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Simulation of the interaction between the working bodies
of tillage machines and the soil in Simcenter STAR-CCM+

Abstract. The lack of simple analytical physical and mathematical models complicates the investigation of the
interaction of tillage working bodies with the soil when designing new structures. To simplify these calculations within
the framework of agricultural machinery engineering, it is necessary to use software that integrates the development of
agricultural mechanics. The purpose of this study was to model and investigate the interaction of tillage working bodies
with the soil using Simcenter STAR-CCM+. For this, the volumetric fluid method and the discrete element method were used.
When creating the model, the main physical and mechanical properties of the soil were used. As a result, the simulation of
the interaction of the most common tillage working bodies, such as a tooth of a duck-foot cultivator, a disc harrow on an
elastic stand, a subsoil cultivator (chisel plough), a mouldboard plough, and a smooth roller, was modelled using volume-
of-fluid method and discrete element method. The application of the volume-of-fluid method helped establish a non-
primary flow of the soil relative to the working body, while the discrete element method determined the distributions of
velocities and forces of interaction of soil particles. It was found that both proposed methods can be useful for modelling
the interaction of the tillage working body with the soil in Simcenter STAR-CCM+. Complementing each other, they create
a general picture of the physics of the interaction of the tillage tool with the soil. Using Simcenter STAR-CCM+, the
interaction process was visualized and the height of the formed ridges and furrow depths and their location in space were
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determined. The application of the obtained models will enable the agricultural engineers to quickly develop innovative

designs of tillage tools based on their interaction with the soil

Keywords: tools; numerical modelling; volumetric fluid method; discrete element method; velocity distribution;

pressure

INTRODUCTION

To study the interaction of the working bodies of soil tillage
machines with the soil, the latter should be formalized in the
form of a physical and mathematical model of the environ-
ment in such a way that the properties of this model most
fully correspond to the physical and mechanical properties
of the real soil. A considerable number of studies investi-
gate the interaction of tillage working bodies with the soil.
Interaction models developed by V.P. Sysolin et al. (2001),
Ya. Gukov (2007), O. Kozachenko et al. (2021a) and others
deserve great attention. A.S. Kushnarev (2010) used the
form of representation of the soil structure model and the
types of deformations that occur during interaction as the
basis of the classification of the interaction of tillage work-
ing bodies with the soil. As noted by V.P. Kovbasa (2006),
V.F. Pashchenko & S.I. Kornienko (2016), this approach
helped group the attempts made by many researchers to
develop certain models of interaction of various working
bodies according to certain characteristics. According to
the form of presentation of the model of soil construc-
tion, all works related to the interaction of working bodies
with the soil can be divided into four groups: solid body,
continuous elastic medium, continuous incompressible
fluid medium, continuous elastic-viscous-plastic medium.

Therewith, as an analytical apparatus, the following
are used: methods of solid body mechanics, methods of
the theory of elasticity and its simplified variants, meth-
ods of soil mechanics, methods of the theory of similarity
and dimensions, methods of statistical mechanics (Hutsol
& Kovbasa, 2016). Each of the presented studies is inter-
esting in its approach to solving the technological prob-
lem of the interaction of the tillage working body with the
soil environment. Thus, I.A. Shevchenko (2016) used the
Mohr-Coulomb theory, which complements the theory of
soil strength, in addition to the obtained equation of the
movement of a material particle of soil on the surface of
a tillage working body. Based on the results of experimen-
tal studies on the optimization of agrophysical properties
of the arable horizon, I.A. Shevchenko (2016) considered
the differentiated soil structure. M.V. Bakum & D.A. Yas-
hchuk (2011) considered the issue of sketch geometry of
determining the height of the ridges above the bottom
of the furrow during tillage. O.P. Hutsol & V.P. Kovbasa
(2016) presents the physical equations of the relationship
between stresses and deformation rates for the soil envi-
ronment when a soil-processing working body acts on it.
Each of the presented models is used separately from each
other, which leads to only a one-sided consideration of the
scientific and technical difficulty of simulating the interac-
tion of the working bodies of tillage machines with the soil.

].B. Barr et al. (2019), K.A. Aikins et al. (2023), ]. Zhang
et al. (2023) stated that in the design and optimization
of agricultural machinery, the discrete element method
(DEM) has played a major role due to its ability to acceler-
ate the design and production process due to the reduction
of repeated prototyping, testing, and evaluation in exper-
imental conditions. In the field of soil dynamics, DEM was
mainly used in the design and optimization of soil tillage
working bodies. This numerical method can capture the
dynamic and volumetric behaviour of soils and soil-work-
ing body interactions (Xu et al., 2022; Ucgul, 2023). The
presented pool of information consolidates the available
working approaches and helps identify model gaps that, if
addressed, will advance the current soil dynamics model-
ling capability. The purpose was to simulate and investi-
gate the interaction of tillage working bodies with the soil
using the capabilities of Simcenter STAR-CCM+.

LITERATURE REVIEW

M. Ucgul et al. (2016) stated that modelling the soil-tool
interaction is a complex process due to the variability of
the soil profile, the nonlinear behaviour of the soil ma-
terial, and the dynamic effects of soil flow. An approach
that will provide further insight is the Discrete Element
Method (DEM). In this study, topsoil subsidence during the
soil-mouldboard interaction process was simulated using
the DEM. A procedure was developed to compare and quan-
tify the ground motion and subsidence of the surface layer
of DEM simulations with soil channel and field results. The
results of the study suggest that DEM has the potential to
predict soil movement from tillage tools, including soil in-
version and surface subsidence.

J. Zhang et al. (2023) built a model of the interaction of
the rotary blade working body with the soil using the DEM.
The modelling process reflects the blade-soil interaction
law, and the accuracy of the simulation model is verified
by field tests. The simulation model had good accuracy at
all factor levels. The model built in this study can provide
a theoretical framework and technical reference for the in-
teraction mechanism of rotary tillage and soil, optimiza-
tion of geometry, selection of working parameters.

A.A.Tagar et al. (2015) used the finite element method
(FEM) to model soil failure patterns associated with con-
sistency limits and soil sticking point, comparing the sim-
ulation results with soil failure patterns observed in a soil
bunker and in the field. The results strongly suggested that
the FEM is a useful tool for creating soil failure models,
but the simulation models correlated better with the soil
channel than with the field test results. It was concluded
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that the FEM can provide accurate modelling of soil fail-
ure structures under soil hopper test conditions, but the
soil hopper results do not meet the satisfactory results of
field studies.

A. Ibrahimi et al. (2015) illustrates the use of the FEM
to model the interaction of a mouldboard plough. The
Drucker-Prager elastoplastic model was used to model the
behaviour of the sandy soil material. The mouldboard was
considered as a discrete solid body with a reference point
at the top, wherein three orthogonal components of forc-
es (vertical, lateral, and sediment) were calculated. In this
study, the influence of the blade cutting depth, work speed,
cutting angle and elevation angle on soil tillage effort was
investigated. It was concluded that the FEM can be used to
understand the effects of mouldboard design and operat-
ing conditions on tillage forces, energy requirements and
soil overturning quality. J.B. Barr et al. (2019) studied the
interaction of plough shares using field experiments and
modelling according to the DEM.

T. Okayasu et al. (2012) modelled the interaction of
a tillage working body using a three-dimensional plough
geometry and a soil layer modelled by the DEM particles.
By introducing an element of bond between particles, the
soil adhesion was arranged to simulate an actual cohesive
soil. Soil cutting profiles were investigated in the context of
variations in soil properties and tillage rates. Subsequent
plough reaction forces were estimated from the simulation
results. The simulated reaction forces were qualitatively
consistent with the experimental data.

T. Xu et al. (2022) developed a precision seeding plant
analysis model based on the DEM coupled with the MBD
method (many body dynamics). The soil covering and com-
paction process was modelled and analysed. A comparison
between the experimental results and the simulated results
indicated that the trend was similar, and the two results
were close. M. Ucgul (2023) modelled the interaction be-
tween the soil and a one-sided modified disc plough using
the DEM. Since the disc plough is a passively driven tool,
the rotating speed of the disc plough was modelled using
the DEM-MBD combination. Our experience in numerical
modelling of technological processes of agro-industrial
production (Kozachenko et al., 2021b; Aliyev et al., 2022)
allows us to assert the possibility of using the Simcenter
STAR-CCM+ software package for simulating the interac-
tion of the working bodies of tillage machines with the soil.

When designing new structures of tillage working bod-
ies, agricultural engineers cannot investigate their inter-
action with the soil due to complex analytical physical and
mathematical models developed by the above-mentioned
renowned scientists and researchers. To simplify the cal-
culations of this interaction within the framework of agri-
cultural machine engineering, it is necessary to summarize
the achievements of Ukrainian and foreign agricultural
mechanics into a single software. Today, the use of numer-
ical modelling of the interaction of the working bodies of
soil tillage machines with the soil is already being practised
in specialized software packages.

A. Kobets et al.

MATERIALS AND METHODS
Simcenter STAR-CCM+ allows using the Volume of Fluid
method (VOF) and the Discrete Element Method (DEM) to
model technological processes. VOF and DEM are two dis-
tinct methods for modelling physical processes. However,
both were used to model the interaction of the tillage work-
ing body with the soil. The VOF is a numerical free-surface
approximation method used to model fluid motion and its
interaction with solids. The DEM is a numerical method
used to model the behaviour of numerous discrete solids,
such as particles of soil, sand, or rock. When modelling the
work process of the tillage working body, the VOF can be
used under the assumption that the soil is a liquid with ap-
propriate physical and mechanical properties. On the other
hand, the DEM can be used to model the interaction of a
working body with individual soil particles that have varied
sizes, shapes, and physical and mechanical properties.

The most common tillage implements for evaluating
the use of VOF and DEM for simulating their interaction
with the soil were chosen as follows: a tooth of a duck-foot
cultivator, a disc harrow on an elastic rack, a subsoil culti-
vator (chisel plough), a mouldboard plough, and a smooth
roller. The geometric dimensions of the specified tillage
working bodies are presented in Figure 1.

In Simcenter STAR-CCM+, 3D models of working or-
gans were transformed into a volume-surface mesh. Sur-
face mesh generator and trimmer were picked as the mesh
models. The 3D mesh model uses a template mesh that is
constructed from hexagonal cells of the target size, from
which it cuts or trims the base mesh using the initial input
surface. The basic size of the mesh was taken as 0.01 m. The
general appearance of the formed grids of working bodies
is presented in Fig. 1.

The following physical models are selected for the
VOF method in Simcenter STAR-CCM+: three-dimension-
al, non-stationary implicit, multiphase, multiphase inter-
action, separated flow, turbulent motion, k-¢ turbulence
model, the volume-of-fluid method, the volume-of-fluid
waves, gravity. Air and soil were picked as Euler phases.
A gas model with a constant density and a turbulent flow
regime was picked for air. Physical and mechanical prop-
erties of air: density — 1.18415 kg/m?; dynamic viscosity -
1.85508-10-° Pa-s. A liquid model with a constant density
and a turbulent flow regime was picked for the soil. Accord-
ing to K.A. Aikins et al. (2023), the physical and mechanical
properties of the soil are as follows: density — 1,500 kg/m?;
dynamic viscosity — 10° Pa's. A random distribution of sur-
face roughness is adopted for the VOF wave model. The
general view of the modelling area with the specified ge-
ometric dimensions is presented in Figure 2.

The relative unevenness of the soil surface at rest of
the VOF wave was within -0.02 m to 0.02 m, and its distri-
bution is presented in Figure 3.

The following physical models were picked for the DEM
in Simcenter STAR-CCM+: three-dimensional, non-sta-
tionary implicit, Lagrangian multiphase, multiphase in-
teraction, gravity. The DEM particles with the following
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models are chosen as the Lagrangian phase: spherical
particle, solid, constant density. As physical and mechan-
ical properties of soil particles according to O.P. Hutsol &
V.P. Kovbasa (2016), I.A. Shevchenko (2016), the following
were adopted: density - 1,500 kg/m?; Poisson’s ratio - 0.41;
Young’s modulus of elasticity — 1.5-10". For particle-parti-
cle interaction, the following coefficient of rest friction was
accepted: 1.732; normal and tangent coefficients of recov-
ery — 0.5; linear coupling factor — 1.5; work of cohesion -

a)

255 mm

c) d)

e)

b)

0.5 N/m. For the interaction between the particle and the
steel wall of the working body, the coefficient of friction
at rest was 0.61; normal and tangent coefficients of recov-
ery — 0.5; no linear coupling. According to I.A. Shevchen-
ko (2016), the fractional composition of the soil obeyed a
normal Gaussian distribution within 10 mm to 36 mm. The
accepted distribution of soil particles by size is presented
in Figure 4. The soil was divided into 30 layers with a thick-
ness of 0.02 m.

700 mm

120 mm

D600 mm D290 mm

860 mm

600 myp,

120 mm

380 mm

440 mm

660 mm

N
%@@

Figure 1. Geometric dimensions and formed grids of tillage working bodies
Notes: a) - tooth of a duck-foot cultivator; b) — disc harrow on an elastic rack; c) — subsoil cultivator; d) - mouldboard

plough; e) — smooth roller
Source: developed by the authors
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Layer number N Relative unevenness AZ, m
o® 1 30 -0.02 0.02
> Layer height — 0.02 m
<0
= 2
\O
o
£
O
o
AZ=0m
g
O
o
a) DEM method b) VOF method

Figure 2. General view of the modelling area with specified geometric dimensions
Source: developed by the authors

Frequency, %

AZ, m

Figure 3. Distribution of the relative unevenness of the soil surface at rest of the VOF wave
Source: developed by the authors

N, pcs

D, mm

Figure 4. Distribution of spherical DEM soil particles by size
Source: developed by the authors based on I.A. Shevchenko (2016)
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The parameters of the non-stationary implicit solver
Simcenter STAR-CCM+ were as follows: time step — 0.01 s;
the maximum number of iterations in one step - 5; 1t order
of time sampling accuracy. The minimum and maximum
Courant numbers — 0.2 and 0.5, respectively, — were chosen
for Lagrangian multiphase. The total simulation time — 10s.

RESULTS AND DISCUSSION

As aresult of the simulation of the interaction of the tooth
of a duck-foot cultivator with the soil, corresponding vis-
ualizations were built for the two methods, which are
presented in Figure 5. The depth of cultivation — 0.08 m,

Layer number N

Layer height — 0.02 m

0.6 m

0.08 m

DEM method

the speed of movement — 3 m/s. The distribution of the
velocities of soil particles in the DEM modelling and
non-primary soil flow relative to the working body in the
VOF modelling are presented in Figure 6. Figures 5 and
6 clearly demonstrate the same nature of the change in
the shape of the soil surface and its movement. Thus, ac-
cording to the VOF, it is possible to determine the height
of the formed ridge on the soil surface, which shows its
loosening. In turn, DEM can be used to determine the
trajectory of the movement of individual soil particles of
different diameters and to investigate the displacement
of horizontal layers in depth.

Relative unevenness AZ, m

0.0 0.05
0.08 m
AZ=0m
g
\O
=)
VOF method

Figure 5. Visualization of the process of the interaction of the tooth of a duck-foot cultivator with the soil

Source: developed by the authors

Particle velocity, m/s

DEM method

Velocity, m/s

VOF method

Figure 6. Distribution of soil particle velocities in DEM modelling and non-primary soil flow relative
to the cultivator’s arrow foot in the VOF modelling

Source: developed by the authors

Each of the methods plays a vital role in determining
the numerical values of the interaction of the tooth of a
duck-foot cultivator with the soil. Thus, Figure 7 shows the
distribution of the forces of interaction of the duck-foot
cultivator’s tooth surface on individual soil particles ac-
cording to the DEM. The force of interaction of soil parti-
cles varied up to 20 N. During VOF modelling, the pressure

distribution on the surface of the duck-foot cultivator’s
tooth was obtained. The pressure reached up to 144 kPa.
The given two distributions complement each other in the
numerical description of the interaction process. The use
of both methods at the same time allows considering the
interaction of the cultivating working body (duck-foot cul-
tivator’s tooth) with the soil considering the energy and
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quality indicators of the work, which helps substantiate
its geometric parameters. Minimizing normal stresses will
help reduce the rate of wear of the working body. The best

20

Force of particle interaction, N

DEM method

A. Kobets et al.

loosening of the soil is carried out through deformations of
stretching, displacement, and bending, which underlies the
development of the criterion for optimizing this process.

144

Pressure, kPa

VOF method

Figure 7. Distribution of the force of interaction of soil particles according to the DEM and pressure on the surface
of the tooth of a duck-foot cultivator according to the VOF

Source: developed by the authors

Therefore, to achieve the criterion of strength, mini-
mum rate of wear of the working body and uniform (iso-
tropic) deformations in all directions, it is necessary to
determine the geometric shape of the surface of the duck-
foot cultivator’s tooth, considering the conditions of inter-
action of the working body with the soil using Simcenter
STAR-CCM+. The next working body is a disc harrow on an

Layer number N

Layer height — 0.02 m

0.6 m

0.18 m

DEM method

elastic stand. The depth of cultivation — 0.18 m. The speed
of movement — 3 m/s. The angles of attack and inclination
of the disc are taken as 15°.

For two methods of modelling the process of interac-
tion between the disc surface and the soil, corresponding
visualizations were created based on the simulation re-
sults (Fig. 8).

Relative unevenness AZ, m

-0.4 0.19
0.18 m
AZ=0 m
g
\O
I
VOF method

Figure 8. Visualization of the process of interaction of the disc with the soil

Source: developed by the authors

The distribution of soil particle velocities by the DEM
and the VOF are presented in Figure 9. The visualizations
demonstrate a similar change in the shape of the soil sur-
face and its movement. Using the VOF, it is possible to

determine the height of soil creep on the disc (0.19 m) and
the maximum furrow depth (0.04 m). In turn, DEM helps
investigate the formation of ridges and furrows already af-
ter the passage of the disc.

Machinery & Energetics. Vol. 14, No. 1
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Particle velocity, m/s

DEM method

Velocity, m/s

VOF method

Figure 9. Distribution of soil particle velocities in the DEM modelling and non-primary soil flow relative
to the disc harrow in the VOF modelling

Source: developed by the authors

Figure 10 shows the distribution of interaction forc-
es between the disc surface and individual soil particles
according to the DEM. The force of interaction of soil par-
ticles varied up to 20 N. During the VOF modelling, the

20

Force of particle interaction, N

DEM method

pressure distribution on the disc surface was obtained
(Fig. 10). Therewith, the pressure reached 112 kPa. These
two distributions complement each other in the numerical
description of the interaction.

112
¥
Ay
i~
o
Y
=]
17
A
<]
=
=W
0

VOF method

Figure 10. Distributions of interaction forces between soil particles according to the DEM and pressure
on the disc surface according to the VOF

Source: developed by the authors

The use of the proposed DEM and VOF methods will
allow substantiating the design and technological param-
eters of the disc harrow. To fulfil this purpose, it is neces-
sary to conduct a study of soil movement on the surface of
the disc harrow’s working body and determine the line and
area of contact with the soil environment. Subsequently,
considering the stresses that arise in the soil under the ac-
tion of the disk working body, it is possible to determine
the components of the resistance forces. Proceeding from

the distribution of unevenness of the soil surface, it is pos-
sible to determine the coefficient of soil structure and the
indicator of its looseness.

The next tool is a subsoil cultivator (chisel plough)
with a working depth of 0.35 m and a movement speed of
3 m/s. For two methods of modelling the interaction of the
disk surface with the soil, corresponding visualizations
were created based on the simulation results, which are
presented in Figure 11.
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Layer height - 0.02 m

0.6 m

0.35m
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Relative unevenness AZ, m

0.00 0.05
AZ=0m 0.35m
g
0
VOF method =

Figure 11. Visualization of the interaction of the subsoil cultivator (chisel plough) with the soil

Source: developed by the authors

Figure 12 shows the distribution of soil particle veloci-
ties according to DEM and VOF. Visualization shows a sim-
ilar change in the shape of the soil surface and its move-
ment. The use of DEM allows investigating the loosening

Particle velocity, m/s

DEM method

and formation of ridges because of the lifting of soil layers
after the passage of a chisel plough.

The VOF allows determining the maximum height of
ridges (0.05 m).

Velocity, m/s

VOF method

Figure 12. Distribution of soil particle velocities in the DEM modelling and non-primary soil flow relative
to the subsoil cultivator in the VOF modelling

Source: developed by the authors

Figure 13 shows the pressure distribution on the sur-
face of the VOF chisel plough, the maximum value of which
is 196 kPa. Using the DEM, the distribution of interaction
forces between individual soil particles and the surface of
the chisel plough was obtained. The force of interaction of
soil particles varied up to 40 N.

The study of the interaction of the chisel plough with
the soil allows determining the distribution of stress on
the working body and the path of soil compaction. Further-
more, it is possible to calculate the soil loosening quality
factor. As a result of the simulation of the interaction of
the plough with the soil for the two methods, the corre-

sponding visualizations were built, which are presented in
Figure 14. The depth of cultivation is 0.3 m. The speed of
movement is 2 m/s. The distribution of velocities of soil
particles in the DEM modelling and non-primary soil flow
relative to the working body in the VOF modelling are pre-
sented in Figure 15. Figures 14 and 15 clearly demonstrate
the same nature of the change in the shape of the soil sur-
face and its overturning. Thus, the height of the formed
ridge on the soil surface can be determined according to
the VOF. In turn, the DEM can be used to determine the re-
distribution of layers of soil particles of different diameters
along the cultivation depth.

Machinery & Energetics. Vol. 14, No. 1
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40 196

Force of particle interaction, N
Pressure, kPa

0 0

DEM method VOF method

Figure 13. Distributions of interaction forces between soil particles according to the DEM and pressure
on the chisel plough surface according to the VOF
Source: developed by the authors

Layer number N Relative unevenness AZ, m
o 1 30 0.12 0.2
S Layer height - 0.02 m
g
O
o
AZ=0m 0.3m
g
0.3m ©
DEM method VOF method e

Figure 14. Visualization of the interaction between the plough and the soil
Source: developed by the authors

Particle velocity, m/s Velocity, m/s

DEM method VOF method

Figure 15. Distribution of soil particle velocities in the DEM modelling
and non-primary soil flow relative to the mouldboard plough in the VOF modelling
Source: developed by the authors
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Figure 16 shows the distribution of the interaction
forces of the plough surface on individual soil particles ac-
cording to the DEM. The force of interaction of soil parti-

Force of particle interaction, N

DEM method

A. Kobets et al.

cles varied up to 40 N. During the VOF modelling, the pres-
sure distribution on the surface of the plough was obtained
(Fig. 16). The pressure reached up to 232 kPa.

Pressure, kPa
0 232

VOF method

Figure 16. Distribution of forces of interaction of soil particles according to the DEM
and pressure on the surface of the fallow plough according to the VOF

Source: developed by the authors

The last working body considered in this paper is a
smooth roller. The speed of movement is 2 m/s. For two
methods of modelling the interaction between the surface

Layer number N

o 1 30
N Layer height - 0.02 m
g
\O
=)
0.05m
DEM method

of a smooth roller and the soil, the corresponding visu-
alizations were created based on the simulation results
(Fig. 17).

Relative unevenness AZ, m

-0.05 0.03
VOF method 0
o

Figure 17. Visualization of the interaction between the plough and the soil

Source: developed by the authors

The distribution of soil particle velocities by the DEM
and VOF is presented in Figure 18. Visualizations in Fig-
ures 17 and 18 demonstrate the deformation of the surface
layer of the soil, which allows determining the degree of
crushing of soil clods, destruction of the surface crust and
compaction of the upper arable layer.

One of the main functions of rollers is to create a ra-
tional and uniform soil density in the soil. To fulfil these re-
quirements by working bodies for rolling, it is necessary to
know the pattern of pressure distribution at the “working
body - soil” boundary. Figure 19 shows the distribution of
interaction forces between the surface of a smoothroller and

individual soil particles according to the DEM. The force of
soil particle interaction varied up to 40 N. During the VOF
modelling, the pressure distribution on the surface of the
roller was obtained. Therewith, the pressure reached 48 kPa.

Comparing the obtained results with classical an-
alytical models of A.S. Kushnarev (2010), O.P. Hutsol &
V.P. Kovbasa (2016) and I.A. Shevchenko (2016) established
that the values of the maximum forces of interaction be-
tween the soil and the surface of the working bodies coin-
cide. However, the presented models help obtain the distri-
bution of this force on the surface of the tillage tool. This
greatly expands the possibilities of numerical modelling

Machinery & Energetics. Vol. 14, No. 1
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compared to classical analytical models. Furthermore, the
time to calculate the forces in numerical modelling is much
shorter than in the application of analytical models. The
results of the study confirm the conclusions of solving the
geometric problems of the sketch geometry of determining
the height of the ridges above the bottom of the furrow dur-

Particle velocity, m/s

DEM method

ing soil cultivation, proposed by M.V. Bakum & D.A. Yash-
chuk (2011). However, the geometric problems in M.V. Ba-
kum & D.A. Yashchuk (2011) are designed for standard
tillage implements. That is, with specific forms of the sur-
faces of working bodies, they require correction, unlike nu-
merical modelling according to the DEM and VOF methods.

Velocity, m/s

VOF method

Figure 18. Distribution of soil particle velocities in the DEM modelling
and non-primary soil flow relative to the roller in the VOF modelling

Source: developed by the authors
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Figure 19. Distribution of the force of interaction of soil particles according
to the DEM and pressure on the surface of a smooth roller according to the VOF

Source: developed by the authors

Comparison of the obtained results with those obtained
by T. Okayasu et al. (2012), M. Ucgul et al. (2016), ].B. Barr et
al. (2019) confirm the possibilities of using the DEM meth-
od for modelling the interaction of working bodies with the
soil. However, as in the mentioned studies, as well as in the
conducted ones, there is a need to determine the pressure
on the surface of the working body. This can be done us-
ing the VOF method, which complements the picture of
the physics of the interaction of the tillage working body
with the soil. The models and simulations that were built
by A. Ibrahimi et al. (2015) and ]J. Zhang et al. (2023) are
confirmed by field experiments. However, the high accuracy
of the models and the truth of their verification is possi-
ble only when the physical and mechanical properties of
the soil, the initial and boundary conditions of modelling,
which fully correspond to the field conditions, are speci-

fied. Therefore, in the presented materials, an emphasis is
placed on conducting more laboratory studies to determine
the physical and mechanical properties of the soil, which
will allow bringing the soil model closer to real conditions.

Comparing the obtained results with the study by
A.A. Tagar et al. (2015) reveals one drawback of the DEM
and VOF soil modelling — the breakdown of soil aggre-
gates into smaller particles and dust. This drawback can
be solved by applying the Euler-to-Lagrangian transition
model. Simcenter STAR-CCM+ provides the “Resolved Eu-
lerian-Lagrangian Transition” model as a phase interac-
tion, which allows capturing the breakup of a liquid with
the formation of droplets separating from a free surface.
This model is intended to be used as part of a hybrid mul-
tiphase approach where the VOF model is used alongside
a Lagrangian multiphase (LMP) model. This modelling
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strategy allows maintaining Euler’s phase accuracy in are-
as where it is needed locally, while using the more compu-
tationally efficient LMP model for DEM particle tracking.

CONCLUSIONS

Modelling and review of the interaction of the most com-
mon tillage working bodies (tooth of a duck-foot cultiva-
tor, disc harrow on an elastic rack, subsoil cultivator (chisel
plough), mouldboard plough, and smooth roller) with the
soil using the capabilities of Simcenter STAR-CCM+ ac-
cording to the volume-of-fluid method (VOF) and the dis-
crete element method (DEM). When creating the model,
the main physical and mechanical properties of the soil
were used (density, Poisson’s ratio, Young’s modulus of
elasticity, coefficient of rest friction between soil particles,
normal and tangent coefficients of recovery, coefficient of
linear coupling, work of cohesion, coefficient of rest fric-
tion of soil particles against the surface of the working
body, fractional composition of the soil). To improve the
accuracy of the soil model of several types, it is necessary to
conduct more laboratory studies to determine their prop-
erties and compare them with the parameters specified in
Simcenter STAR-CCM+.

A. Kobets et al.

working body in the VOF modelling. Furthermore, it is pos-
sible to determine the distribution of the force of interac-
tion of soil particles using the DEM method, the pressure
on the surface of the working body using the VOF method,
the height of the formed ridges and the depth of furrows
and their location in space.

In general, both DEM and VOF methods can be useful
for simulating the interaction of the tillage working body
with the soil in Simcenter STAR-CCM+, depending on the
particular situation and the problem to be solved. The
VOF can be accurate for modelling large-scale processes
but does not always accurately describe small-scale mo-
tion. On the other hand, the DEM method can be accurate
for modelling discrete soil particles but does not always
accurately describe large-scale processes. They comple-
ment each other and create a general picture of the phys-
ics of the interaction of the tillage working body with the
soil. The purpose of further research is to achieve the best
density of the soil, ensuring minimal normal stresses and
uniform deformations in all directions using the working
body of the tillage tool.
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Cumynsuia npouecy B3aeMogii po6ounx opraHie
FPYHTOO6pPO6HUX MALLUUH i3 FPYHTOM B Simcenter STAR-CCM+

AHoOTaUif. BigcyTHicTh TPOCTUX aHAMITUYHKUX Qi3MKO-MaTEMATUUHUX MOJE/Iel YCKIALHIOE JOCTiIKEHHS TIPOIIeCy
B3a€MOJii I'PYyHTOOOPOOHMX POOOUMX OPTaHiB i3 IPYHTOM MPU IIPOEKTYBaHHI HOBUX KOHCTPYKIIiit. [Ijis TOTO, {06 CIIPOCTUTH
i pO3paxyHKM B paMKax iHXXMHiIPUHTY CiIbChKOTOCIIOAPCHKOI0 MaUIMHOOYAYBaHHSI, HEOOXiTHO BUKOPUCTOBYBATHU
nporpaMHe 3abe3neyeHHsl, sike 06’eHa€ HaNpaIlOBaHHS 3eMJIepo6CbKOi MexaHiku. MeTOI0 JOCiIXKeHHs 6Y10
MOZEJTIOBAHHSI Ta NOC/TiIKEHHST IPOIECY B3aEMOIii I'PyHTOO6POOHMX po60UMX OpraHiB i3 IpyHTOM 3a JOTIOMOTroIo Simcenter
STAR-CCM+. 151 1bOTO 6Y/10 BUKOPUCTAHO MeTOZ, 00’€MHOI piiMHM Ta MeTOJ, AUMCKPETHUX e/leMeHTiB. B poiieci cTBOpeHHs
Mo[iesTi BUKOPUCTaHHI OCHOBHI (Di3MKO-MexaHiuHi BIACTMBOCTI IPYHTY B pe3y/bTaTi 6y/10 MpoBefeHo MOeTI0BaHHS IIPoLiecy
B3a€MOZI1 HAMMOIMPEHILINX I'PYHTOOOPOOHMX POOOUMX OPTaHiB, TAKMX SIK CTpiTyaTa jgamna Ky/lbTMBaTOpa, JUCKOBa 60pOHA
Ha IPYKHIi CTiiiIi, mnboKopo3nyiyBay (Un3enbHMit TUIYT), BiIBaJbHUI TUTYT i IJIaAKMiT KOTOK, 32 OTIOMOTOI0 METO/IiB
00’eMHOI piIMHM Ta JUCKPETHUX eleMeHTiB. 3aCTOCYBaHHS METOLY 06’€MHOI PiMHY JO3BOIMIO BCTAHOBUTY HellepPBUHHMIA
MIOTiK I'PYHTY BiZTHOCHO pO6OYOro OpraHy, a MeTOJ IMCKPeTHMX eJIeMeHTiB O3BOIMB BU3HAYATU PO3TIOALIM IIBUIKOCTEI!
Ta CWJI B3a€MOZii YaCTMHOK I'PYHTY. BcTaHOBJIEHO, 1110 06MBa 3aIIPOTIOHOBAHMX METOLM MOKYTb OYTM KOPUCHUMMU IJIsT
MOJIe/TIOBaHHS B3a€MO/Iii I'pyHTOOOpOOHOTO po60oUYOTro oprany 3 rpyHToM B Simcenter STAR-CCM+. JIOTTIOBHIOIOUY OAVH
OIIHOTO, BOHM CTBOPIOIOTH 3arajibHy KapTuHy $i3uKu mpoiecy B3aeMozii rpyHTOO6p0o6HOro 3HapsIAAs i3 rpyHTOM. 3a
nmomnomoroto Simcenter STAR-CCM+ Gysa 3po6ieHa Bidyantisallist mpoiiecy B3aeMO[Iii i BU3HaUeHO BUCOTY chopMOBaHMX
rpebHiB i mIM6MH 60PO3H Ta iX po3TalIyBaHHS y IPOCTOPi. 3aCTOCYBaHHS OTPMMaHMX MOJieieli JO3BOMUTh arpoiHskeHepam
MIBUIKO IIPOEKTYBATY HOBi KOHCTPYKIIii IPYHTOOOPOOHMX 3HAPSALb CIIMPAIOUMCh HA TIpolLieci iX B3aemMogii i3 rpyHTOM

KniouoBi cnoBa: sHapsis; urcelbHe MOIeTI0BaHHS ; METO 06’ €MHOI PiIyHM; METO/I AVCKPETHUX eJIEMEHTIB; PO3IIOIiJ
LIBUAKOCTE ; TUCK
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