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For mechanized harvesting of chicory roots, root harvesters are currently used, in which the root
digging module is built on the basis of a single-disk spherical digger installed at an angle of attack to the
direction of movement and a cultivator placed behind it and a horizontal drive single-shaft cleaner of the
remains of the top from the root heads above it. The flexible cleaning blades, which are placed on the rotor of
the single-shaft cleaner during the cleaning of the remains of the top, lose their initial rigidity, which reduces
the efficiency of the root harvesting machine and the quality of the raw material from chicory roots for its
processing.

The purpose of the work is to increase the technological efficiency of the chicory root digging module
by developing a mathematical model of the contact interaction of the cleaning blade with the root head and
optimizing the rational parameters of the single-shaft cleaner.

Based on the analysis of the technological process of the single-shaft cleaner, an analytical
mathematical model was developed that functionally describes the contact interaction of the cleaning flexible
blade with the root head or with the tops on it. It was established that when designing blade cleaners for tops
from root heads, it is necessary to take into account the relationship between permissible deformations and
the main parameters of the cleaning flexible blades - the rotation frequency of the single-shaft cleaner, the
length, width and thickness of the blade, the maximum permissible number of blades in one section, the number
of sections on the rotor of the single-shaft cleaner.

The constructed nomogram allows you to determine the maximum permissible thickness and minimum
permissible length of the blade depending on its operating conditions. The results obtained are a further step
in improving the methodology for optimizing the parameters of the working bodies of combined modules for
digging chicory roots.

Key words: root crop, chicory, top residues, cleaner rotor, cleaning blade, force, deformation, model,
displacement.

Eq. 27. Fig. 4. Ref. 22.

1. Problem formulation

Existing technical devices and means for harvesting chicory roots by mechanized means do not satisfy
agrotechnical requirements for root harvesting machines in the context of compliance with the main quality
indicators - losses and damage to roots during their digging [1, 2]. In addition, during the harvesting of the
main mass of tops and trimming the tops from the heads of root crops with different types of top cutters, a
significant part of the roots falls out or breaks from the soil due to the dynamic interaction of the cutter copier
with the root crop head [3, 4].

Obtaining the required quality of raw materials for processing from chicory roots is ensured by
additional post-harvest preparation of the harvested roots to the required condition of the processed product
and requires additional costs, which reduces the profitability of the processing industry [5].

Reducing the content of tip residues in raw root crops from 0.5 to 1.5% reduces the total costs of their
processing by 10..15% and increases the yield of the final product of higher quality by an average of 10...20%
[6]. The use of cleaning flexible blades as part of a single-shaft blade cleaner [7], which is designed to clean
root crop heads from tip residues, partially solves this problem, which leads to an increase in the quality of
root harvesting machines [8]. However, one of the main disadvantages in the process of cleaning flexible
blades during their contact interaction with tip residues and chicory root heads is a fairly rapid loss of the initial
stiffness of the flexible blades, which leads to a significant reduction in their service life [9, 10].
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Reducing the rigidity of the material structure of the cleaning flexible blades does not provide the
necessary quality indicators for the separation of the tops from the heads of chicory roots in accordance with

agrotechnical requirements [11, 12].
A qualitative solution to the scientific and technical problem of increasing the service life of the
cleaning flexible blades of root head cleaners and, ultimately, a significant reduction in the amount of plant

impurities in the collected head is possible by studying the process of contact interaction of the cleaning elastic
blades with the root head and optimizing their rational parameters.

2. Analysis of recent research and publications

The main results that characterize the analysis of the contact interaction of elastic elements with the
surface of physical bodies or the remains of the tip on the heads of root crops are described in scientific works
[13-17].

They set out general aspects that describe the kinematic processes that regulate the main provisions of
the directions and results of the research on the issue of coordination of the operating speed of the cleaning
devices and the kinematic and structural parameters of the elastic elements, or the manufacturability of the
harvesting unit.

The analysis of the processes of dynamic interaction of cleaning flexible blades with the remains of
the tip on the heads of root crops, taking into account the relationships of permissible deformations and the
main parameters of the blades, is set out insufficiently and not in full, which does not allow for the effective
establishment of rational parameters and operating modes of single-shaft cleaners.

3. The purpose of the article

The purpose of the research is to increase the technological efficiency of the chicory root digging
module by developing a mathematical model of the contact interaction of the cleaning blade with the root head
and optimizing the rational parameters of the single-shaft cleaner.

4. Results and discussion

To analyze the process of contact interaction of the cleaning flexible blade 7 (Fig. 1) of the driven
single-shaft cleaner 4 of the tip residues of the combined chicory root digger [18, 19], a calculation scheme
was drawn up, which is shown in (Fig. 2).

1
Fig. 1. Structural diagram of a combined single-disk chicory root digger:
1 —spherical disk; 2 — axis of rotation of the spherical disk; 3 — root guide; 4 — single-shaft cleaner
of the remains of the top from the heads of root crops; 5 — flange; 6 — axis; 7 — cleaning flexible blade

The single-shaft cleaner of the remains of the tops from the heads of root crops is a frame 1 (Fig. 2)
on which a horizontal shaft with a drum 2 is installed. Adjacent flanges 3 are installed on the drum, between
which axes 4 are fixed. Flexible cleaning blades 5 are hingedly installed on the axes, rotating with an angular
velocity wy [8]. During rotation, the cleaning flexible blades 5 interact with the root head 6, which leads to the
removal of the tops from it. In the first case, to develop a mathematical model that functionally describes the
process of contact interaction of the hinged cleaning flexible blade 5 (Fig. 2) with the root head 6 or the tops
on it, we will consider the blade as a thin flexible (elastic) rod that is under the action of force Fy,, which arises
as a result of the impact from the side of the head or the remains of the tip on it. In this case, the cleaning
flexible blade bends to a certain spatial position, and the magnitude of the bend will depend on the magnitude
of the force Fo.

The differential equation of the blade elastic line has the form [19]:

El d—g =-FX
ds, | (1)
where E — modulus of elasticity of the blade material, N/m?; I — moment of inertia of the blade section,
kg m?; 6 — angle between the tangent to the elastic line and the axis OY, degree.; Sp — curvilinear abscissa from
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the instantaneous point B to the free end of the blade, m; d6/dS;, — curvature of the centerline of a curved blade
at a point B.

At the same time, we have thatdX/dSy, = sin 6.

Determine the radius of curvature Ry — section of the curved axis of the blade between two adjacent
sections. It will be smallest in the section of the greatest bending moment at point A, i.e.:

ds, _-El
“do FX

Let us denote the relation F, / El =k

(2)

Fig. 2. Scheme for calculating the contact interaction process flexible cleaning shovel with root head (shovel bend):
1 —frame, 2 — drum; 3 —flange; 4 — axle; 5 — flexible blade; 6 — root crop

Then according to (1) and (2) we have:

1 _ de

- X=——
Rb_kX kds, | ©)

Let's substitute into the expression dx/dS, =sin 6 vajye x from dependence (3), we obtain:
. d’e
—ksing=— 4
as? @
Assuming that the angle at the free end of the blade is 8 equal to the angle y, or 6 = y..
After differentiating equation (4), we have:

2k (cos@—cosy) =(:?0j (5)

b

We integrate the differential equation (5) by the method of separation of variables. In doing so, we
determine the arc length of the curved cleaning blade Sb, i.e.:

g _ 1 I de
" 24k g \Jsin? (0.57)—sin? (050)
Let us introduce the notation sin (0.5y) = ®.

We will also introduce a new variable, which we will denote by the symbol and which is related to the
angle 0 by the equation:

(6)

sin(0.50) = ®sinv =sin(0.5y)sinv @)

Having solved the integral expression (6) within the limits of integration from 0 to z/2 Taking into
account dependence (7), we obtain the equation for determining the length of the cleaning flexible blade Ly :

1 "¢ dv 1 )
L= e W M) ®

where p (CDZ ) —the complete elliptic Legendre integral of the first kind, which is written in normal form [20].
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Having written down that dx =sin 6dS, and solving equation (5) with respect to X taking into account
expression (8), we obtain the dependence for determining the horizontal displacement X, end of the cleaning
flexible blade:

20 ;
"k )

or according to (3) we determine the radius of curvature Ry the area of the curved axis of the blade
between two adjacent sections, i.e.:

R:—l 10
o= 0 dk. (10)

To find the sine of half the angle y, which is denoted by the symbol @, we first calculate the deflection
of the cleaning flexible blade in the vertical plane or vertical direction of the OU.

From the equation of the elastic curve and taking into account that d¥ / dS, =€0s & e will get:
/4
V= —I cosddsS, +C (11)
0

The integration constant C is determined from the boundary conditions at the tip of the blade:

C=L- 5, where ¢ — vertical deformation of the blade, m (Fig. 2). Taking into account expression (8) and
the integral notation (11) and the previously adopted notations, we obtain:

. cos6do 2 "¢ , e dv
V=IL -6~ =L —-5——— [ J1-®?sin®vdy — (12)
° 'L/Zk(cos@—cos;/) Jk ! !.‘ J1-2d2siny |
In the final case, after the final solution of the integral expression (12), we obtain:
_ 1 2 2
Y—Lb—é—W[Zq(CD )-p(® )] (13)

2
where @ (CD ) —the complete elliptic Legendre integral of the second kind, which is written in normal form [20].
At point O, the value of Y is zero, i.e. Yo = 0. Then equation (13) is reduced to the form:

_ 1 2 2
Lb—5—ﬁ[2q(cb )—p(d) )] (14)
In the following, we will define \/E from the equation (8):
p(e*)
Jk=2—"/ (15)
L
and substitute this value into dependences (10) and (14).
In this case, we will obtain a system of equations:
p(®*)-a(®*),
0=2L, ——F——";
p(@*)
(16)
= ;; R, =15b
20p(®?)

where for rubberized blades according to [21] the inequality is valid Rein ”3215, b — blade
thickness, m.

Fig. 3 shows the dependence of the change in vertical deformation ¢ flexible cleaning blade
depending on its working length Ly as a function Ly = f_ (6) and which is constructed according to the system
of equations (16).

The constructed graphic model (Fig. 3) regulates the functional relationship of the design parameters
(working length Ly and thickness b) and vertical deformation ¢ cleaning flexible blade and allows you to
determine their maximum permissible values.
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For example, for the first time, which will ensure effective and long-term separation of the tip residues
from the heads of chicory roots, the thickness of the blade should not be more than 0.35 cm, Fig. 3.

3.0
25
<
= 2.0
2
g
g
< 1.5 1 2 3 14 54
3
E 1- b:03 em
.E 1.0 2—b=0.35rm
E 3-b6=04 cm
4 - b=045 em
0.5 5-5=0.5 em
6 8 10 12 14 16

Blade length L, cm
Fig. 3. Dependence of the change in vertical deformation cleaning flexible blade as a function L, =fi ()

In the second case, we assume that the cleaning flexible blade 5 (Fig. 2) is fixed cantilever (rigidly) to
the drum 2 of the shaft, which, during its rotation, experiences resistance from the air environment. For
dynamic analysis, we consider the cleaning flexible blade as an elastic line 1, Fig. 4.

A a.

' z/27 /
B

A

k4 i

X,

- o
- T

Fig. 4. Scheme of the action of the distributed load on the cleaning flexible blade:
1 — a segment of a flexible cleaning blade (elastic blade line)

For plane bending and existing displacements, the differential equation of equilibrium of the elastic
line has the form:

d’¢ 1 dwm,
ds, H, ds, (17)

where M, — internal bending moment in this cross section, kg m; H, — stiffness of the blade cross

section during bending, N m; [ angle of inclination of the tangent to the elastic line, rad.

For this loading scheme of the flexible blade, the internal bending moment My, at any pointQ (Xq Y )

arises from distributed centrifugal loads 9. and air resistance 9., which act on the length of the arc Sy from
the free end of the blade to the current point.

In this case, the internal bending moment M, in this cross section is determined by the formula:
Sy

Sp
M, = J'(qv cos;z—qosiny)(y—yq)dSb—j(quian0 cos;z)(x—xq)dsb =
0 0
Sp
- .([[qv(ycos;z—xsin 1) =0, (ysin g+ xcos ) [ds, - 18)
Sp Sp
—yqj.qv(yCOSy—xsin w1)dS, +xqfqV (sin z+q, cos u)dS,
0 0
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Coordinates Xq and Yq points Q in this case play the role of constant values, therefore in the following

the subscript g In this case the derivative of the internal bending moment My will be written as:

O(Ijl\s/l :SX (q, sin z+q, cos x)dS, ——yj' (q, cos i—q, sin x)dS, (19)
Then the dlfferentlal equatlon (17) can be written as: . '
d? a¢_1 dx ° .
0 H dSZ (qum,u+q0 cos . )dS, — ! cos,u—qosm,u)dsbl (20)
In this case, according to Fig. 4, we have: {gu=Yy/X; sinu=y/x; COSu= X/\/XZ +y? :
cos& =dx/dS, = dx =
tgp=dy/dx=y' . S, =/(dx)" +(dy)" . Yk +(dy) 1+ (y

sing =dy/ds, = zdy - =2
Ve (@)’ e (y)
In addition, according to [22], the distributed centrifugal load 9. and air resistance load 9, is

determined by the formula:
6, = S X" +Y? (21)

~ k.bp,@? (X+yy')yx* +y? )
21/1+(y')2 ,

where Fr — blade cross-sectional area, m?, Pp — specific weight of the blade, kg/m3; @, — blade

angular velocity, rad/s; Ko = 0.45 — coefficient of aerodynamic air resistance, the value of which is assumed to

be constant along the entire length of the cleaning flexible blade, m?; £n — specific air density, kg/md.
Taking into account equations (21) and (22), the differential equation (20) will take the form:

dzf: Fpl (ij\/ﬁdx yjy\/ﬁdx}r
ds, Hb\/1+ X

) (23)
k.bp,o; {
—ofn b yJ' y(x+yy dx+j x+yy)dJ
2Hb1’1+(y) X
) ) Frpb(y'_[ x,/1+(y’)2dx—yj y1/1+(y’)2dx]+
3892: ; \/1% _ o g (24)
" N1+ (Y) O.Skobpn(y'_.‘ y(x+ yy’)dx+jx(x+ yy’)dx]

Taking into account that & = rctg (Y') the differential equation for the curvature of the longitudinal
axis of the blade can be written as:

d§ _de 1 d[arcig( )] y’

dx JL+(y) - dx J1+(y ‘3/1+ (25)

Then the second derivative of the dlfferentlal expressmn (25) is equal to
" ! 2 ’ n 2
ae df 1 Y[y )

dsy  dx $/1+(y')2 \/1+(y’)2 31+(y’)2

140

(26)



’_L‘I\/K? Ne 2 (129)/2025 TEXHiKa, C€HEPreTHuKa,
% TpaHcnopt AIIK
% E ~ Vol. 129, Ne 2 / 2025
or taking into account entries (24) and (26) we obtain the final dependence, or the integral-differential

equation of the elastic line of the cleaning flexible blade of a single-shaft cleaner of the remains of the tops
from the heads of root crops:

y' [1+(y') J—sy’(y") = I[®1X(X+ yy')+ Oy 1-|-(y’)2 }dx-l— y’i {®1y(x+ yy’)—@x\/1+(y’)2 }dx (27)

3 1+(y')2 X

= F. 0., _ bdp, @) _k,p,0

where F =0, H, =El, H, El ! 2El .

Numerical solution of equation (27) by the Runge-Kut method in a software environment for a personal
computer under given initial conditions and boundaries of the solution search interval [x« , xi] at different
values of blade angular velocity wp allows you to establish or determine the rational profile of the elastic line
of the cleaning flexible blade.

5. Conclusion

Analytical models have been developed that functionally describe the process of contact interaction of
a hinged cleaning flexible blade with the root crop head or with the tops remaining on it, and also determine
the profile of the elastic line of a cantilevered cleaning flexible blade.

It has been established that when designing blade cleaners for tops remaining from root crop heads, it
is necessary to take into account the relationship of permissible deformations with the main parameters of
cleaning flexible blades - the rotation frequency of a single-shaft cleaner or the rotation frequency of a cleaning
flexible blade, the length, width and thickness of the blade, the maximum permissible number of blades in one
section, the number of sections on the rotor of a single-shaft cleaner.

The constructed nomogram allows you to determine the maximum permissible thickness and minimum
permissible length of the blade depending on its operating conditions.

The results obtained are a further step in improving the methodology for optimizing technological parameters
and structural and kinematic parameters of the working bodies of combined modules for digging chicory roots.
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JNOCILIKEHHS TPOIECY KOHTAKTHOI B3AEMO I OYNCHOI JIOIIATI 3 TOJIOBKOIO
KOPEHEIIJIOAIB IUKOPIIO

Lna mexanizoeanoco 30upanHs KOpeHié YUKOpilo HApasi 6UKOPUCMOBYIOMLCS KOPEeHe30UpanbHi
MAWUHY, Y AKUX MOOYIb BUKONYBAHHS KOPEHi8 NOOYOO8AHULI HA OCHO8I 0OHOOUCKOB020 ChepuyHo20 Konaud,
6CMAHOBNEHO20 Ni0 KYMOM amaku 00 HANPAMKY PYXy, a4 n03a0y Hb020 pPO3MAUOSAHO KYIbMueamop i
20pU3OHMANLHULE OOHOBANLHUL OYUCHUK 3ANUWIKIE SUYKU 3 20J1060K Kopenennodis. I1i0 uac ovuuyenns
3AMUWIKIG 2UNKU SHYUKI JIonami, 3aKpinieHi Ha pomopi 0OHOBANbHO20 OUYUCHUKA, 8MPAuardmy HOYAMKOGY
AHCOPCMKICMb, WO SHUNCYE eheKMUBHICMb pOOOMU KOPeHe30UPATbHOT MAWUHYU Ma AKICb CUPOSUHU KOPEHI8
YUKOPItO 0718 no0anbuloi nepepooKu.

Memoto pobomu € nioguuyenis mexnono2iunoi epekmusHocmi Mooy 6UKONY8ANHSA KOPEHiE YUKOPIIO
WLISXOM  PO3POONICHHST MAMEeMAmuyHoi Mooeini KOHMAKMHOL 63aeM00ii o4wucHoi jaonami 3 207106KOH
KOpeHenno0y ma OnmuMizayii payionarbHux napamempie 00OHO8ANbHO20 OYUCHUKA.

Ha ocnosi ananizy mexnonoziuno2o npoyecy pooomu 00OHOBANLHO20 OYUCHUKA PO3POONEHO
AHATTIMUYHY MAMEeMAmu4Hy MoO0eib, Wo QVHKYIOHATLHO ONUCYE Npoyec KOHMAKMHOI 63AeMO0il eHyUKol
OUUCHOI TIONami 3 20106K010 KOPEHeN00y abo 3 2UNKOI0, KA HA Hill 3a1uuwaemvcs. Bemanoeneno, wo nio wac
NPOEKMYBAHHA IONAMEBUX OUUCHUKIG 01 BUOANEHHS SUUKU 3 20]I080K KOPEHEN100i68 HeoDXIOHO 8paxoeysamu
83AEMO38 "A30K Midic OONYCIMUMUMU OehopMayisimMu Ma OCHOGHUMU NAPAMEMPAMU SHYUKUX OYUCHUX Jlonameli
— yacmomoio 00epmaHHs OOHOBANLHO2O OYUCHUKA, OO0BXHCUHON, WUPUHOW MA MOSWUHOIO JONAMI,
MAKCUMATIBHO OONYCIMUMOIO KiIbKICMIO 10namell y CeKyii, a makoic KilbKiCm ceKyill Ha pomopi O4UCHUKA.

Ilobyoosana nomoepama 0ac 3moey SUSHAUUMU MAKCUMATILHY 0ONYCIUMY MOSWUNY Ma MIHIMATbHY
00NYCMUMY 008ACUHY TONAMI 3ANEAHCHO 8I0 YMO8 ii pobomu. Ompumani pe3yrbmamu € HOOANULUM KDOKOM Y
B600CKOHANICHHI MemoOuKyu onmumizayii napamempie pobOuUUX opeauie KOMOIHOBAHUX MOOYIIE O
BUKONYBAHHA KOPEHIE YUKOPITO.

Kniouoei cnosa: xopenennio, yukopii, 3a1uwKu 2UdKU, POmop OYUCHUKA, OYUCHA JONAmb, CUd,
Odepopmayis, MoOenb, NepemiujeHHs.
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