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Abstract

Introduction. In the context of developing energy-saving technologies and machines based
on digital twins, the use of the discrete element method for modeling the technological
process of sowing is the most in-demand area. The key advantage of DEM modeling is the
ability to minimize the cost of creating new technology through virtual testing and opti-
mization. The quality of the sowing machines is known to directly affect the uniformity of
sowing and, ultimately, the yield. Therefore, the creation of adequate digital twins taking
into account the physical and mechanical properties of real seeds is an important scientific
and practical task. To model the process of sowing peas, it is necessary to solve two main
tasks: to select an adequate contact model and calibrate its parameters that is the main aim
of this work.

Aim of the Study. The study is aimed at determining the parameters of the contact model
of a digital twin of pea seeds for modeling using the discrete element method.

Materials and Methods. The object of the study is the calibration of the parameters of the
Linear Spring Dashpot contact model applied to pea seeds. The stages of the study include:
identifying the limitations of calibration methods when modeling seed movement; deter-
mining the effect of moisture content and fractional composition of pea seeds on friction
coefficients; developing a method for calibrating the contact model taking into account force
impact in conditions close to the sowing machine operation; verifying models by comparing
DEM modeling with data from field experiments in a coil apparatus.

Results. There has been determined the fractional composition of pea seeds showing
pronounced polydispersity of the material. The dominant fraction (83.4%) has a diameter
of 6.0-7.0 mm, which has been taken into account when parameterizing the DEM model
in the Rocky DEM software package to create a representative digital twin. The significant
influence of seed moisture content on their friction properties has been experimentally
proven. With an increase in moisture content from 9% to 23%, the coefficient of dynamic
friction increases that leads to a regular increase in the torque on the sowing machine
shaft from 0.3 to 1.0 N-m. There has been has been developed and tested a comprehensive
calibration method using the torque on the shaft of the sowing machine as a compliance

© Mukhametdinov A.M., Mudarisov S.G., Miftakhov L.R., 2026

Konrent nocrynen no nmnensun Creative Commons Attribution 4.0 License.

This work is licensed under a Creative Commons Attribution 4.0 License.

483


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://ror.org/02y6ewg31
https://doi.org/10.15507/2658-4123.26363.483-499
https://elibrary.ru/ivzfes
https://vestnik.mrsu.ru 
https://crossmark.crossref.org/dialog/?doi=10.15507/2658-4123.034.202403.350-369&domain=pdf&date_stamp=2025-12-25

ggl?)‘ WHXEHEPHBIE TEXHOJIOTMN U CUCTEMbI Tom 36, Ne 3. 2026

484

criterion. There has been defined the range of the main parameters of the Linear spring
dashpot contact model, ensuring high modeling accuracy: the coefficient of dynamic fric-
tion between seeds k,= 0.14...0.16; the coefficient of dynamic friction of seeds with the
walls of the device k,, = 0.07...0.09. Based on the results of the experiments, there has
been developed a nomogram for selecting the dynamic friction coefficient depending on
the moisture content of pea seeds.

Conclusion. The use of the proposed calibration method based on torque allows the
creation of high-precision digital twins suitable for optimizing the design and technological
parameters of sowing machines that contributes to improving the quality of sowing and
saving resources in agricultural production.

Keywords: contact model, torque, dynamic friction coefficient, fractional composition, pea
seeds, digital twin, discrete element modeling
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Annomayus

Bgenenue. B koHTeKcTe pa3paboTKy 3HEProcOeperaromx TEXHOIOT Uil 1 MallliH HA OCHOBE
1 (POBHIX JBOMHUKOB Hanboee BOCTPEOOBAHHBIM ISl MOJCIMPOBAHHS TEXHOIOTHYe-
CKOTO IIpoliecca I0ceBa ABIAETCS METO AUCKPETHBIX IeMeHTOB. Ero mpeumyInecTBo —
MHHHUMU3ALUs 3aTPaT Ha CO3/IaHNE HOBOH TEXHUKH 3a CUET BUPTYaJIbHOTO TECTHPOBAHUS
u ontumusanuu. KimroueBoil 3agadeii ABIsSETCS MPEOAOTICHUE MAacITAOHOTO pa3phiBa
MEXy (PHU3UKO-MEXaHUIECKIMH CBOHCTBAMH CEMSH U MAKPOCKOIIMIECKUMU ITOKA3aTeIIIMU
KagecTBa pabOTHI BhICEBaroNIero amnmapara. CoznaHue ageKBaTHBIX HU(POBBIX JBOHHHIKOB,
YUHUTBIBAIOLIUX CBOUCTBA PEasIbHBIX CEMSH, IO3BOJIUT TOBBICUThH KAYECTBO MOJICTUPOBAHUS
1 TOYHOCTH IIPOTHO3UPOBAHHS, UTO SIBIISIETCS] HEOOXOMMBIM YCIIOBHEM IS MOCIIETYIOIIETO
YBEIMUYEHUS] yPOKAHHOCTH.

Heanb uccnenoanus. OnpeaencHue mapaMeTpoB KOHTAKTHOH MOEITH IIU(POBOTO ABO¥-
HUKA CEMSH TOpOXa JUIs MOJEIHPOBAHHS METOJIOM AUCKPETHBIX JIEMEHTOB.
Martepuajbl 1 MeTobl. OOBEKTOM HCCIIEN0BAHUS SBIACTCS MPOLIECC KATHOPOBKY TTapame-
TpOB KOHTaKTHO# Mozienu Linear Spring Dashpot npumeHuTeNnbHO K ceMeHaM ropoxa. JTarbl
TIPOBEACHUS NCCIIET0BAHNS BKIIIOYAIOT: BEIIBICHUE OTPAHWICHIS METOIOB KaTMOPOBKH ITPH
MOJICTUIPOBAHUHY ABIKCHUS CEMSH; OTIPEAEICHNE BIMSHUS BIAXHOCTH U (PPAKIIOHHOTO
cocTaBa CeMstH Ha K0d(HUIMEHTHI TPEHNS; pa3pabOTKy METOMKY KaTHOPOBKH KOHTAKTHOM
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MOJIEJIN C YYETOM CHJIOBOTO BO3IEHCTBUS B YCIOBUSX, ONU3KHX K pabOTe BBICEBAOLIETO
anmapara; Bepudukanuio Moaenei myrem cpasHeHHs DEM-MonenpoBaHus ¢ JaHHBIMH
HaTYPHBIX 3KCIIEPUMEHTOB B KaTyIIEYHOM armaparte.

Pe3yabraThl Hece10BaHUs. YCTaHOBIICH (DPAKIIMOHHBIIN COCTAB CEMSH TOPOXa, MOKa3aBIIHi
BBIPAKEHHYIO MTOMUANCIIEPCHOCTS MaTeprana. Jlomunupyromas ¢pakius (83,4 %) nmeer
nuametp 6,0—7,0 MM, uTO yuTeHO mpu napametpusanun DEM-Monenu B mporpaMMHOM
komiutekce Rocky DEM s co3nanus penpe3eHTaTHBHOTO H(pOBOro ABOWHHUKA. DKCIIe-
PHMEHTAIBHO JOKa3aHO CYIIECTBEHHOE BIHMSHIE BIAXXHOCTH CEMSIH Ha UX (PPUKI[OHHBIC
cBoiictBa. C yBeIHUEHHEM BIAXHOCTH OT 9 110 23 % K03(hGHUIMEHT TUHAMUYIECKOTO
TPEHHs BO3PACTAET, YTO IIPUBOAUT K 3aKOHOMEPHOMY POCTY KPYTSIIEr0o MOMEHTA Ha BaJTy
BbIceBatoniero ammapara ¢ 0,3 mo 1,0 H-m. Pa3paborana u anpoOupoBaHa KOMIUIEKCHAS
METOAMKA KalTuOPOBKH, HCIONB3YIOIIAsl B KAUECTBE KPUTEPHsI COOTBETCTBUS KPYTAIIUHA
MOMEHT Ha BaJly BHICEBAIOIIEH KaTYIIKH CeSUIKM. YCTaHOBIICH AMANa30H OCHOBHBIX Iapame-
TPOB KOHTAaKTHOM Mozenn Linear Spring Dashpot, o6ecnednBaroniuii BEICOKYIO TOYHOCTh
MOJIEIUPOBaHHS: KO3(PDUIMEHT IMHAMUYECKOTO TPEHH Mex Ly cemMeHamu k, = 0,14...0,16;
K09 QHUIHMEHT TUMHAMUYECKOTO TPEHHS CEMsH CO CTeHKaMu anmapara k,, = 0,07...0,09.
Pa3paborana HoMorpammMa BIOOpa K03 GUIMEHTa TMHAMHIECKOTO TPEHHS B 3aBUCHMOCTH
OT BJIAKHOCTU CEMSH TOpOXa.

3axaouenne. Mcronp3oBaHne npeyioKeHHOW METOIMKN KaJTMOPOBKH Ha OCHOBE KPYTs-
IIIETO0 MOMEHTA MO3BOJISIET CO3/aBaTh BEICOKOTOUHBIE IIN(POBBIEC TBOWHUKY, IPUTOTHBIE IS
ONTHMH3ALIH KOHCTPYKTUBHO-TEXHOJIIOTHYECKUX MAapaMeTPOB BBICEBAIOIIHX aNlapaTos,
YTO CIIOCOOCTBYET IOBBIIICHUIO KaueCTBa [IOCEBA U PECYpPCOCOEPEIKECHHIO B CEIIbCKOXO-
3IHCTBEHHOM HPOU3BOJICTBE.

Kniouesvie cnosa: KOHTaKTHAsI MOJIEITb, KPYTSIUN MOMEHT, KO3 (HUIIUEHT TUHAMHIECKOTO
TpeHusi, GPaKIUOHHEBII COCTaB, CeMeHa ropoxa, U(POBOH ABOWHUK, MOAEITHPOBAHHE
METOZIOM JHCKPETHBIX JIEMEHTOB

DuHaHcuposaHue: UCCISI0BAHNE BHIIOIHEHO 3a cYeT rpanTa Poccuiickoro HayqHOro oHma
Ne 23-76-10070 (https://rscf.ru/project/23-76-10070).

Kongnuxm unmepecog: aBTopbI 3asBISIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.

Jlns yumuposanusa: MyxamerauHoB A.M., Mynapucos C.I., Mudraxos U.P. [Tapamerpst
MoiesH LE(POBOTO ABOHHMKA N'OPOXa JUIsSl MOJICTTMPOBAHHS METOZIOM JMCKPETHBIX AJIEMEHTOB.
HUnorcenepnvie mexronozuu u cucmemsl. 2026;36(3):483—-499. https://doi.org/10.15507/2658-
4123.26363.483-499

INTRODUCTION

Discrete element modeling (DEM) is a modern approach to analyzing technological
processes, including the sowing of agricultural crops. This area is particularly relevant
in the context of developing energy-saving technologies and machines based on digital
twins. A key advantage of DEM modeling is the ability to minimize the cost of creating
new technology through virtual testing and optimization.

Peas are one of the main legume crops cultivated in the Republic of Bashkortostan,
and their share in the structure of sown areas in some agricultural enterprises reaches
10%. However, the yield of this crop depends on the quality of the pea seeds. The quality
of sowing equipment, as is well known, directly affects the uniformity of sowing and,
ultimately, crop yields. Therefore, the creation of adequate digital twins that take into
account the physical and mechanical properties of real seeds is an important scientific
and practical task. To simulate the process of sowing peas, two main tasks must be
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solved: selecting an adequate contact model and calibrating its parameters that is the
main goal of this work.

Currently, considerable attention is being paid to calibrating the parameters of contact
models in the DEM and improving the adequacy of digital twins of seeds created on its
basis. The analysis of the literature shows that research is being conducted in several
key areas.

The study is aimed at developing an improved method for calibrating the parameters
of the contact model for pea seeds, which allows for the dynamic processes of particle
interaction under the operating conditions of the reel seeder to be taken into account.
The objectives of the study are: to identify the limitations of existing calibration methods
(based on natural slope and collapse to determine experimentally the effect of moisture
content and fractional composition of pea seeds on their friction properties (static and
dynamic friction coefficients); to develop a method for calibrating the parameters of
the contact model, integrating data on the force exerted on the seeds under conditions
similar to those of the seeding machine; to verify the accuracy of the calibrated model
by comparing DEM modeling data with the results of field experiments in a reel seeder.

LITERATURE REVIEW

A number of works, such as studies by C. Coetzee, J. Horabik, B. Ghodki are devoted
to the direct calibration of parameters for specific agricultural materials [1-3]. In particular,
B. M. Ghodki has successfully calibrated the models for legume seeds, showing that
the results of modeling using the Hertz — Mindlin and Linear spring-dashpot models
do not exceed the statistical error compared to the full-scale experiment that confirms
the applicability of these models for creating digital twins [4].

Another area is related to the use of calibrated models for the design and optimization
of working parts of agricultural machinery, as, for example, in the works of K. Bangura
on the modeling of fertilizer spreaders [5] and X. Gao on the analysis of sowing machines,
which demonstrates the influence of the physical and mechanical properties of seeds on
the design parameters of the equipment [6; 7]. At the same time, the studies by S. Lee,
N. Sharaby, and J. Fan emphasize the critical importance of considering external factors,
in particular the material of the contact surface and the moisture content of seeds, which
significantly affect their friction properties [8—10].

In the study by J. Wang the DEM is successfully applied to investigate the operating
parameters of sowing machines, demonstrating high predictive power in optimizing
fertilizer application processes [11]. Of particular value is the relationship identified by
the authors between the microscopic characteristics of particles (force, kinetic energy,
free space) and the macroscopic performance indicators of the device (coefficient of
variation). This confirms the promise of using DEM to analyze processes similar to pea
sowing simulation, when accounting for seed moisture content and fractional composi-
tion requires detailed study of particle mechanics.

There is presented a comprehensive experimental approach developed to deter-
mine the physical and mechanical parameters of granular mineral fertilizers for
calibrating DEM models based on the angles of natural slope and collapse of seeds
when poured from a rectangular container [12]. The analysis of the study shows that,
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despite the achieved accuracy of calibration of the contact model parameters based
on the angles of natural slope and collapse, the methods used are simplified and
have a fundamental limitation. They simulate the process of particle spillage under
the action of gravity in static conditions, which does not allow for adequate consi-
deration of the real dynamic processes occurring in reel sowing machines. In these
conditions, seeds are subjected to complex forces, including forced movement by
working parts, friction against various surfaces, impact interactions, and compression
effects, which differ significantly from free spillage. In order to accurately simulate
the movement of seeds in a sowing machine, it is necessary to develop a more sophis-
ticated calibration method that will directly take into account the specific force and
kinematic conditions of the sowing process.

A team of scientists from the USA using a comprehensive approach for calibrating
dry bulk materials by the discrete element method, employing shock wave propaga-
tion, cone penetration, direct shear, triaxial loading, and flow in a bunker, came to the
conclusion that calibrating parameters for DEM is a non-trivial task, and its accuracy
critically depends on the correct determination of contact stiffnesses and damping [13].
This confirms our hypothesis about the need to develop an improved calibration method
that goes beyond static tests and the promise of using a comprehensive approach to
simulate real dynamic processes in agricultural machinery.

Thus, despite the progress achieved, the dominant calibration methods based on deter-
mining the natural slope angle and arch angle have significant limitations. In particular,
they do not fully take into account the change in the dynamic friction coefficient of
pea seeds depending on moisture content and its effect on the force loads in the device,
and also ignore the polydisperse distribution of seeds by fractions, which also critically
affects the nature of their interaction in the working area of the sowing machine. The
current task is to develop an improved calibration method that integrates these factors
to improve the accuracy of digital twins.

MATERIALS AND METHODS

On the basis of analyzing literary sources and previously conducted own research,
there was identified limitations of calibration methods (angles of natural slope and
collapse) when modeling seed movement.

There was determined the effect fractional composition of pea seeds on friction
coefficients. There was used a sieve analysis to evaluate the polydisperse distribution
of pea seeds by fractions. Due to the close spherical shape of the seeds, there were
used sieves with round holes. The range of cell sizes was determined by measuring the
minimum and maximum seed sizes with a micrometer. After sifting, the seeds were
divided into fractions and their mass was measured on an electronic scale.

There was developed a method for calibrating the contact model taking into account
force effects in conditions close to the operation of the seeding apparatus. To calibrate
the parameters of the DEM model in terms of torque, there was developed a laboratory
installation based on the John Deere 1910 seeding machine. The torque was measured
using a digital dynamometer. The experiments used pea seeds with variable moisture
content in the range from 9 to 23%.
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Verification of models by comparing DEM modeling with data from field experi-
ments in a coil apparatus. This was done by comparing the results of experiments to
determine the torque in a laboratory installation with different moisture content levels
of pea seeds and in the Rocky Dem software package with a different coefficient of
dynamic friction between particles k, when changing the coefficient of dynamic friction
of particles with the walls of the apparatus.

There was used the sieve analysis was used to evaluate the polydisperse distribution
of pea seeds by fraction. Since pea seeds are nearly spherical in shape, a set of sieves
with round holes was used for classification (Fig. 1 a). The range of cell sizes was
determined based on preliminary measurements with a micrometer of the minimum
(< 4.5 mm) and maximum (> 7 mm) linear dimensions of the seeds.

Seeds sifted through sieves with hole sizes of 4.5, 5.0, 5.5, 6.0, and 7.0 mm were
divided into fractions and their weight (Fig. 1 b) was measured on HL-100 electronic
scales. Peas with a density of 1,200 kg/m?and a bulk density of 720 kg/m3 were used
for the study, with a sample weight of 0.5 kg.

a)

Fig. 1. Study of the fractional composition of pea seeds:

a) sieve classifier; b) pea seed fractions: / — seed size with a diameter of less than 4.5 mm;
2 — fraction seed size with a diameter of 4.5 to 5.0 mm; 3 — fraction seed size with a diameter
of 5.0 to 6.0 mm; 4 — fraction seed size with a diameter of 6.0 to 7.0 mm,;

5 — fraction seed size with a diameter of more than 7.0 mm

Note: d — diameter of the sieve classifier mesh, fraction, mm.

Source: The photographs for figure 1 a was taken by A. M. Mukhametdinov during experimental research
in the laboratory of biochemical analysis and biotechnology at Bashkir State Agrarian University in 2024.

One of the main physical and mechanical parameters of pea seeds is their friction
properties. The main type of friction that occurs between seeds and the surfaces of the
working parts of sowing machines is sliding friction. The dynamic friction coefficient
characterizes the resistance to the movement of seeds relative to the surfaces of the sowing
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machine parts, as well as between the seeds themselves. The seeds are captured by the
reel and held by adhesion and friction forces. Under the action of rotation, the working
part of the reel transports the seeds. A change in the dynamic friction coefficient affects
the force required to move the pea seeds. This creates resistance to the rotating coil,
which requires effort to overcome the friction forces and requires a certain torque to
turn the coil. We used the change in torque in the coil drive depending on the physical
and mechanical properties of the seeds as a comprehensive criterion for calibrating the
parameters of the DEM model.

To calibrate the DEM model parameters based on torque, we developed a laboratory
setup based on the John Deere 1910 seeding complex (Fig. 2 a). Torque was measured
using a digital dynamometer (Fig. 2 b). The experiments used pea seeds with varying
moisture content ranging from 9 to 23%. It should be noted that the optimal moisture
content for sowing peas according to GOST R 52325-2005" is 11-19%, which meets
the agronomic requirements for active swelling and germination without the risk of
fungal diseases. This factor, along with the increase in moisture content during etching,
determined the upper limit of the range under study.

The design of the installation (Fig. 2 a) includes a hopper 2 for pea seeds /, a reel
sowing machine 3 with a housing 4, and a digital dynamometer 5 with a key 6 for measuring
torque. The field experiment method consisted of filling the hopper with 1 kg of seeds
and then rotating the reel 3 using the key 6. The rotating reel captures and transports the
seeds inside the housing 4, and the resulting torque is recorded by the dynamometer 5.

b)

Fig. 2. Conducting field experiments:
a) laboratory setup of the sowing machine; b) digital electronic dynamometer

Source: The photographs for figure 2 a was taken by A. M. Mukhametdinov during experimental
research at the Department of Mechatronic Systems and Agricultural Machinery of Bashkir State Agrarian
University in 2025.

' GOST R 52325-2005. [Seeds of Agricultural Plants. Varietal and Sowing Qualities. Technical Conditions].
Auvailable at: https://fsvps.gov.ru/files/gost-r-52325-2005-nacionalnyj-standart-rossi/ (accessed 14.08.2025).
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To conduct model experiments in the KOMPAS-3D environment, there was deve-
loped a three-dimensional model of a full-scale laboratory setup (Fig. 3 a), which was
then imported into the Rocky DEM software package (Fig. 3 b). The created digital twin
allows visualizing the movement of pea seeds in the working area of the sowing machine.

b)

Fig. 3. Model of the laboratory setup: a) 3D model in KOMPAS; b) model in Rocky DEM:
1 — pea seed particles; 2 — particle generator Inlet; 3 — hopper; 4 — coil; 5 — housing; 6 — cleaner

Note: Y(m) — the coordinate axis; Z(m) — the coordinate axis; X (m) — the coordinate axis; 4 — particles
in the hopper moving under the action under the influence of gravity; B — particles captured by the coil
grooves and transported by its rotation; C — particles in the gap between the coil and the body, whose
movement is caused by the shear of the active layer; D — diameter; w — angular velocity.

Source: Figures 3—6 compiled by the authors of the article.

The simulation of the process begins with the generation of seed particles through
Inlet 2 and filling of the hopper cavity 3. The specified rotation of coil 4 ensures the
capture and transport of particles inside housing 5, while cleaner 6 prevents their reverse
movement.

To rotate a coil with a diameter D at an angular velocity w, it is necessary to overcome
the torque, the value of which is determined by the physical and mechanical properties
of the seed particles and the material of the sowing machine (Fig. 3 b). During opera-
tion, three characteristic zones of particle movement can be distinguished:
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— Zone A: particles in the hopper moving under the action under the influence of
gravity;

— Zone B: particles captured by the coil grooves and transported by its rotation;

— Zone C: particles in the gap between the coil and the body, whose movement is
caused by the shear of the active layer.

The intensity of the active layer movement in zone C is determined by the dynamic
friction coefficient between both the seed particles and between the particles and the
inner surface of the sowing machine shell.

Based on an analysis of research in the field of seed modeling using the discrete
element method, it has been established that the Linear spring dashpot model is used as
the contact model. This model takes into account both elastic and dissipative (friction)
parameters of particles. The normal contact force /| in this model consists of a linear
elastic repulsive force and a restoring force between pea seed particles, determined by
the formula [13-15]:

F:’l = knlsn + Cnsnl >
where F, —normal contact force, N; k,, — normal contact stiffness of a linear hysteresis
spring, N/m; s, — contact with normal overlap, m; C, — is the recovery coefficient; s, —
is the time derivative of the contact normal overlap, m/s.

The degree of seed elasticity is determined by the recovery coefficient C, upon impact,
which is the ratio of the normal component of the pea seed velocity before impact to
its value after collision with the working surface of the sowing machine working parts.

The main parameters of the Linear spring dashpot contact model, based on our own
research and scientific works [1; 15], are presented in Table 1.

Table 1
Parameters of the contact model

Parameter Indicators
Young modulus E, Pa [14; 15] 1.9-2-108
Poisson ratio v [14; 15] 0.22
Coefficient of static friction between seeds f;, 0.4-0.6
Dynamic friction coefficient between seeds f, 0.14-0.16
Recovery coefficient £, 0.24-0.34
Coeflicient of static friction between seeds and the walls 0.3
of the apparatus f, ,
Coefficient of dynamic friction between seeds and the walls 0.08 (based on experimental
of the apparatus k,, studies)
Particle diameter d, mm based on studies

of the polydisperse

distribution of pea seeds

Source: the tables 1-3 were compiled by the authors of the article.

The calibration of the parameters of the contact DEM model of pea seeds was
performed according to the algorithm presented in the block diagram (Fig. 4).

Technologies, machinery and equipment 491



&573‘ WHXEHEPHBIE TEXHOJIOTMN U CUCTEMbI Tom 36, Ne 3. 2026

Initial installation

basic parameters

Particle size and shape, particle density,
elastic modulus, shear modulus,

4; Poisson’s ratio, bulk density

Define target values
for calibration

v

Simplify the material L+ Create a calibration model S5 Enter the contact model
parameters parameters
Cocfficient of static friction Ly Set the initial parameters
Dynamic friction coefficient for calibration
—= Adapt the parameters = Launch the model
4 No KH
Complethn Have the target values C h Its with
of calibration Q= b hed? q: ompare the results wit
Yes [KH een reached: the target values

Fig. 4. Parameter calibration using the discrete element method

The model of the sowing machine operation was implemented using Rocky Dem
software on a computer with an Intel Core 19-14900HX processor with a frequency of
2.39 GHz and a GeForce RTX4060 (8 GB) video card.

RESULTS

Table 2 shows the polydisperse distribution of pea seeds by size based on the results
of sieving.

Table 2
Results of determining the polydisperse distribution of pea seeds by size
Seed Fraction (size) seeds . . .
name No with a diameter of mm Cell Seed weight, g | Fraction yield, %
Peas 1 less than 4.5 - 1.4 0.3
2 4.5-5.0 4.5 2.0 0.4
3 5.0-6.0 5.0 11.6 2.3
4 6.0-7.0 6.0 416.8 834
5 7.0-10 7.0 68.2 13.6
492
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The sieving results show pronounced polydispersity of the seed material. It was
found that the bulk of the seeds (83.4%) are concentrated in the diameter range of
6—7 mm. A significant proportion (13.6%) falls into the large fraction with a diameter
of more than 7 mm, while small fractions (less than 5 mm) account for less than 3%.
The obtained distribution was used to parameterize the DEM model in the Rocky
DEM software package by specifying the corresponding percentage ratio of particles
of different diameters.

Table 3 shows the results of experiments to determine the torque on a laboratory
setup at different moisture contents of pea seeds and in the Rocky Dem software
package at different coefficients of dynamic friction between particles k, when changing
the coefficient of dynamic friction of particles with the walls of the apparatus.

Table 3
Results of experiments on a laboratory setup and modeling in Rocky Dem
Full-scale experiments
Seed moisture content W % 90 112 138 151 17.0 193 214 230
Average torque value M, N-m 0.3 0.3 0.5 0.6 0.7 0.8 1.0 1
Dispersion 0.007 0.013 0.022 0.017 0.013 0.003 0.027 0.028
Mean square deviation 0.08 0.11 0.15 0.13 011 005 0.16 0.17

Modeling in Rocky Dem
Dynamic friction coefficient between 0.135 0.14 0.145 0.15 0.155 0.16 0.165 0.17
particles k,
Average torque value M, N'-m £,,=0.07 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8
at a coefficient of dynamic 4 —008 03 04 05 06 07 08 1.0 1

friction between particles and
walls k,, at k,,=0.09 04 0.5 0.6 0.7 0.7 1.0 1.1 1.1

Based on the data in Table 3, there were constructed the graphs showing the depen-
dence of torque on the moisture content of pea seeds (Fig. 5 a) and on the dynamic
friction coefficient of the simulated particles (Fig. 5 b).

2 127 y=—0.0004x+ 0019122 0.2392x + 11756 12

" 10 R*=0.9849 . g 1o il

Zz e z :

<08 e = 08 B

3 . P .

§0.6 0. g 06 .

5] - = . N

204 204 . k= 0.07

= R E -

s 02 02 L__ k4= 0.08

7 9 11 13 15 17 19 21 23 0.13 0.14 0.15 0.16 0.17

Seed moisture content w, % Dynamic friction coefficient

between particles k,

Fig. 5. Torque dependence: a) on the moisture content of pea seeds in a field experiment;
b) on the coefficient of dynamic friction in Rocky Dem

For modeling, the coefficient of dynamic friction of pea seeds with the walls of
the apparatus k,, was used in the range from 0.07 to 0.09. The most accurate values
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of torque and the nature of the change (slope of the trend line) lie within the range of
the particle-particle dynamic friction coefficient k, = 0.14...0.16, which corresponds to
a moisture content of 11.2 to 19.3%. At the same time, the torque varies in the range
from 0.3 to 1.0 N-m.

As a result of parametric research, it was established that the most adequate corre-
spondence to full-scale experiments is achieved with the following friction coefficient
values in the Linear spring dashpot model:

— coefficient of dynamic friction between particles k, = 0.14...0.16;

— coefficient of dynamic friction between particles and the walls of the apparatus
k,,=0.07...0.09.

A 3=0.0618x— 0.3644 E y=26x—334
Z 08 R =0.9806 Z 081 “r=0982 ’
= X ’
g 0.6 . % 0.6 "y
Z : g
2 04 o 04
e =
=02 0.2
11 13 15 17 19 0.140  0.145  0.150  0.155
Seed moisture content w, % Dynamic friction coefficient
between particles &,

Fig. 6. Nomogram for selecting the dynamic friction coefficient depending
on the moisture content of pea seeds

The nomogram obtained will be used in further research for the digital twin of the
pea seed sowing process and the operation of the sowing machine when selecting the
parameters of the contact model in the Rocky Dem software.

DISCUSSION

Field experiments demonstrated a clear correlation between seed moisture content and
torque on the sowing machine shaft. As moisture content increased from 9 to 23%,
the average torque value increased from 0.3 to 1.0 N-m, indicating a significant effect
of moisture content on the friction characteristics of seeds. The dispersion of measure-
ments was in the range of 0.003—0.028, confirming the reproducibility of the results.

This range of parameters corresponds to seed moisture content of 11.2-19.3% and
provides a calculated torque of 0.3—1.0 N-m, which statistically significantly coincides
with the experimental data.

A comparison of the results of physical and numerical experiments showed satisfac-
tory agreement: the experimental torque values (0.3—1.0 N-m) are completely within
the range obtained in the simulation (0.2—1.1 N-m).

The studies conducted made it possible to establish the main patterns determining
the interaction of pea seeds with the working parts of the sowing machine. Analysis of
the particle size distribution (Table 2) showed a pronounced polydispersity of the seed
material: the predominant fraction (83.4%) has a diameter of 6—7 mm, while large seeds
(> 7.0 mm) account for 13.6% and small seeds (< 5 mm) account for less than 3%.
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The data obtained are consistent with the results of studies by B. M. Ghodki [4],
V. 1. Khizhnyak [16], and A. N. Marthekha [17], confirming the representativeness of
the sample. The established fractional structure was taken into account when parameter-
izing the DEM model in the Rocky DEM software package, where the corresponding
percentage ratio of particles is specified. The observed relationship between seed size and
friction-larger and heavier seeds exhibit a lower coefficient of dynamic friction due to
easier sliding-was also reflected in the model.

The significant influence of seed moisture on their friction properties has been
experimentally confirmed. With an increase in moisture from 9 to 23%, the coefficient of
dynamic friction increases, which leads to an increase in the torque from 0.3 to 1.0 N-m
required for the seeding machine to operate. A comparative analysis of the dependencies
(Fig. 5 a, b) showed that with a coefficient of friction between the seeds and the walls
of the device k,, = 0.8, the Rocky DEM model most accurately reproduces the nature
of the torque change observed in the full-scale experiment. These results correlate with
data from previous studies on the calibration of pea seed parameters [15].

Three characteristic modes of operation of the apparatus were identified depending
on seed moisture content:

—range 9—11%: the torque is minimal and stable, which is explained by the easy
movement of dry seeds with low friction.

—range 11.2-19.3%: a progressive increase in torque is observed, due to increased
adhesion and friction.

— range above 19.3%: torque stabilizes, probably due to a decrease in adhesion
between overmoistened seeds.

Calibration of the contact model parameters of the digital twin showed that of all
the parameters studied (Poisson’s ratio 0.22; Young’s modulus 1.9-2x10? Pa; recovery
coefficient 0.24-0.34), the coefficient of dynamic friction between seeds has the greatest
influence on the nature of the torque change. It has been established that the values of
k,=0.14...0.16 in the model correspond to the experimental data at a moisture content of
11.2-19.3% and provide a calculated torque of 0.3—1.0 N-m, which confirms the adequacy
of the calibrated DEM model.

CONCLUSION

Based on the established dependencies, a nomogram was constructed for the rapid
determination of the dynamic friction coefficient depending on seed moisture content,
which will be used in further studies of the digital twin of the sowing process.

The results obtained confirm the adequacy of the developed DEM model and demon-
strate the promise of using the method of calibrating the parameters of the contact model
by torque to predict the performance characteristics of sowing machines.

The study allowed us to develop and verify a method for calibrating the parameters
of the contact model for the digital twin of pea seeds, which adequately describes their
behavior in the working area of the coil seeder. The following main conclusions were
obtained as a result of the work.

The fractional composition of pea seeds was established, showing a pronounced
polydispersity of the material. The dominant fraction (83.4%) has a diameter of 6—7 mm,
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which was taken into account when parameterizing the DEM model in the Rocky DEM
software package to create a representative digital twin.

There was experimentally proven a significant influence of seed moisture content
on their friction properties. With an increase in moisture content from 9% to 23%, the
dynamic friction coefficient increases, which leads to a natural increase in the torque
on the shaft of the sowing machine from 0.3 to 1.0 N-m.

A comprehensive calibration method has been developed and tested, using torque as
a criterion for conformity. The range of key parameters of the Linear spring dashpot
contact model has been established, ensuring high simulation accuracy:

— seed-seed dynamic friction coefficient & : 0.14-0.16;

— dynamic friction coefficient seed-apparatus wall k, : 0.07-0.09.

A nomogram was constructed for the rapid determination of the dynamic friction
coefficient depending on seed moisture content, which allows for the effective configura-
tion of a digital twin for modeling the sowing process under various conditions.

Verification of the model confirmed its adequacy: the discrepancies between the
results of field experiments and DEM modeling data do not exceed 10%, and the nature
of the torque change is reproduced correctly.

The use of the proposed calibration method based on torque allows the creation
of high-precision digital twins suitable for optimizing the design and technological
parameters of sowing machines, which contributes to improving the quality of sowing
and saving resources in agricultural production.
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