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DEVELOPMENT OF A LABORATORY SOIL BIN FOR SOIL-ACTIVELY DRIVEN ROTARY
TILLAGE TOOL INTERACTION STUDIES

ANNOTATION

Tillage machines with power-driven rotary tillage tools are promising in agriculture. These tools have
become the subject of scientific research and industrial applications in modern agriculture. However, their
further improvement is limited by the poorly understood process of their interaction with the soil. The aim
of the study is to increase the efficiency of tillage process through the research, development and application
of actively driven rotary tillage tools. For the study, three types of actively driven rotary tillage tools were
selected: a cylindrical ring tillage tool, a knife tillage tool and a rotary tillage tool with covering elements.
The article presents the results of work on the development of a laboratory soil bin for conducting
experimental studies of the interaction of soil — tillage tools. During the study, the angle of inclination from
travel direction can be adjusted stepwise to 40°, 70° and 90°. The inclination angle from vertical plane can
vary between -30° (backward), 0° (vertical), +20° and +40° (forward). The coefficient of kinematic mode
was studied in the range of 0.6<A<1.4. The laboratory soil ben was designed according to technical
requirements using the COMPAS-3D program. An expression was derived to determine the required
kinematic coefficient of the rotary tillage tool when conducting research on the laboratory soil bin.
Dependences were established between the coefficient of kinematic mode and the number of teeth on the
interchangeable gear sprockets (gear ratio) of the drive unit of the soil bin. The study identified the
transmission settings corresponding to the investigated range of the coefficient of kinematic mode of
operation for the selected tillage tools. Thus, the developed laboratory soil bin allows for research on
optimizing the parameters and operating modes of actively driven rotary tillage tools. this will improve
tillage quality, reduce energy requirements and increase overall soil tillage efficiency.

Key words: actively driven rotary tillage tools, cylindrical ring tillage tool, knife tillage tool, tillage
tool with covering element, laboratory soil bin, coefficient of kinematic mode.

Introduction. Agricultural machines equipped with actively driven rotary tillage tools for surface
tillage are highly promising in modern agriculture. They help reduce tractor wheel slipping and its negative
impact on soil, while also expanding the suitable soil moisture range, ensuring high-quality treatment [1-
3]. The energy intensity of the process and the quality of tillage depend on the design parameters and
operating modes of these tillage tools.

Research in agricultural engineering science is inherently tied to experimental studies, which require
specialized test facilities.

To develop and optimize implements and their tillage tools, both field and laboratory experiments are
necessary. Soil bin is particularly valuable as they allow experiments to be conducted under controlled and
repeatable conditions.

According to Godwin et al., designs of soil bin vary from large-scale type for full-size implement
testing, to small automated systems [4]. An effective soil bin design should meet the following
requirements:
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1) Ensure homogeneous and isotropic soil conditions for testing both model and full-scale tillage
implements as well as validating force prediction models;

2) Use commercially available equipment and instrumentation to minimize the need for specialist
equipment;

3) Reduce capital costs and hand labor requirements for efficient operation.

Rosa and Wulfsohn have developed a monorail laboratory soil bin for the study of high-speed narrow
tillage tools [5].

Yan et al. have developed a PLC-based control system for the laboratory soil bin for agricultural
machinery [6].

Mardani et al. have developed a 23 m long, 2 m wide and 1 m deep laboratory soil bin with data
acquisition system [7]. Test results showed that the data acquisition system could receive measured signals
of force, velocity, moment and displacement in real time, display them on a monitor and record them on a
computer.

The Federal State Budgetary Scientific Institution «Federal Scientific Agroengineering Center VIM»
has developed a circular soil bin [8]. However, this soil bin design does not allow for the determination of
forces acting on agricultural tillage tools.

The study of actively driven rotary tillage tools in a soil bin is important for understanding their
operational patterns and interaction processes with soil. Research conducted by Nalavade P.P., Soni P.,
Salokhe V.M., Kumar S., Singh T.P., Upadhyay G. et al. has focused on actively driven disc tillage tools in
soil bins [9-18].

However, to study various types of actively driven rotary tillage tools, it is necessary to develop a
specialized laboratory soil bin that accounts for regulated operational parameters and modes. Therefore, the
development of such a laboratory soil bin is both relevant and crucial for advancing agroengineering science.

The aim of this work is to enhance tillage efficiency through the research, development and
application of actively driven rotary tillage tools.

Research objectives:

1) Development and design of the laboratory soil bin,

2) Investigation and optimization of coefficient of kinematic mode.

Materials and research methods. The research on developing the laboratory soil bin was conducted
at the Nanjing Institute of Agricultural Mechanization, of the Graduate School of the Chinese Academy of
Agricultural Sciences in cooperation with the Akhmet Baitursynuly Kostanay Regional University
(Kazakhstan).

Three types of actively driven rotary tillage tools were selected for the study, Fig.1.

The rotary ring tillage tool is designed for weed cutting. It consists of a hub with a cylindrical ring
rim attached by means of spokes, Fig.1a [19].

The rotary knife tillage tool is designed for pre-sowing tillage. It comprises a hub with attached
spokes featuring elliptical-shaped cutting knife elements, Fig.1b [19].

The next one is a rotary tillage tool with covering elements for shallow autumn tillage for
incorporation weed seeds into soil, Fig.1c. The elements are fixed to the hub by means of spokes at angles
of inclination relative to both the vertical and horizontal plane of rotation [20].

During the research, the plane of rotation of these tillage tools is adjusted in two dimensions: deviated
from travel direction by the angle of inclination « and from the vertical by the tilt angle 4. The kinematic
coefficient A is varied across the range of 0.6 to 1.4 in increments of 0.2. The tillage tool radius is R,=0.375
m.




b)

c)

a —ring tillage tool; 6 — knife tillage tool; B — tillage tool with covered elements
Figure 1 — Investigated actively driven rotary tillage tools

The design development of the laboratory soil bin for the studying actively driven rotary tillage tools
was carried out in accordance with technical requirements and standards of the Unified Design
Documentation System. Computer-aided design methods were employed using the COMPAS-3D software
package. The resulting design documentation includes complete 3D models, general view drawings,
detailed assembly unit drawings and specifications for the laboratory soil bin. These outputs form the
complete basis for manufacturing the experimental setup.

The technological process of tillage performed by the specified rotary-type tillage tools operates as
follows. The tillage tools rotate with active drive around their axis at an angular velocity w in the
counterclockwise direction while simultaneously moving with translational velocity. During operation,
they penetrate the soil to the given tillage depth, loosening the soil and incorporating seeds while
simultaneously cutting weeds, bringing them to the field surface and leveling the terrain.

Results and discussion. For conducting experimental studies of actively driven rotary tillage tools,
a specialized laboratory soil bin was designed and developed, Fig.2. It consists of three mail components:
a soil bin, a drive unit and a trolley assembly.

The soil bin is constructed as a containment box for filling soil and consists of perimeter fencing and
lower cross beams. The trolley represents a welded steel structure comprising three rectangular frames of
different sizes: large, medium and small. Four-wheel assemblies are welded to the large frame. The medium
frame is positioned above the large frame and connected to it through linkage arms and pivot axes. The
small frame incorporates cross beams designed for mounting the tillage tool and drive unit. This small
frame connects to the medium frame through adjustable inclination mechanism that control its angle relative
to the horizontal plane. Additionally, the assembly includes a separate mechanism for adjusting the
inclination angle to the travel direction.

The inclination angle a to the travel direction can be adjusted in discrete increments and may be set
to 40°, 70° and 90°. The angle of inclination from the vertical plane can be varied within the following
ranges: -30° (backward tilt), 0° (vertical), +20° and +40° (forward tilt). The selected angles of attack are
securely fixed using bolted connections. Fig.3 presents the kinematic scheme of the drive unit for the
laboratory soil bin.

The technological process operates as follows. The electric motor 11 rotates the gear 14 of the toothed
belt transmission, which drives the toothed belt 10. One end of the toothed belt 10 pulls the trolley 19 with
the mounted tillage tool 9 and the drive mechanism mounted on it. The trolley 19 moves horizontally along
the sliding bearings 13 of the wheels under the tension of the toothed belt 10. During this movement, the
trolley 19 simultaneously rotates the unwinding drum 2 containing a pre-wound flexible cable 1, with one
end fixed to a stationary shank. The rotation of the unwinding drum subsequently drives the rotary tillage
tool 9 through the following transmission path: sprocket 3 on the drum axis, sprocket 4, sprocket set 5 on
the intermediate axis, and sprocket set 6 on the tillage tool axis, all connected by chains 7, 8. This combined
translational movement of the trolley and rotational movement of the rotary tillage tool facilitates the soil
treatment process within the soil bin.

The translational speed of the trolley is adjusted by changing the sprockets set 5, while the
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circumferential speed of the tillage tool is modified using interchangeable sprocket set 6 mounted on the
tillage tool axis. These adjustments enable precise selection of the required kinematic parameters for the
tillage tool.

Drive unit

Carriage Soil bin
Figure 2 — General view of the laboratory soil bin

11
1 —flexible cable, 2 — unwinding drum, 3, 4, 5, 6 — sprocket assemblies, 7, 8 — chain transmissions,
9 — rotary tillage tool, 10 — toothed belt, 11 — electric motor, 12 — tension wheel, 13 —sliding bearings
(wheel), 14 — the gear wheel, 15 — support; 16 — tensometric device with parallelogram mechanism;

17 — strain gauge (sensor) for draught resistance measurement, 18 — strain gauge (sensor) for torque
measurement, 19 — trolley frame

Figure 3 — Kinematic scheme of the drive unit for the laboratory soil bin

For power parameter measurements, strain gauges (sensors) 17 and 18 are employed. The Draught
resistance of the rotary tillage tool is measured by a strain gauge (sensor) mounted on a parallelogram
mechanism 16 aligned with the trolley’s direction of movement. The investigated rotary tillage tool is
attached to this parallelogram mechanism. Torque measurements are obtained from the strain gauge
(sensor) 14 installed between the unwinding drum and the stationary shank on flexible cable.

The coefficient of kinematic mode of the rotary tillage tool is defined as the ratio of its
circumferential velocity to its translational speed:
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A=V, Ve. (1)

where, Vo — circumferential velocity of the tillage tool;

Ve — translational velocity of the tillage tool.

Based on the 2 value, the following operating modes are distinguished:

- A=0, the tillage tool moves without rotation (passive mode).

- 2>0, the tillage tool moves with rotation (actively driven mode).

The translational and circumferential velocities of the rotary tillage tool are adjusted by altering the
gear ratio through interchangeable sprocket set in the drive unit.

To establish the coefficient of kinematic mode, the gear ratios of all sprockets in the drive unit are
calculated. Table 1 presents the numerical values of sprocket teeth counts used for calculating the
coefficient of kinematic mode.

Table 1 — Sprockets teeth counts on the drive unit

The number of teeth on the sprockets
Drive shaft .
Gear (on the tillage tool Intermediate axis Intermediate axis Drive shaft .
number axis) (on the drum axis)

Z, Zs Z; Zi
1 14 14 48 15
2 16 16 — -
3 18 18 — -
4 22 20 - -
5 24 22 - -
6 28 24 - -
7 - 28 — -

The coefficient of the kinematic mode of operation is determined by the following formula according
to the kinematic scheme of the drive mechanism of the laboratory soil bin:

A=(2ps 1y z2) 1 (2p Tps " 22), 2

where, z, ; — number of teeth on the unwinding drum shaft sprocket;

z, — number of teeth on the rotary tillage tool shaft sprocket;

r, s — radius of the unwinding drum, m; (r,s=0,11 m);

r, — radius of the rotary tillage tool, m;

Z1, Z; — the number of teeth of the corresponding sprockets.

Thus, the study has derived a formula for determining the required kinematic coefficient for actively
driven rotary tillage tool during soil bin laboratory experiments.

The investigated range of coefficient of the kinematic mode for the developed rotary tillage tools is
0.4<)\<1.4. This operational range was selected based on the optimization criteria including minimal energy
consumption for tillage, reduced draught resistance, decreased rotational frequency of tillage tools and
prevention of soil accumulation on tillage tool surfaces.

Table 2 presents the calculation results obtained using the formula (2).

The calculation identified operating modes both within and outside the studied range. In the table,
green highlights indicate compliant range and red highlights indicate non-compliant range.

Figure 4 shows the relationship between the coefficient of kinematic mode A and the number of teeth
on the interchangeable drive sprockets Zs/Z,,.

The graph similarly uses: green for compliant kinematic modes, red for non-compliant modes. For
tillage tools with radius of R, = 0.375 m, gears 1, 2 and 3 provide modes within the studied range. Gears 4,
5, and 6 exceed the range 2>1.4.

Table 2 — Operating modes of the soil bin for the tillage tool
Kinematic mode 4
Zs Gear

1 | 2 0 3 | a4 |
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Z,=16 Z,=18 Z,=20 Z2,=22 Z,=24 Z,=28
14 1.07 1.22 1.37 1.67 1.83 2.13
16 0.93 1.07 1.20 1.46 1.60 1.86
18 0.83 0.95 1.07 1.30 1.42 1.66
20 0.75 0.85 0.96 1.17 1.28 1.49
22 0.68 0.77 0.87 1.07 1.16 1.36
24 0.62 0.71 0.80 0.98 1.07 1.24
28 0.53 0.61 0.68 0.84 0.91 1.07
A
2,0
4 5
LS \\\ g[ear g/ear 6 gfgar
. ~ 1/ 1
0.8 ﬁ\*i‘__\ —_— \\\\
0.6 1gear | 2gear | 3 gear \-—_‘\\\
0 T —— e
-\M
04
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Figure 4 — Dependence of the coefficient of kinematic mode A on the number of teeth of interchangeable
drive sprockets Zs/Z,

Thus, the study successfully identified values corresponding to the studied range of the coefficient
of kinematic mode for actively driven rotary tillage tools.

Conclusions. Agricultural implements with actively driven rotary tillage tools show significant
promise in modern agriculture, where energy efficiency and tillage quality depend on their design
parameters and operating modes.

A specialized laboratory soil bin has been developed to conduct experimental studies of soil
interaction with actively driven rotary tillage tools. This facility enables precise adjustment of inclination
angle to the travel direction, tilt angle from vertical plane, coefficient of kinematic mode and determination
of both quality parameters and energy performances during operation.

The study has derived a mathematical expression for determining the required coefficient of
kinematic mode of actively driven rotary tillage tool during soil bin laboratory experiments. The research
has revealed relationship between the coefficient of the kinematic mode and the number of teeth on the
interchangeable drive sprockets (gear ratio). Furthermore, specific transmission configurations
corresponding to the studied operational range of the coefficient of kinematic mode have been identified
for the developed tillage tools.

The developed laboratory soil bin enables comprehensive investigation of actively driven tillage
tools, facilitating optimization of design parameters and operational of rotary actively driven tillage tools,
significant improvement in tillage quality, substantial reduction in energy requirements, consequently,
enhanced soil cultivation efficiency.

The work was conducted as part of an internship under the «Bolashak» international scholarship
program within the «500 scientists» project.
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TYHUIH
bencenni >xeTekTi alfHaiIMalbl KYMbICHIBI OeJiKTepl Oap TOMbIpaK ©HJEY MallliHalaphbl
aybll IIapyallbUIBIFBIHA TEPCIEeKTUBANbI Ooubin Tabbutafbl. Onap 3aMaHayd eriHUIUTIKTE
FBUIBIMU 3€pTTEYJIEp MEH OHIIPICTIK KOJAaHYbIH HbICAaHbIHA alfHaAN bl AJlaiifia, oiapsl OAaH api
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KETUIIPY OJIAPIBIH TOIBIPAKIICH ©3apa OPEKEeTTEeCY MPOIECIiHIH a3 3epTTeNyiMeH IeKTeNeT.
3epTTeyiH MaKcaThl OeNCeH/ Il JKETEeKT1 alfHaIMaIbl dKYMBICIIBI OOTIKTEPiH 3epPTTEY, d31piey KoHe
KOJIZaHy apKbUIBl TOIBIPAKTHI OHJACY THIMIUIITIH apTThIpy OOJIBIN TaObuTanbl. 3epTTEy YIIiH
OenCeHIi KETEeKTI alfHaIMalbl JKYMBICIIBI OONIKTepAiH d3IpJIeHIN *aTKaH 3 Typi TaHIAJIbL:
OUAJTUHAPIIK aifHAJIMaJIbl KYMBICIIBI 06K, TBIIIAKThl JKYMBICIIBI OOJIIK XoHE alHaIMallbl
KaJaKThl >KYMBICIIBI Oeik. Makanama arajafFaH >KYMBICIIBI OOJIKTEepAiH TOIBIPAKIICH e3apa
opeKeTTecyiHe IKCHEPUMEHTTIK 3epTTeyJiep KYPri3y YIUIIH 3epTXaHalblK KOHJBIPFBIHBI d3ipiey
OOWBIHIINA KYMBIC HOTHIKEJIepl KeNTipuireH. 3epTrey OaphIChIHAAa OHLY OYPHIIIBI CAThUIBI TYPIE
perremin, 40°, 70° s)xone 90° 60mysr MyMKiH. TirineH kenbey oypsoim — 30° (apTka), 0°, +20° xoHe
+40° (anra) apadbIFbIHIA ©3repyl MYMKiH. 3epTTey VIIIH KHHEMaTHKAIBIK XYMBIC PEXUMI
koddurmenti 0,6 <A< 1,4 meriaae auama3zoHbl TaHIAIABL. KOHIBIPFBIHBI KYPBUIBIMIIBIK
azipney «KOMITAC-3Dy GarnapiamachlH maiijanaHa OTHIPBII, TEXHUKAJIBIK TalanTapra COlKec
Kypri3iaai. Tonbipak apHACBIHBIH 3€pTXaHABIK KOHABIPFBICHIHAA 3epTTEY KYpPrizy OapbIChIHIA
aifHaJIMaIIbl )KYMBICIIBI OOMIKTIH KaXeTTI KHHEMAaTHKAIBIK KO((UIIMEHTIH TaHay YIIiH epHEK
anbIHIbl. KHHEMaTHKAIBIK )KYMBIC PEKUMIHIH KOI(DPUIIMEHTI KOHABIPFBI JKETETIHIH aybICIIajbl
Oepimic KYIABI3AAPBIHBIH TICTEpiHIH caHbiHA (Oepiylic KaThIHACHI) OAaWIAHBICTHL. 3epTTey
HOTHIKENepl OOMBIHINA 931PJICHETIH YKYMBICIIBI OOJIKTEPAIH KHHEMATHUKAIBIK JKYMBIC PEXUMI
KOO QUIMEHTIHIH 3epTTeNeTiH AMana3oHbIHA Ccolikec Oepimictep aHbIKTangsl. Ocpuiaiimia,
TOMBIPAK APHACHIHBIH O31pJCHIeH 3epPTXaHaJbIK KOHJBIPFBICHI OEJICEH[l KETeKTI aifHalIMabl
JKYMBICIIIBI OOIKTEP/IIH MIapKbl OJIIeMIepl MEH KYMBIC PEKHMJICPIH HETi3/Iey KOHE TaHIay
OOMBIHIIIA 3epTTeyJep KYPrizyre MyMKIiHAIK Oepeai, OHAa TOMbIpaK OHJIey Ke31HJE CcarachIHbIH
KaKCcapybl KOHE DHEPrusl IIBIFBIHAAPBIHBIH TOMEHJCYl KamMTaMachl3 €TiIeadl, eMeK, OHJEY
THIMJIUTITT apTaJibl.

PE3IOME

[TouBooOpabaThIBaroIIME€ MAIIUHBI C IPUBOJAHBIMU POTOPHBIMH [1OYBO0OpadaTHIBAIOIIMMHU
OpPYIUSIMH SIBJISIFOTCS MIEPCIIEKTUBHBIMU B CEJILCKOM XO3slicTBE. DTH OpyIus CTaJIM MPEIMETOM
HAyYHBIX UCCIIEOBAaHUM 1 MPOMBIIUIEHHOTO IPUMEHEHHUSI B COBPEMEHHOM CEJIbCKOM XO034HCTBE.
OpHako WX JaJbHENIIEE COBEPUICHCTBOBAHWE OIPAHMYMBAETCS HEJOCTATOYHO H3YYEHHBIM
IPOLIECCOM HUX B3auMoJEHCTBUS ¢ mouBoil. llenbro wHccnenoBaHus SBISETCS TOBBIIEHUE
3 PEKTUBHOCTH IMpoliecca 00pabOTKH MOYBBI 32 CUET MCCIEI0BaHNUs, pa3pab0OTKH U IPUMEHEHHUs
AaKTUBHO NPUBOAMMBIX POTOPHBIX MOYBOOOpadaThIBaroMX opyauid. Jlns uccienoBaHus ObLIU
BBIOpaHbl TpPU THUIIA AKTUBHO MPUBOAMMBIX POTOPHBIX MOYBOOOpaOATHIBAIOUINX OpPYAUM:
HUAJTUHAPUYECKOE KOIBIIEBOE MOYBOOOpabaThIBAIOIIEE OPY/IHEe, HOKEBOE TOUBO0OpadaThIBaIOIIEe
OpyJHe 1 pOTOPHOE NM0YBOOOpabaThIBaOIIEe OPY/IUE C 3a/1eNbIBAIOIIMMU dJIeMeHTaMu. B cTaThe
MIPEACTABJICHBI PE3YNbTAThl PabOTHI MO pa3paboTKe J1abOpaTOPHOrO MOYBEHHOTO OYHKepa st
IPOBECHUS 9KCIIEPUMEHTAIBHBIX UCCIJIEJOBAaHUN B3aUMOJECHCTBHUS MIOYBBI U
nouBooOpalaTeIBatOIIUX Opyaui. B Xonme uccinenoBaHus yrojl HakjIOHAa OT HamlpaBieHUS
JIBIDKEHUSI MOXKET OBbITh CTymeHuaTo oTperyiupoBaH jao 40°, 70° u 90°. Yrom HakioHa OT
BEPTUKAJIBHON TUIOCKOCTH MOXKET U3MEHAThCA B mpenenax otr -30° (Hazan), 0° (1o BepTHKaIM),
+20° u +40° (Bnepexn). KoadpunueHT KMHEMaTHUECKOTO PeXUMa HCCIeIOBAICS B JAMANa30HE
0,6<A<1,4. JIabopaTOpHBIil MOYBEHHBIN OYHKEp OBLI CHPOEKTHPOBAH COTJIACHO TEXHUYECKOMY
3amaHul0 ¢ ucnoip3oBaHueM mporpaMMel KOMIIAC-3D. BreiBeneHO BbIpaxkeHHe A
orpezeneHus HE00X0JMMOT0 KHMHEMaTUYECKOTO koa¢pdunrenTa POTOPHOTO
0YB00OpabaTHIBAIOIIETO OPY/IHs IPU MPOBEICHUN HCCIIEIOBAHNH Ha Ta00paTOPHOM ITOUYBEHHOM
OyHKepe. YCTaHOBJIEHBI 3aBHCHUMOCTH MEXAY KO3(PPHUIMEHTOM KHHEMAaTHYECKOTO pexuma U
YHUCIOM 3yObEB CMEHHBIX 3yOuaThIX KojieC (TepelaTOYHbIM YHCIOM) NPHUBOJAA MOYBEHHOTO
Oynkepa. B  pesynpTate  uMccieoBaHMS ~— ONpEAENeHbl  MMapaMeTpbl  TPAHCMHUCCHUH,
COOTBETCTBYIOIIME HCCIEIyEeMOMY JHMana3oHy Kod(QQHUIMEHTa KUHEMaTHYECKOro pexuma
paboThl s BBIOpAaHHBIX MOYBOOOpabarhIBarolMX opynud. TakuMm oOpa3oM, pazpaboTaHHBIN
71a00paTOPHBIM MOYBEHHBIM OyHKEp IO3BOJIIET MPOBOJIUTH HCCIEIOBAaHMUSA IO ONTUMHU3AINH
apaMeTpoB U PEXUMOB pPAOOTHl AKTHUBHO-TIPHUBOJHBIX POTOPHBIX MOYBOOOpaOATHIBAIOIIMX
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OpYAMH, YTO TMO3BOJIUT YIYYIINTh KauyecTBO OOpPaOOTKM TOYBBI, CHH3HTH JHEPro3aTpaThl M
HOBBICUTH 00IIYI0 3(pPEeKTUBHOCTE 00PAOOTKH OYBHI.
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