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ABSTRACT

The amount of energy required to perform technological processes in agriculture largely depends on the size
of the resistance to the displacement of the working bodies of machines. The main factor of energy
consumption performing the technological process of potato harvesting is the resistance to the displacement
of the digging working body. In order to reduce the resistance to displacement an improved design of the
digging body is proposed. An analytical study was conducted to determine the problem of moving the working
body in the soil environment. The strength of the soil resistance is determined and the regularity of the influence
on its change of parameters and the shape of the blade and separation parts of the digging working body is
established. Calculations are made using the Mathematica application program. The graphic dependences
and contours of the isocline of the traction flange of the working body ploughshare part are obtained. Analysis
of the calculations allowed to set the parameters of the instrument panel surface, of which provide a minimum
of traction resistance. The schedule and contours of isoclines of the change of the total resistance to the
displacement of soil mass with the tubers on the working body separation surface depending on the distance
between the bars and the size of their intersection are also obtained. Analysis of the dependence of soil
resistance and tubers on the separation surface indicates that an increase in the size of the geometric size of
rods intersection leads to a significant increase in the resistance of the medium. The material presented in the
article can be used for analytical determination of the resistance of the digging working body of potato
harvesting machines of arbitrary geometric shape in the soil medium with tubers.

PE3IOME

Benu4uHa eHepeii, mrompibHa 81151 BUKOHaHHSI MEXHOI02iYHUX MPOUECI8 Y CirlbCbKOMY 20Crno0apcmei, 3Ha4HUM
YUHOM 3ariexxump 8i0 eeslu4UH Ooriopie rnepemiueHH0 poboyux opeaaHie MawuH. OCHOBHUM YUHHUKOM
sumpamu eHepeii rnpu BUKOHaHHI MEXHO02i4HO20 rpouyecy 30upaHHSa Kapmoriii € Orip nepeMiuieHHo
BUKOIMY4020 pobo4020 op2aHy. 3 Memor 3MEHUEHHST ONoPY NepeMilueHHIO 3arporoHo8aHo yOOCKOHaIeHy
KOHCMPYKUit0 8UKOMyr4020 poboyoeo opeaHy. BukoHaHo aHanimu4dHe OOCIOXeHHs, cripsMosaHe Ha
BU3HA4YeHHs1 Ornpy rnepemilieHHs1 pobo4yoeo opaaHy y rpyHmosomy cepedosuwii. BusHavyeHo cuny onopy
epyHmy ma 8cCmaHO8/1IeHO 3aKOHOMIpHICMb ernnuey Ha i 3MiHy napamempie i ¢hopmu nemiluHoi ma
cenapyearsnbHOi 4YacmuH  8UKOMyK4Y020 pobo4yoso opeaHy. Po3paxyHKU 6UKOHaHO 3 BUKOPUCMAaHHSAM
npuknadHoi npoepamu Mathematica. OmpumaHo gpadghidHi 3anexxHocmi ma KOHmMypU i3051iHiti 3MiHU Ms208020
onpy rnemiwHoi YacmuHu pobo4oeo opzaHy. AHasli3 ompumaHux po3paxyHkie 0038osue ecmaHogumu
napamMempu rnoeepxHi 1eMiluHoi YacmuHu, siKi 3abesnedyoms MiHiMyM ms2o8020 oropy. OmpumaHO makox
epahik ma KOHMYypu i307iHil 3MiHU [MOBHO20 OroOpy MEePEMIWEHHI0 Macu epyHmy 3 O6ynbbamu o
cenapysarbHili noeepxHi pobo4o2o opeaaHy y byHKUIT eidcmaHi MK npymkamMu ma po3Mipy ix nepemuHy.
AHani3 3anexHocmi oriopy epyHmy 3 6yrbbamu, Wo 3Haxo0sImbCsl Ha cernapysarsibHill M08epXxHi c8id4ums npo
me, w0 36inbWeHHsI 8e/IUHUHU 260MEMPUYHO20 PO3MIPY nepemuHy npymkie npu3eodums 00 Cymmesozo
3pocmaHHs oropy cepedosuwia. Mamepian, euknadeHul y cmammi mMoxe Oymu euxkopucmaHull Ons
aHarimu4YyHo20 8U3HAaYEHHS OrNopy NepeMiIleHHS 8UKOry8asibHO20 pob0o40o20 opeaHy Kapmonie3buparbHuUX
MawuH 008ifibHOI 2eoMempu4HOi popmu y epyHmMoeomy cepedosuiyi 3 byrnbbamu.
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INTRODUCTION

Potato is one of the most popular vegetable in the world with high yields (Negar N. et al., 2015). Ukraine
consumes 136 kg of potatoes per person each year, Russia, Poland - 131 kg, Rwanda - 125 kg, UK -102 kg.
The producers of potatoes enrol about 130 countries. Among the most powerful potato producers are New
Zealand (average yield of 502 pounds per hectare), the Netherlands (447 pounds/ha), Germany (423
pounds/ha), France (432 pounds/ha), England (405 pounds/ha) (https://kartofan.org/skolko-sobirayut-
kartoshki-v-rossii-i-mire.html).

Not only the volumes of produced products but also their high qualitative indices and the level of material
and energy costs for growing and harvesting potatoes are important for successful competing in the world
market. The formation of the above mentioned factors has a significant influence on the performance of
machines for potato harvesting, in particular their traction-performance indicators, which are conditioned by
the construction of working bodies, kinematic parameters.

This statement is proved by theoretical and experimental investigations of many scientists (Amare D.
et al, 2015; Popov A.A., 1984; Petrov D.G., 1989; Baio F.H.R. and al, 2004).

In addition, the process of collecting potatoes and its parameters is influenced by the nature of the
interaction of the working bodies of machines and soil, physical and mechanical properties of soil (Kushnariov
A.S., 1980; Kovbasa V.P., 2001; Frentisek V. et al., 2013). The design of the working bodies affects not only
the conditions of operation of the machines but also the forces of soil treatment, thus, determining the energy
costs for technological processes implementation (Kosolapov, V.V. et al., 2019; Engin O. et al., 2017);
Simdyankin A.A. et al., 2015). The solution to the problem of the working body interaction with the soil by
establishing the relationship between the geometric parameters and modes of operation of the working body
itself with the change of soil properties, as well as, the component of traction resistance is an urgent task that
needs to be solved.

MATERIALS AND METHODS
In order to achieve the goal of reducing the energy intensity of the process of picking up potato tubers

an improved digging working body for potato harvesting machines (A. Shymko, O. Nalobina, 2018) was
developed and manufactured and is presented in Fig. 1.

Fig. 1 - Undercutting working body

Schematically, the working body is presented in the form of a structure shown in Fig. 2. Studies on the
interaction process of the working body provide a mathematical description of the surfaces of the working body
constituent parts and the soil space of the field. With this in mind, two coordinate systems were

introduced: xyz which corresponded to the soil space of the field and ¢ng¢, which is adopted to describe the
surface equations of the working body constituent parts. Coordinate system én¢ idem xyz coincides with the
coordinate system of the soil half-space. Axis direction X coincides with the direction of the velocity vector 1,

of working body. Axis Z is directed into the depths of the soil space, and the axis y is perpendicular to the
movement direction of the working body and coincides with the surface z = 0. This system is adopted to
describe the equations of the surfaces of the working body components.
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Fig. 2 - General scheme of digging-separating working body

Note: In the figure 2, the notations are: f(¢,n, ¢ )- container surface equation, p(¢,7, ¢) - the equation of the surface
of the separating rod, b - the step of placing the separating bars in the transverse direction, i.e. in the y-axis direction, N; -
normal to the surface of the ploughshare, a; — the angle of inclination of the normal to the surface of the container to the
axis ¢ idem x, B; — the angle of inclination of the normal to the surface of the container to the axis n idem y, y; the angle
of inclination of the normal to the surface of the ploughshare to the axis¢ idem z, V,,, — the speed of movement of the working
body in the direction of axis x.

To formalize the surfaces of the working body parts, the equation of the surfaces of its constituent parts
was recorded in the coordinate system End The equation of the surface of the ploughshare and the surface

in which the separating rods are placed is presented in the form of a hyperbolic paraboloid in an implicit form:

I PO (25 B N () R
a b

where ¢, S, a, &, b - coefficients characterizing the shape of the location and the parameters of the curvature

of the surface of the ploughshare part, which then tumns into a bar separating part (Shymko A., Nalobina O.,
2018). The change of these coefficients leads to a change in the configuration and geometric parameters of
the working body (Shymko A., Nalobina O., 2018). They will be called form-forming parameters. In solving the
problem of the working body interaction to separate the soil chunk from the tubers and further destroy its
integrity, a soil model in the form of a viscoelastic medium was adopted, which can be formalized by the Kelvin-
Voigt model. The mechanical model of such an environment is shown in Fig. 3. According to this model, due
to the application of load, there is a viscoelastic deformation of the material, in which with the increasing speed
of load application, the rate of deformation increases in proportion to the decrease in the modulus of viscosity.

For such a mechanical model, the physical equations of stress-strain relationship have the form:
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where:

c.,0.,0.,T..7..,7., — components of normal deformations and shear deformations, Pa;
X y 27 ¥ xy yz

Xz
G- shear module, Pa; G =E/(2(1+V));

E — modulus of elasticity of linear deformations, Pa;

v — Poisson's ratio;

& zj/g(é‘x + g‘y + g‘z), where éx , éy , éz — components of linear deformations, s;

. . . H -1.
VigrPrer Pz shear deformation components, s;

n - shear modulus of shear deformations, Pa-s;
t - deformation time, s

Fig. 3- Mechanical model of viscoelastic medium (soil).
H -- elastic element (Hooke's body), I-- viscous element (Newton's body)

It is known that the main factor in energy consumption is the resistance to movement of the working
body during the process. Equilibrium equation on the contact surface of the working body with the saill,
according to the solution of the elastic equilibrium problem of an anisotropic body (Kovbasa V. P., Shvajko V.
M., Gucol O.P., 2015), has the form:

Ol + T ym+1,,n = X;
Oym+ Tyn+ Tyl = Y; 3)

on+1t,l+1,m= Z;

where:

I, m, n — guide cosines of the external normal to the surface that limits the environment, i.e. the contact
surface (the surface of the working body);

X, Y, Z -components of projections of forces distributed on the contact surface on the corresponding
coordinate axes;

Oy, 0y, 0, Ty, T, T, - cOmponents of normal deformations and shear deformations, Pa.

To analyse the influence of parameters and modes of operation of the ploughshare part of the
working body, it is necessary to determine the relationship of dynamic quantities, including stresses in the soil
depending on their mechanical properties and geometric parameters and modes of operation of the
ploughshare. Such dynamic quantities are the components of stresses in the soil environment. These
components are determined by the dependences (2), which describe the relationship of the stress components
with the components of the strain rates both normal and tangential. In equations (2) the following notations are

accepted: for stress components Oy —0,,0, = 0,0, —>0,,Ty T, Ty —>T =7, and for the

xyl xy ! “xzl 2

xz! “yzl
components of the relative strain rates - Eq > EGEY D ENENDELT i = Vg Vi = Viar Vyn = Vi

. In this case, the values of the stress components in the soil will be determined by the dependencies:
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where:

- distance distribution of waves in the soil
L - the distance of propagation of stress waves in the soil.
Based on the equilibrium equations on the surface, the constituents of the resistance that arise in the
contact interaction look like this (in accordance with equation (2)):
Jxlll + Txylml + Tz = de;
O-ylml + Tyzlnl + Txylll = dFy, (5)
Oy + Temly + Tymy = dF;

where:
dF,, dF,, dF, are components of projections of forces, which are assigned to the unit of contact area.

Thus, in order to obtain the components of the soil resistance to the movement of the ploughshare part
of the working body, the components dF,, dF,,dF, are necessary to integrate in corresponding planes that
are perpendicular to the distributed forces for dependencies:

h b
Fui = g f_él(alez + Ty My + Ty ) dnd,

h (0
Fy = fo le(Txylll + a,ym; + 1, n;)dédg, (6)

Fp = foh fLOl(Txylll + Tyamy + 0yn)déds,
where:
h— the depth of the ploughshare of the working body into the ground;
L - the distance of propagation of stress waves in the soil;
b; - the half-width of the working body.

The components of the resistance forces act on the surface of the working body in three mutually
perpendicular directions. To determine the total resistance force acting in the direction of motion, it is necessary
to take into account the component of the resistance force in the direction of motion and take into account the
external friction on the surface of the working body:

Fy = Fui +( Fx21i+F;zi+Fzzzi)'t9[lp]v (1)
where:

tg[y] is the coefficient of external friction of the soil on the material of the working body.

The resistance forces that occur on the separation surface are determined in a similar way. At the same
time there is one difference, which consists in the fact that the forces of resistance consist of the sum of the
bars. Expressions for the determination of forces have the form:
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/2
Fai 22n =1 ﬂ(x/z ‘0 S (Oply + Taypmy + szpnp)dcd)(']
=2 an=1 ¢ fg “(Tayplp + Oy, + Ty pmy ) did, } (8)

Fopi zznp_l S Taaply + Tyapmy + 0pmy)dEdy |
where:
x is geometric dimension of the bar of the working surface of the working body (the size of their
diameter),
n,- is the number of bars.

Limits of integration in equations (8) are defined as follows: the lower limit of integration on the height
of the separating surface for each specific rod ) due to the need to locate the rod in the middle of the surface

at ;7 = 0 that it should not be below the surface of the field, therefore§0| =0. The upper limit

(5r=bypNgy) =30, npy={~11}

of integration é’k due to the need to raise the middle part of the surface to ensure the movement of soil with

tubers and ensure a minimum clearance hp, so §k| = hp. Since the separation surface is a

(2r=bpnge)—0, np,={-11}

continuation of the ductile surface, the parameters characterizing its geometric shape remain unchanged.
Therefore, the only variable values of the separating surface remain the geometric size of the bar (diameter)
X and the distance between the bars on the surface b, (Shymko A., Nalobina O., 2018).

The general resistance to the displacement of soil mass with the tubers on the separation surface has
the form:

Ep = Fypi + ( \/szpl +F, + Fzzpl) - tg[yl. 9)

The results of theoretical research have been proven in experiments. For this purpose, three variants of

the working body with the following shaping parameters are proposed: the first: c=0.95; b=1.5; $=0.25;

second: c=1.05; b=1.5; $=0.25; third: c=0.95; b=1.5; $=0.15. Rational values of shaping parameters have

been established by the authors in previous studies (Shymko A., Nalobina O., 2018) on the condition of the
greatest loosening of the soil.

According to these shaping parameters, 3D models are built, which are the basis for the manufacture of

physical models of the working body. A laboratory soil channel was used for research (Fig.4). The working

body was fixed on the frame of the tensometric trolley, which was moved along the channel with the soil and
the value of traction resistance was fixed.

Fig. 4 - A laboratory soil channel was used for research
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RESULTS

On the received dependencies the calculation has been made. The value of the parameters of the
working body was obtained by the authors in the course of the previous theoretical studies and is partly
presented in the authors’ work (Shymko A., Nalobina O., 2018). Calculations are made using the Mathematica
application.

In fig. 4 is shown a graphical solution of function (4), depending on changes in the parameters of the
separating part of the working body.

Fric{0B5-105)0.15-035)1.1

ke )

d)
Fd #0.15-0.35%(1.0- 200,19

Fig. 5 - Graphical dependencies of traction resistance changes Fx at various parameters
of the shape of the working body surfacec, a, b, ¢, k
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By analysing the dependence of the resistance on the displacement of the working platform of the
excavator in the soil (Fig. 5), one can conclude that the minimum traction resistance can be achieved with the
use of a working body with surface parameters: ¢ = 0.95,¢ — 0.25,b = 0.20,k — 1.50.

Graphically, the dependence of full resistance F,, displacement of soil mass with tubers by separation
surface depending on the distance between bars b, and the size of their intersection y on a one-sided number

of bars 13 is shown in Fig. 6
Fxi,N: %(0.025 - 0.0100),rm b,(0.0025 -0.0100),m

[

gg88888¢88

a) b)

Fig. 6 - Chart and contours of isocline change of full resistanceF,, displacement of soil mass with tubers by
separation surface depending on the distance between barsb, and the size of their intersection y on a one-
sided amount of the number of bars 13 by one-sided amount of bars n,, = 13,V,, = 1.0%

CONCLUSIONS

The minimum traction resistance is provided by means of a working body with the parameters of the
ploughshare surface: ¢ —» 0.95,¢ — 0.25,b - 0.20,k — 1.50. These values of the parameters coincide with the
values of these parameters, which provide soil loosening. This is explained by the fact that under such
parameters there is a destruction of the soil in the maximum possible area before the working body, therefore
the resistance of the soil to the displacement of the working body is reduced. This has been proven by
experimental studies. The use of a working body with the following shaping parameters provided: minimum
traction resistance.

Analysis of the dependence of soil resistance and tubers on the separation surface indicates that an

increase in the size of the geometric size of the intersection of bars y leads to a significant increase in
environmental resistance. At the same time increasing the distance between the axes of bars b, has
insignificant influence on the change of resistance movement at small valuesy but this resistance increases
significantly at higher values y.
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