the tractive resistance in CFD, DEM sim-
ulations for a single ball particle and a real tillage bin
experiment. Fig. 5 shows a graphical interpretation of the
results.

As can be seen from Fig. 5, the tractive resistance of the
working instrument with the CFD method is closer to the
real values of real experiments. When using the meth-
od of discrete elements it is slightly lower. At the same
time the spread of data obtained by DEM-modeling for
different values of the static friction coefficient goes up
to 20%.

Studies on the influence of the static friction coefficient
on the tractive resistance of the working instrument in
DEM-modeling is presented in the works of [17,28-30].
The authors found that the most similar results on the
tractive resistance were obtained at values of the static
friction coefficient in the range of 0.3...0.7. For our soil
conditions, the results close to the real values of the trac-
tive resistance were obtained at the static friction coeffi-
cient of f=0.7.

Table 1: Dependence of the tractive resistance R of the working tool of the cultivator on the speed of movement

The movement speed of the working instrument, m/s
Parameters
0.5 1 1.5 2 25
Tractive resistance R (DEM, static friction
coefficient =0.35) 125.8 166.8 191.5 230.5 266.8
Tractive resistance R (DEM, static friction
coefficient f=0.40) 135.1 174.8 200.9 220.5 271.1
Tractive resistance R (DEM, static friction
coefficient =0.45) 150.1 189.5 214.7 251.3 306
Tractive resistance R (DEM, static friction
coefficient =0.7) 169.1 200.4 248.7 299.5 380
Tractive resistance R (CFD, medium
viscosity v =1000 N*s / m2) 180.5 216.8 258.4 301.2 378.1
Tractive resistance R on the soil channel
(soil moisture w=22.5%) 195.4 234.6 290 365.4 455.8
R,H-
400
7/
300 - \
200 = |
y=12x3438,72x+ 131,24
& | n1 =0,9923
100 . ; : i
0 0.5 1 1.5 Y, 25 V.M

Figure 5: Dependence of the tractive resistance of the cultivator's working instrument on the movement speed.
1 - DEM (f=0.35); 2 - DEM (f=0.4); 3 - DEM (f=0.45); 4 - DEM (f=0.7); 5 - CFD-method;
6 - full-scale experiment (w=22.5%)

Istrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 18, No. 2, 2020

201



Salavat Mudarisov, et al. - Comparative assessment of discrete element methods and computational fluid

dynamics for energy estimation of the cultivator working bodies

@

Table 2 shows the results of DEM modeling for soil par-
ticles implemented as three balls on the apexes of an
isosceles triangle. Fig. 6 shows a graphical interpretation
of the obtained results compared with the CFD modeling
and real experiments data.

As can be seen from Fig. 6, the values of the tractive re-
sistance of the working instrument during DEM modeling
at low speeds within 0.5...1 m / s are comparable with
the results of real experiments. With a static coefficient
f=0.7, the DEM results are close to the results obtained
by the CFD method. The spread of the data obtained by
DEM at different values of the static friction coefficient is
25...35%.

Table 3 shows the results of DEM modeling for soil par-
ticles implemented as four balls on a single line. Fig. 7
shows a graphical interpretation of the obtained results

compared with the CFD modeling and real experiments
data.

As can be seen on Fig. 7, the tractive resistance in DEM
modeling is slightly lower compared to the results of real
experiments and CFD modeling. At the same time the
spread of data obtained by DEM-modeling for different
values of the static friction coefficient goes up to 20%.

The dependence of the tractive resistance of the working
instrument on the speed of its movement for any model-
ing methods (Fig 5-7) is approximated using quadratic
functions of the form y = ax? + bx + ¢, which does not
contradict the laws of agricultural mechanics. The same
dependencies of the tractive resistance in the use of
DEM-modeling were obtained in the works of Dzyuba et
al. [6],Tesliuk et al. [7], Zhu et al. [11], Karmakar et al.
[31],and Ani et al. [32].

Table 2: Dependence of the tractive resistance of the cultivator working body on the movement speed
(DEM patrticle - three balls on the apexes of an isosceles triangle)

The movement speed of the working instrument, m/s
Parameters
0.5 1 15 2 2.5
Tractive resistance R (DEM, static friction
coefficient f=0.35) 145.8 172.8 201.5 2254 280.4
Tractive resistance R (DEM, static friction
coefficient f=0.40) 169.5 1991 245.1 280.8 336.5
Tractive resistance R (DEM, static friction
coefficient f=0.45) 191.2 226.4 280.1 308.4 394.2
Tractive resistance R (DEM, static friction
coefficient f=0.7) 190.1 229.4 294.4 306.4 410.7
Tractive resistance R (CFD, medium
viscosity v =1000 N*s / m?) 180.5 216.8 258.4 301.2 378.1
Tractive resistance R on the soil channel
(soil moisture w=22.5%) 195.4 234.6 290 365.4 455.8
R.H
i 4 5 6

400 \ A\

300 ;

200 +—p=i=

y=22x2+37,64x+ 169,24
R*20,9592
100 - ; ;
0 0.5 1 1.3 2 2,5 V.,Mmc

Figure 6: Dependence of the tractive resistance of the cultivator's working body on the speed of movement
(DEM particle - three balls on the apexes of an isosceles triangle). 1 - DEM (f=0.35); 2 - DEM (f=0.4);
3 - DEM (f=0.45); 4 - DEM (f=0.7); 5 - CFD-method; 6 - real experiment (w=22.5%)
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Theoretical and experimental studies have shown that Fig. 8 shows comparative results of visualization of the
when the speed of movement increases by 1.5-3.0 m/s, interaction process between the working instrument and
the tractive resistance of the working instrument increas-  the simulated environment. These results were obtained
es to 35-40%. using the DEM and CFD methods.

Table 3: Dependence of the tractive resistance of the cultivator working body on the movement speed
(DEM particle - four balls on a single line)

The movement speed of the working instrument, m/s
0.5 1 1.5 2 25

Parameters

Tractive resistance R (DEM, static friction
coefficient f=0.35)

Tractive resistance R (DEM, static friction
coefficient f=0.40)

Tractive resistance R (DEM, static friction
coefficient f=0.45)

Tractive resistance R (DEM, static friction
coefficient f=0.7)

Tractive resistance R (CFD, medium
viscosity v =1000 N*s / m?)

99.2 1234 141 169.4 180.7

105.4 135.1 148.2 180.7 199.8

112.4 161.1 180.1 193.2 215.3

130.2 188.4 230.5 290 318.1

180.5 216.8 258.4 301.2 378.1

Tractive resistance R on the soil channel

(soil moisture w=22.5%) 195.4 234.6 290 365.4 455.8

R.H

v=23,543x%+ 25,291+ 164,32
R?=0,9957

400
] 2 3 |4 5|6

o ATV ot

200 -

100 4 ! | |
0 0.5 1 1.5 2 2.5 V,mc

Figure 7: Dependence of the tractive resistance of the cultivator's working body on the movement speed
(DEM patrticle - four balls on a single line). 1 - DEM (f=0.35); 2 - DEM (f=0.4); 3 - DEM (f=0.45); 4 - DEM (f=0.7);
5 - CFD-method; 6 - real experiment (w=22.5%)

a) b)

Figure 8: Modeling of the technological process of soil treatment: a) using the method of discrete elements;
b) using the method of computational fluid dynamics. 1 - working body; 2 - soil environment
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Figure 9: Distribution of soil pressure on the surface of the working instrument, obtained as a result of modeling:
a) using the method of discrete elements; b) using the method of computational fluid dynamics

Fig. 9 shows the visualization of pressure distribution
from the soil environment on the surface of the work-
ing instrument, obtained by the methods of discrete ele-
ments and computational fluid dynamics. As can be seen
from the presented visualization of the soil surface (Fig.
8), the process of forming the ridge before the working
instrument and the furrow after its passage for DEM is
more realistic. This is evidenced by the pressure distri-
bution (Fig. 9) - the zone of contact between the particles
and the instrument for DEM extends above the soil sur-
face. When using the CFD method it rises slightly from
the surface level of the simulated medium. This is due
to the fact that the CFD uses a fluid environment and
after interaction with the instrument, it flows to its initial
position.

The greatest soil pressure on the surface of the instru-
ment is observed in its lower part.

Similar results on the distribution of soil pressure on the
surface of the working instrument during CFD modeling
were obtained in the works of Bartzanas et al. [10] and
Zhu et al. [11].

The results of the experiments showed that the values
of the tractive resistance of the working instrument for
loamy soils, which are closest to real values were ob-
tained for the CFD modeling method. In the future for
DEM simulations to obtain more accurate results, it is
necessary to calibrate soil environment properties on
other physical and mechanical properties. For example,
on Poisson's ratio v, the shear modulus G and elasticity
modulus E, since this method gives a more realistic pic-
ture on the movement of soil particles during interaction
with the working instrument.

CONCLUSIONS

The results of the experiments showed that the tractive
resistance of the working instrument, which was ob-
tained by the method of computational fluid dynamics,
is comparable to the results of real experiments in the
tillage bin. The tractive resistance of the working instru-
ment during the simulation with the use of discrete ele-
ments method is close to the real data at low operating
speeds, but is slightly lower (more than 1.5 m/s) at higher
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operating speeds. The presented results show that with
an increase in the speed of the working instrument, the
tractive resistance also increases. This does not contra-
dict the laws of agricultural mechanics and the data ob-
tained by researchers earlier.

The application of discrete element methods or compu-
tational liquid dynamics depends on the goals set by the
researcher. To study the process of mixing soil particles,
the method of discrete elements has an advantage, but
for studying the stress-strain state of the soil during pro-
cessing the method of computational hydrodynamics is
better.

It has been revealed that the tractive resistance of the
working instrument is affected by the configuration and
size of soil elements. The results, which are closer to
the real results of the tractive resistance for the method
of discrete elements, are obtained when used those soil
particles which are in the form of three balls located on
the apex of an isosceles triangle.

In general, the use of discrete element methods and
computational fluid dynamics allow us to assess the
quality and energetics of the soil treatment process.

In addition, it should be noted that the discrete elements
method is more suitable for the treatment of fine-grained
soils such as sandy soils of mechanical texture. When
using the dis-crete elements method, more detailed cal-
ibration of rheological properties of the model is ne-ces-
sary for a particular soil type.

In the future, in order to obtain adequate values during
energetic assessment of soil treatment instruments by
using the discrete elements method, it is necessary to
study the influence of other rheological properties of the
simulated environment - the Poisson's ratio V, the shear
modulus G, and the elasticity modulus E.

The obtained results and methodology can be used for
energetic assessment and optimization of structural and
technological parameters of newly created working in-
struments of tillage tools.
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