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Abstract. The existing technical means of harvesting chicory roots do not provide the necessary indicators
of the quality of digging root crops according to the agrotechnical requirements for root harvesting machines.
Reduction of losses of root crops and their damage is provided by the use of a combined single-disk spherical
digger, which combines a spherical disk and a loosener placed behind it and in its area of operation, which is
installed on the riser of the disk. The article proposes a developed mathematical model that describes the
movement of the soil layer along a spherical disc and that allows analytically determining its dynamic
characteristics and technological parameters of the root crop digging process. The obtained results of the study
are partially a supplement to the existing methods of substantiating the parameters of the working processes of
root harvesting machines.
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1. INTRODUCTION

Among many types of industrial crops, including root crops, only root chicory ensures
the production of strategic raw materials from which, in the process of its processing, the raw
product of inulin processing is obtained, from which an important medicinal product — insulin
is subsequently produced [1, 2].

Chicory root crops are also used as fodder for farm animals in the autumn-winter
period [3, 4] and for the production of renewable sources of energy — bioethanol [5, 6]. soil
macrostructure [7, 8], which leads to an increase in soil fertility [9, 10].

However, in the process of harvesting chicory roots with existing technical means,
certain difficulties arise in terms of such indicators of the quality of harvesting, such as the
completeness of digging chicory roots and the number of damaged roots, which
significantly exceed the established indicators of agrotechnical requirements for root
harvesting machines [11-13]. At the same time, the average rate of loss of root crops
is 3.5...7.5% depending on the harvesting conditions, and damage to chicory roots
is 2.5...3.5 times the value of the index of agrotechnical requirements [14].

All this reduces the technical and economic efficiency of the production of chicory root
crops, which forces farms to reduce the sown areas of this important technical crop [15].

2. EXPERIMENTAL METHODS

To increase the technological efficiency of the process of harvesting chicory root crops,
we have proposed a technical tool for digging up root crops (Fig. 1), which will allow to increase
the completeness of digging up root crops and reduce their damage due to the intensification of
the process of destruction of the peri-fruit environment and the occurrence of additional
dynamic effects that ensure an increase in the force of pushing out root crops from the ground.
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The combined working body for digging chicory root crops consists of a one-sided
spherical disc 2, which is located at a certain angle relative to the row of root crops.

The disk is freely seated on the axis 3 of the disk rotation, which is mounted in a riser
(not shown in Fig. 1), rigidly fixed on the frame 9 of the digger.
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Figure 1. Construction diagram of a combined digger: 1 — root crop; 2 — spherical disc;
3 — loosened; 4 — disk rotation axis; 5 — bracket for fastening the loosened;
6 — axis of rotation of the loosened; 7 — spring; 8 — thrust plate; 9 — frame

Also, a bracket 5 is mounted on the riser, which can be moved along the riser and fixed
on it with the help of fixing pairs of bolts and nuts.

The bracket has an axis 6 on which the loosened 3 is mounted. With the help of
springs 7, which are connected to the loosened at one end, and rest against the stop plate 8
at the other end, the riser of the loosened is spring-loaded.

During the movement of the combined digger along the rows of chicory root crops, the
loosened 3 and the spherical disk 2 destroy the surrounding soil environment and the
connections of the root crop in it due to the rotation of the spherical disk with an angular velocity
w, =dg, / dt and the movement of the loosened (i.e. disk) with a translational velocity 9, .

When this occurs such a phenomenon (process) as the movement of the excavated soil
layer along the spherical surface of the disk and, accordingly, its subsequent movement to the
following working organs of the root-harvesting machine.

The study of this process is an important scientific task in terms of ensuring the
minimization of the supply of soil impurities by the spherical disk to the following working
organs of the root harvester during the digging of chicory root crops.

The minimization of the supply of soil impurities can be achieved by studying the
dynamic processes that occur during the movement of the digger along the rows of root crops
and, accordingly, developing a mathematical model that describes the relationship between the
technological and structural-kinematic parameters of the process of moving the digger in the
soil environment.

3. RESULTS AND DISCUSSION

The process of moving the excavated soil layer along a spherical surface during the
digging of chicory root crops with a spherical disc will be considered according to the diagram
shown in Fig. 2.
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The main parameters of a spherical disc are: sphere diameter D, , m; disk radius R, , m;
the depth of the drive h, , m; angle of attack of disk « , degrees; angle of inclination of the disk
to the horizon &, degrees.

2

Figure 2. Scheme for calculating the dynamic interaction of a spherical disk with a soil layer:
1 —sphere; 2 — spherical disk

When considering the process of movement of the soil layer along the spherical surface of
the disc during the digging of chicory root crops, it is advisable to place the selected Oxyz

coordinate system so that the entire Oxyz coordinate system moves simultaneously with the
spherical disc with a constant movement speed ., (disc movement speed, m/s) relative to the soil
surface, and the excavated soil fell on the spherical disc with a constant speed & = const , m/s.

To ensure the condition & = const , we take the point O, or the point that coincides with
the center of the sphere, as the reference point of the Oxyz coordinate system.

We direct the Ox axis into the depth of the soil perpendicular to its surface. We direct
the axis Oy so that the radius vector of the center of the disk E, or the axis of rotation of the
disk, belongs to the plane of the xOy . We direct the Oz axis perpendicular to the Ox axis and
the Oy axis, or perpendicular to the plane of Fig. 2.

To simplify the process of building a mathematical model of soil movement on a
spherical disk, we accept the following assumptions:

- when soil particles hit the disc, a layer of soil is formed per unit of time, which moves
as one solid body of mass m, (kg) with a given angular velocity w, , rad/s;

- during the movement of the soil layer on the disk, we neglect the friction force, while
accepting the postulate that the moment of friction forces acting on the soil layer at a constant
angular velocity of the disk @, (rad/s) is equal to the moment of friction forces in the bearings
of the axis of the disk attachment, or equal zero;

- the equations of motion are further solved for the center of gravity of the soil layer, so the
rotation of the soil layer relative to its center can be neglected and it can be assumed that the angular
velocity w, is directed along the moment of movement of the soil layer A7, kg m/s [16, 17];

- when the soil layer is moved along the disk, we neglect the force of gravity, which is
justified by sufficiently significant values of the translational speed of the disk 4, , at which the

Kinetic energy K, :0.5m5192 (J) of the falling soil layer significantly exceeds the potential
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energy 11, = m.gh, (J) of the soil layer rising up along the disk, where g —acceleration of free

fall, m/s?; h, is the height of the soil layer on the disc, m.

In the future, after the descent of the soil layer from the disc, the force of gravity
F, =m.g (H) will be taken into account.

In addition, in the scheme of fig. 2 is marked:- r = 2,/D? —4R? is the distance to the

center of the disk from the center of the sphere, or the module of the vector [f|, m; I, is the
distance from the center O of sphere 1 to the ground surface, m; r is the radius of curvature of

the point of contact A between the surface of the soil and the disk, r, =2,/D? —41? ,m; & is the
angle between the radius vector of the point of contact B of the disc with the soil surface (in the
xOy plane) and the Oy axis, rad.: sin6=2I /D,; coséd=2r,/D,; B is the angle of
inclination of the axis of the disk, or vector r relative to the axis Oy, degrees.

At the same time: h, =R, cos g+rsin Z—I,; the velocity vector .9 has components
9,=0,9,=9sina, 9,=-9 cosa, ms.

To determine the moment of the amount of movement of the soil that enters the disc per
unit of time, or the moment A7 of the amount of movement of the soil layer, it is necessary to
determine the average force of the reaction N, (H) of the disc on the falling layer.

At the same time, the average force of the reaction N, will depend on the value of the
mass m_ and the velocity vector g of the falling layer of soil on the disc, as well as on the
contact area (area of the disc S, , m?) on which the layer of soil falls.

The mass of soil m, that falls on the disc is determined by the well-known formula
m, = p.V, [18], where p, is the specific mass (density) of the soil, kg/m?; Vv, is the volume of

soil that falls on the disc, m®.
The volume of soil V, that falls on the disc can be determined according to [8], taking into

account the area of the disc S, on which the soil falls and the unit vector 7 , which determines the

instantaneous value of the thickness of the layer of soil that falls on the disc, or V, = I nds, .
Sq

Then the average reaction force N, will be determined by the formula
Nd :—Ipsgn(§Xﬁ)nde, (1)
Sd

where 7 is a unit vector that is directed to the point of contact (fall) of the soil layer on the disc.
The solution of the integral expression (1) relative to the axes of the Oxyz coordinate

system will have the form:

N, =-2p,8’R30,sina;
N, =-p9R:(6,+6,)sina;, 2)
de

s n

=—-p,FR?(6,-0,)cosa

where N_,, N,;, N, are the average force of the disk reaction to the falling soil layer, which
acts along the Ox, Oy, Oz axis, respectively.
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Components 4., 6,, 6, of the system of equations (2) are determined by the formulas:
0, = j zN1- 2% sin ,dz;

6, :]E(l—zz)singoZ cosg,dz;+ ©)

4

6, = ZJZ(1+ 7*)p,dz

4

The solution of the integral expressions of the system of equations (3) is as follows:

3
. 2 2 .
AR} :

6, =cos’ 5 —2"—; sing - 21N/ 12 +932r5|nﬂ; (4)

. 3 D, cos” B D,

20,
0,=—0tgf+—3_;

= 0P+ 5 (5)
0,=05[dz(1-2%)sin2p, =, , (6)

1

where 6, = f\/1+ 2% sing,dz .

At the same time, the solution of the integral expression 6, = j\/1+ 2% sing,dz has the

)

form

93zcosiéj(mij—amin{[lf’_rSinﬂﬂ—(lf’_rSinﬂJ{l—(loerigﬂ) } @)
2 )\ 7D R4 cos 8 R4 cos R;cos” B

Then, taking into account the value of expression (6), the system of equations (2) will
be written in the form

N, =-2p.9°R26,sin«;
N, =-2p,9R;0,sina; ;. (8)
de

=—p,HR:cosa

Let's determine the moment of movement of the soil layer using the expression

M = 5j(ﬁxé)(ﬁ—é)dsd=25n(§de). 9)
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Due to the collinearity of vectors @, and 1\715, the angular velocity of the soil layer
falling on the disk is determined by the formula

o, =M, {j 0.25pSDf(9n)de} . (10)

Sy
After solving the integral expression (10), it is obtained

w,=4M_/mD?, (11)
where m! =0.59, p D?6,sin« is the mass of the soil layer that enters the disc per unit of
time, kg/s.

The initial position of the center of gravity of the soil layer R_, =|R_,|#, on the disc can
be expressed through the average reaction vector of the disc N, or

s = 2rln' jpstn(ﬁxé)dsd -

S Sy

Nd Ds
29 m’

(12)

The components of the vector 7, , which are given by the vector R__, can be determined
using equations (4)—(6) and (12). After falling on the spherical disk, the soil layer comes off it
due to its twisting by the surface of the disk, which rotates with an angular velocity @, and its
subsequent rejection towards the axial line of the row of root crops.

At the same time, the movement of the soil layer, or its movement, has two characteristic
features:

- free movement along the disc with angular velocity o ;

- free fall in the field of gravity after leaving the disk surface.

To carry out further analysis of the process of movement of the soil layer during the
digging of chicory roots with a single-disk spherical digger, we will consider in more detail
these two characteristic areas of movement of the soil layer.

When the soil layer moves freely along the disk surface, the direction of the vector #_,

which determines the instantaneous position of the center of gravity R_, of the soil layer
depending on time, is determined by the expression

n, (1) =n, cosa)st+i[a35><ﬁo]sina)st, (13)

S

1. .. . . s .
where —[@, xfi,] is a unit vector directed along the initial movement of the soil layer

@

n[agxn, ).
If we compare and analyze the expressions (9) and (12), we come to the conclusion that
the expression is @, -n, =0, and the further movement of the soil layer takes place in a circle

. . - 1.. .
with a radius of R, and a plane formed by the vectors 7, and —[a&, x1i,], where R is the

@

radius of the sphere, m.
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At the initial moment of time t =0, according to formulas (4)—(6), the vector n, =0.
The condition for the descent of the soil layer from the disk at the moment of time t=t, is
ensured by the condition under which the cosine of the angle between the vectors 7, and r

approaches the value of the expression 2, /(1— Rdz) I DZ i.e.
ﬁc(zl)-f=2r,/(1—R§)/D§. (14)

Multiplying the expression (13) by r, we get

Acosw,t, +Bsinat, = 1/(1—R§) : (15)

where:
1)
1 0, cos o, . |F) 1 A
Az—[r-no]zﬁlsinﬂ+2—’8;3= &xno —|=——det| n,, n, n,|. (16)
r /92+92 @, r) or
1772 o r,o

The solution of equations (15) and (16) with respect to time t, has the form

t =1 | arccos| 2 025D, —R; +arccos— 4 17
1_0)3 D, A® + B? J A% + B? ' (17)

Thus, at the time of descent of the soil layer from the disc, its position and the speed of
the layer are determined (or specified) by the vectors:

R..(t)=R, [ﬁo cos ot + i[c?)s x i, ] sin costlj ; (18)
a)S
= - - . 1. .
4. (t,) =R, (—no sinat, +—[ @, x i, |cos wStlJ : (19)
a)S
Further free movement of the soil layer from the disk occurs under the influence of
gravity.
With
R, (t)=R.. (t)+9% (t)(t-t)+0.5g(t-t,)’, (20)
where the acceleration of free fall g is directed along the Ox axis.
The condition of the soil layer falling onto the field surface looks like this
R, (t,)=1,=0.5D,sins, (21)

where t, is the time of the soil layer falling to the field surface, s.
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Using this condition, we find that the flight time ¢ (s) of the soil layer in the air is

z-:tz—tl:é(—&xc+\/u9xzc+29(|o—RXC_C)). (22)

At the same time, at the moment when the soil layer falls on the surface of the field
during the time t,, we have:

R. (t,)= R..+9

yc

T ’ ch (tZ) = ch.c + SZCT ) (23)

The distance L, (m) from the center of the disk to the point of incidence in a plane

perpendicular to the direction of the velocity 9 of the movement of the soil layer is determined
by the formula

L, :[RZC (tz)sina+005a(RyC (tz)—rcosﬂ)] (24)

The pressure force F, (H) of the soil layer on the disk surface consists of the sum of the

acting forces:
- the forces of movement of the soil layer during the fall on the disk, or the reaction
forces N, of the disk;

- centrifugal force F,, N
F. =05M,D,[@,x(n,—n(1))]. (25)

Then the pressure force F, of the soil layer on the disk surface will be determined by
the formula

F =-N,+ Mstz)sws {(1—005 a)stl)i[a)S xn, ]+n, sin a)stl} : (26)
,

S

Each of the three components of the pressure force vector IfS of the soil layer on the

disc surface in formula (19) has its own physical meaning.
In particular, the force component F_ characterizes the pressure of the spherical disk

on the ground.
The component, which is parallel to the direction of movement speed 4, and which is

defined as F, = Fsina—F, cosa is equal to the traction force of the digger with a «minusy

sign, or is directed in the opposite direction to the direction of movement of the digger and
which ensures the movement of the digger during the digging of chicory root crops with a
single-spherical disk.

The component, which is perpendicular to the direction of the speed of movement 9,
and the axis Ox and which is defined as F, =-F cosa—F,sina characterizes the

overturning moment, or lateral force.
The cross-sectional area S, (m?) of the groove formed by the spherical disk during its

movement can be determined by the formula
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1 .
S, =9—f(n-3d )dS, =8DZ sin 6, . @7)
d s,

The volume V, (m®) of the soil layer, which is excavated by a spherical disc, or the

second supply of the volume of soil, which subsequently enters the following working organs
of the root harvester, is determined by the formula

1 .
V, =4,S, = p—MS =89,D’0,sinc . (28)

Applying the formula (27), it is possible to determine the width of the groove formed
by a spherical disc during the digging of chicory root crops according to

S, 169,D?6, sin
- = . ) (29)
z, DycospB+2(rsing—I,)

[o]

b, =

where D, is the diameter of the spherical disk, m.
According to (28), the second supply m! of the soil mass is determined by the formula

m, =89,D?p.0,sinc . (30)

In Fig. 3 shows a graphical 3D model that characterizes the relationship between
changes in the second supply of soil mass m! by a spherical disc depending on the speed of

movement of the disc 9, and the angle of attack « of the disc.

m;, 242
% . . 216 2
- pE : Vi(v)
24054711 . VX )18'9” ) | ZV [ [ —
; N 0
21 .43 N ] i/ 16,3/
188147 ] ] ‘ iu) 13.6 1, ! |
16.19- BEFISSEEERES - 2 11— :
13.57- e . 19 8.3
18 15 16 1.7 1.8 19 2
1095+ 17 9 b
s Speed of movement
833+ i~ 16 /s

a ,rad.

Figure 3. Dependencies of changes in the second supply of soil mass as a function:
a—-m =f(4;a), 1,2, 3—respectively, D, =0.4;0.45,0.5m; b —m, = f(9,),
1, 2, 3 —respectively, o =20, 30, 35 degrees

Based on the analysis of the given graphical interpretation of the dependencies
m; = f(9;a) and m = f (), it was established that the change in the second supply of the

soil mass m/ has a linear character —with an increase in the speed of movement of the disk 9, and
the angle of attack of the disk « , the second supply increases within the range from 8.3 to 24.2 kg/s.
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Moreover, the dominant parameter that significantly affects the increase in the second feed m_P is

the angle of attack of the disk « — for an increase in the angle of attack O in the range from 20 to
35 degrees the second supply of m! increases by approximately 1.5...1.8 times.

The given analytical dependence (30) and constructed graphic dependences (Fig. 3)
characterize the second supply of soil mass from one row of root crops and without taking into
account the volume of underground parts of chicory roots that lie in the soil environment.

If we accept the assumption that the depth of travel of each disk is the same, and the
number of root crops in each row is constant, then the second supply of soil from k_ rows dug

by a combined digger can be determined by the formula

M kes (Vk _Vun.c)ps c (8'9d D5263 sina _Vun.c)pskc’ (31)

where V,, . is the volume of underground parts of chicory root crops that lie in the soil
environment, m®; k_ —the number of rows of chicory root crops, which are simultaneously dug
up with a spherical disk, pcs.

4. CONCLUSIONS

1. The proposed combined digger of chicory root crops will improve quality indicators
of digging root crops, which refer to indicators of completeness of digging, or reduction of
losses of root crops and their damage.

2. The obtained analytical dependencies make it possible to substantiate the main
parameters of the working body and the parameters of the process of digging chicory roots with
a one-sided spherical disk without using numerical methods of calculation, which greatly
simplifies the solution of research problems.

3. The results of analytical studies of the dynamic and technological parameters of the
process of digging chicory roots with a combined single-disc digger are a further step in improving
the methodology and methods of calculating the rational parameters of the spherical disk and the
technological parameters of the processes of the root-harvesting machines in general.
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YK 631.356.2

HPOLEC BUKOITYBAHHSA KOPEHEIJVIOAIB IMKOPIIO
KOMBIHOBAHUM KOITAYEM

Maxkcum I'agaiiuyk

Binnuyvkuu nayionanvnuii acpapnutl yHieepcumem, Binnuys, Yxpaina

Peztome. Ceped 6azamvox 6u0di@ MexHiUHUX KYAbmyp, y MOMYy Hucii i ceped KOpeHeniooie, milbKu
KOpPEHenioHutl Yukopill 3abe3neuye GUPOOHUYMBO CMPAameziyHoi cuposunu, 3 sKoi, 8 mpoyeci ii nepepooxu,
OMPUMYTIOMb CUPOBUHHULL NPOOYKM NEPEPOOKU THYIH, 3 AKO20 8 NOOANLULOMY BUPODTIAIOMb BANCIUBULL JIIKAPCLKULL
3aci6 — incynin. Icnytoui mexuiuni 3acobu 30Upants KOPeHeni00ie YUKopIro He 3a0e3neyyonsv HeOOXIOHUX NOKA3HUKIE
AKOCMI GUKONYBAHHS KOPEHENNI00I8 32I0HO 3 A2POMEXHIYHUMU BUMO2AMU 00 KopeHe3dupanvHux mawuHt. Tlpu yvomy
CepeoHill NOKA3HUK 6Mpam Kopeneniooie cmasumo 3,5...7,5%, 3a1edcHO IO YyMO8 30UpanHs, d NOUWKOOMCEHHS
KOpeHeniooi yuxopito 6 2,5...3,5 paza 3HaueHHs NOKA3HUKA AZPOMeXHIMHUX GUMO2. 3MeHUeHHs 6mpam KOPeHeni00ig
i ix nowkoOdicenHss 3a0e3neuyemvcs 3ACMOCYBAHHAM KOMOIHOBAHO20 OOHOOUCKOB020 ChepuyHo20 KOnaud, sAKuil
noeoHye 6 cobi cihpepuunull OUCK i poamiwgenuli n03ady Hb020 Ma 6 30Hi 1020 O PO3PUXI0EAY, AKUL BCMAHOBNIEHO HA
CMOAKY OUCKA. 3aNpOnOHO8AHO PO3POOIEHY MAMEMATNUYHY MOO€b, KA ONUCYE NepeMiljeH s SPYHIMO8020 wapy no
chepuunomy OUCKy ma 00360J51€ 6 AHANTMUYHI POPMI BUSHAUAMU U020 OUHAMIYHI XAPAKMEPUCMUKU U MEXHONIOSIUHL
napamempu npoyecy 6UKOny8amHs KopeHennoodie. Ha ocnoei amanizy uaseoenoi epaghiunoi inmepnpemayii
BCTNAHOBNIEHO, WO 3MIHA CEKYHOHO020 NOOABAHHA MACU SPYHIY MAE JIHIHULL XapaKkmep — 3a 30i1bueH s UeUOKOCmi
PYXy oucka ma Kyma amaxku OUCKa CeKyHOHA nooaua 36inbuyemvcsi 6 mexcax 6i0 8,3 0o 24,2 ke/c. Ipuuomy,
OOMIHAHMHUM NAPAMEMPOM, AKUL 3HAYHO BNIUBAE HA 30UIbULEHHS CEKVHOHO20 NOOABAHHS € KV AMAaKu OUcKa — 3d
30inbUeHHs Kyma amaku 8 medxcax 6i0 20 00 35 epad. cexyHoHe nodasarHs 30inbulyemocs npudausto 6 1,5...1,8 paza.
Pesynomamu  ananimuunux 00cniodiceHb OUHAMIMHUX 1 MEXHONIOSIUHUX RAPAMEmpie npoyecy BUKONYBAHHS
KOPEHenio0ié YuKopiro KOMOIHOBAHUM 0OHOOUCKOBUM KONAYEM € NOOATBUUUM KPOKOM YOOCKOHANCHHs MemOo00a02ii ma
MEeMOOUKU PO3PAXYHKY PAYIOHATBHUX NAPAMemPIE COepUutHO20 OUCKA Ul MEeXHON02IYHUX NapaMempie npoyecie pobomu
KOPEHe30UpanbHUX MAWUH 3a2a0M.

Knrwouogi cnoea: xopenennoou, xonay, cghepuyHuii OUCK, pO3PUXIIOBAY, WAD SPYHMY, NepeMilyeHHs,
MoOenb, napamempu, WeUOKICmb, cuid, NOOABAHHS.
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