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The article presents the results of a study of the influence of controlled factors on the quality of
cleaning a pile of carrots from soil impurities and plant residues, as well as on the level of damage to root
crops during the operation of the cleaner. To establish the nature and strength of the influence of the studied
parameters, regression equations were developed that allow assessing the dependence of the main indicators
of the cleaning process on the mass of carrot roots (m, g), the angular speed of rotation of the cleaner shafts
(o, rad-s™) and the angle of inclination of the cleaning bed to the horizon (a, deg.). Experimental studies and
statistical processing of the obtained results were performed using the Statistica 13.0 package of applied
statistical programs. Based on the obtained data, three-dimensional spatial response surfaces were
constructed that characterize the dependence of the amount of separated and adhered soil on the studied
factors. The analysis was carried out for two variants of the root crop entering the cleaning bed, which made
it possible to determine the features of the technological process depending on the initial position of the carrot.
The obtained graphical relationships provide a visual representation of the results of laboratory experiments
and allow to assess both the individual influence of factors and the nature of their interaction. The established
patterns can be used to substantiate rational operating modes of the cleaner, increase the efficiency of
removing soil impurities and plant residues and reduce mechanical damage to root crops. The results of the
study create a basis for further optimization of the design and technological parameters of cleaning machines
and improving the quality of post-harvest processing of carrots. The obtained results can also be used to
develop practical recommendations for selecting the optimal operating parameters of spiral cleaners under
different conditions of carrot harvesting and post-harvest processing.

Keywords: carrot roots, cleaner, laboratory setup, amount of separated soil, amount of adhered soil.

Eq. 6. Fig. 4. Tabl. 5. Ref. 12.

1. Problem formulation

Mechanized harvesting of carrot roots is accompanied by the need for effective separation of soil
impurities and plant residues from the main product. The quality of this process largely determines the
marketable appearance of the root crops, the level of their damage and the productivity of harvesting
equipment. That is why the improvement of technological cleaning means remains one of the priority areas of
development of machines for harvesting vegetable crops.

When substantiating the design and technological parameters of cleaning working bodies, it is
necessary to take into account the agrophysical features of root crops. The greatest influence on the interaction
of carrots with the working surfaces of machines is their geometric dimensions, mass, mechanical properties
of tissues, shape, spatial arrangement in the soil, as well as the characteristics of the leaf apparatus. The
combination of these parameters determines the conditions for the processes of digging, transportation and
cleaning.
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The efficiency of root harvesting machines largely depends on the depth of the roots, the degree of
their deepening into the soil, as well as the dimensional and mass heterogeneity of the crop. The specific shape
of most carrot roots, close to an elongated cylinder, in combination with the fragile structure of the tissues
significantly complicates the process of their cleaning from impurities without damage. As a result, the
technological process of separating carrot heaps requires the use of special technical solutions that can ensure
high quality cleaning with minimal product injury.

In this regard, the creation of an effective device for cleaning carrot roots from soil impurities and
plant residues is an urgent scientific and technical task of modern agricultural engineering.

2. Analysis of recent research and publications

Analysis of modern scientific works shows that a significant number of studies are devoted to
improving the technological processes of digging and cleaning root crops. With the separate technology of
harvesting carrots, a heap is formed after digging, which contains soil, plant residues and other impurities that
require effective separation.

The main regularities of the processes of digging and cleaning sugar beet roots were studied in works
[1-3]. The constructive solutions and mathematical models proposed by the authors can be used as a theoretical
basis for improving machines designed for harvesting carrots.

Among the existing technical means, a promising direction is the use of spiral separators, which
provide intensive destruction of the heap and effective separation of impurities. According to the results of
experimental studies, it was established that the use of a spiral separator allows achieving a high degree of
cleaning with minor damage to root crops, which does not exceed the permissible agrotechnical standards [4-
6]. However, designs developed for other root crops do not fully take into account the morphological features
of carrots and the specific conditions of its harvesting, which necessitates the improvement of their design and
technological parameters [7].

A separate problem is the assessment of the efficiency of cleaning systems. Known methods for
determining the degree of damage and the quality of separation are characterized by significant labor intensity
and, as a rule, are used only during field tests during the harvest period [8, 9]. Laboratory methods allow
determining only individual process indicators, without providing a comprehensive assessment of the
functioning of the machine in real operating conditions [10].

Thus, the analysis of scientific sources confirms that the problem of increasing the efficiency of
cleaning carrot roots during mechanized harvesting has not been finally resolved. This indicates the feasibility
of conducting further research aimed at improving the design of cleaning working bodies and substantiating
their rational parameters.

3. The purpose of the article

Improving the quality of cleaning carrots from soil impurities and plant residues by determining the
rational parameters of the operation of an improved root crop pile cleaner.

4. Results and discussion

To improve the quality of cleaning the pile of carrot roots from soil impurities and plant residues,
laboratory experiments were conducted to study the influence of the main structural and kinematic parameters
of the improved cleaner on the amount of separated and adhered soil when cleaning carrot roots. Experimental
studies were conducted using a specially manufactured new experimental setup, the operation of which is
shown in the article [11]. When conducting laboratory experimental studies, methods regulated by state
standards were used, as well as partial methods that were developed specifically for these studies and are
described in the works [11, 12].

Based on the study of the technological process of cleaning the pile of carrot roots from soil impurities
and plant residues with a spiral cleaner, evaluation of the results of theoretical and experimental studies in this
area, the main adjustable parameters were determined and adopted, which include: the mass of the carrot root,
the angular speed of rotation of the cleaner shafts and the angle of inclination of the cleaner's working surface
to the horizon.

At the same time, the initial parameters (optimization functions) in the study of this technological
process, which characterize the quality of work, are the amount of separated and adhered soil during cleaning
of carrots in the working channel of the cleaner, which were taken in the form of a functional S = f (X1; X2; X3)
and D = f (x1; X2; X3), where S and D are the amount of separated and adhered soil during cleaning of carrots
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in the working channel of the cleaner; are natural independent variable factors, the corresponding conditional
plan of the multifactorial experiment was chosen.

When conducting a multifactorial experiment, the following parameters were variables: the mass of
the carrot root crop (m, g), which was coded by the index X1, the angular speed of rotation of the cleaner shafts
(o, rad-st), which was coded by the index X2, and the angle of inclination of the cleaning channel to the
horizon (a, deg.), which was coded by the index X3.

Since, when conducting experiments, the independent parameters are heterogeneous and have different
units of measurement, while the numbers that characterize the values of these factors have different orders,
they were brought to a single system of calculations by transitioning from real values to coded ones.

During coding of the selected factors, the factor space is linearly transformed, while the origin of the
coordinates is transferred to the center of the experiment, the scale along the axes is selected in units of
variation of the factors.

Factor coding was performed using the dependence

Xi:2(xi—xi0)’ M
Xmax — Ximin
where Xi— coded value of the factor (dimensionless quantity); x; — factor value in named (natural) units;

Xijo — natural value of the factor at zero level; Xmax, Xmin — respectively, the maximum and minimum value of the
factor.

To construct the multifactorial experiment design matrix, coded designations of the upper, lower and
zero levels of variation by each factor were introduced. In this case, the designations (+1), (-1), (0) were
introduced, respectively. The results of coding of variable factors and their levels of variation are given in
Table. 1.

Table 1.
Results of factor coding and their levels of variation in the study of the amount of adhered and separated
soil during carrot cleaning in the working channel of the cleaner

Interv. PiBHi BapitoBaHHs
Factors :

varied. nature. cod. nature. cod. nature. cod.
Carrot root mass, m, g 80 80 -1 160 0 240 +1
Angular speed of rotation of
the cleaner shafts , rad-s™ 4.2 27,2 -1 314 0 356 *1
The angle of inclination of
the treatment channel to the 10 0 -1 10 0 20 +1
horizon «a, gr.

Coding of factors of natural variables was performed using the data of Table 1, using dependence (1).
The results of coding are shown in the form of a system of equations:

X,=0,0125-m-2;
X, =0,238-—7,476; - ¥
X,=0,1a-1.

After coding the factors, a plan-matrix of the corresponding multifactorial experiment of the PFE 33
type was compiled for the total number of experiments.

In order to reliably assess the performance of the developed purifier during the research, the required
number of measurements of the controlled indicators (repeatability of experiments) was carried out with
threefold repeatability.

The research was conducted for two cases of root crops entering the purification channel:

— in the case of movement of the thicker part of the carrot root crop back, and the tail part forward,;

— in the case of movement of the thicker part of the carrot root crop forward, and the tail part back.

During the implementation of the compiled plan-matrix, in order to eliminate the influence of the
moment magnitude on the obtained results from uncontrolled and unregulated factors, the plan-matrix was
randomized using the random balance method, which was implemented by extracting the serial numbers of the
experiments from the urn.

During the processing of the obtained experimental data, after the implementation of planned
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experiments, the response functions (optimization parameters) were taken in the form of an approximating
mathematical model of a complete square polynomial [12], which describes the real experimental process:

S:b03+b13-x1+b23-x2+b33-x3+b125-x1-x2+b133-x1-x3+

(3)
S s U2 S U2 S L2.
+b23 'Xz'X3+b11 'X1+b22 'X2+b33 X35
D D D D D D
I:):bo +b1 'X1+b2 'X2+b3 'X3+b12 'X1'X2+b13 X Xt )
D D 2 D 2 D 2.
+b23 'Xz'X3+b11 'X1+b22 'X2+b33 X34
S(D) . S(D) S(D) . S(D) S(D) S(D) S(D) D D D .
where b, b7, b, b, b, b, b, b, LD, b, regression

coefficients of the corresponding values of input factors X;; X, X,, X, — input coded factors.

Statistical significance of the coefficients of the regression equation bi( k) was carried out using the
Student's t-test. If the significance condition was not met, then such a coefficient bi( i) the regression equation

was assumed to be insignificant (equal to zero), and the corresponding term X, regression equations excluded.

The values of the coefficients of the regression equations for two cases of the root crop falling into the
cleaning channel are presented in tables 2 — 5.
Table 2.
The values of the coefficients of the regression equations for determining the amount of separated soil in
the case of the movement of the thicker part of the carrot root crop backwards and the tail part forwards

S S S S S S S
bol bll bzl b31 b121 b131 bzsl
129,9259 12,6296 17,8148 —7,6296 3,4074 2,7407 3,3704
Table 3.

Values of coefficients of regression equations for determining the amount of separated soil in the case of
movement of the thicker part of the carrot root forward and the tail part backward

S S S S S S S
bO 2 bl2 b2 2 b3 2 b12 ? bll ? b22 §
133,037 19,0 23,3704 —5,6296 2,2963 0,8272 —0,9506
Table 4.

Values of coefficients of regression equations for determining the amount of stuck soil in the case of
movement of the thicker part of the carrot root backwards and the tail part forwards

bo o b1 o1 bz o1 b3 o1 b23 o1 b11 o
7,9259 2,963 2,3333 —0,9559 0,1482 0,1235
Table 5.

Values of coefficients of regression equations for determining the amount of stuck soil in the case of
movement of the thicker part of the carrot root forward and the tail part backward

D D. D. D D
bO ? bl ’ b2 ? b3 : b12 §
7,0741 25185 1,8889 ~1,2022 0,1111

So, after performing the appropriate calculations and transformations in natural coordinates, the
regression equation for determining the amount of separated S and adhered D soil when cleaning carrots with
a cleaner for two cases of the root crop entering the cleaning channel after transformation and simplification
of the expressions will take the form:

—in the case of movement of the thicker part of the carrot root crop backward, and the tail part forward:
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S, =57,2906-0,2028-m+1,9657 - - 3,4861- o + 0,0102- m- w + 3)
+0,0652- w-a +0,0044-m-c.

D, =-12,887+0,031-m+0,52-®-0,207 - +0,0035- - +0,00002- m°. 4)
— in the case of the thicker part of the carrot root moving forward and the tail part moving backward:
S,=-92.868-0,017-m+7.891-w—-0.563-a + 0,007 -m-w + ©)

+0,00013-m?—0,054 - ?.
D, =-9,204+0,021-m+0,398- @ —0,122- & +0,0003-m- & (6)

According to the results of calculations carried out using the package of applied statistical programs for
processing and analyzing the results of experimental research for the PC "Statistica 13.0", three-dimensional
spatial dependences of the response surfaces of the amount of separated and adhered soil when cleaning carrots
with a cleaner for two cases of the root crop getting into the cleaning channel were constructed for a visual
representation of the results of the conducted experimental laboratory studies, which will make it possible to
characterize the effects of factors and their interaction on the optimization parameters, i.e. S1 = f (m, w, «),
Di=f(mw,a)iS;=f(M, w, a), D2 =f(M, w, a).

Fig. 1 and 2 show the response surfaces of the amount of separated S and adhered D soil when cleaning
carrots with a cleaner in the case of the movement of the thicker part of the carrot root back and the tail part
forward and their two-dimensional cross-section as a function of two variable factors x (1, 2) at a constant
unchanged level of the corresponding third factor (1, 2) = const.

From the analysis of the regression equation (3) of the amount of separated soil in the case of the
movement of the thicker part of the carrot root back and the tail part forward during cleaning in the working
channel of the spiral cleaner, it was found that the greatest influence on the value of S1 has the value of the
angular speed of rotation of the cleaner shafts w (a change in @ within 27.2...35.6 rad-s* leads to an increase
in S; by 24%). Next in terms of intensity of influence on the amount of stuck soil S; is the mass of the root
crop m (a change in m within 80...240 g leads to an increase in S1 by 18%) and the smallest influence on the
value of S; has the angle of inclination of the working surface of the cleaner to the horizon o (a change in a
within 0°...20° leads to a decrease in S; by 10.7%).

From the analysis of the regression equation (4) of the amount of stuck soil in the case of the movement
of the thicker part of the carrot root crop back and the tail part forward during cleaning in the working channel
of the spiral cleaner, it was found that the greatest influence on the value of D, has the value of the mass of the
root crop m (a change in m within 80...240 g leads to an increase in D1 by 54.1%). Next in intensity of influence
on the amount of stuck soil D, is the angular speed of rotation of the cleaner shafts ® (a change in @ within
27.2...35.6 rad's* leads to an increase in D1 by 45.4%) and the smallest influence on the value of D; has the
angle of inclination of the cleaner working surface to the horizon a (a change in o within 0°...20° leads to a
decrease in Dy by 21.8%).

Fig. 3 and 4 show the response surfaces of the amount of separated S and stuck D soil when cleaning
carrots with a cleaner in the case of movement of the thicker part of the carrot root crop forward, and the tail
part backward, and their two-dimensional cross-section as a function of two variable factors y (1, 2) at a
constant unchanged level of the corresponding third factor (1, 2) = const.

From the analysis of the regression equation (5) of the amount of separated soil in the case of the
movement of the thicker part of the carrot root crop forward and the tail part backward during cleaning in the
working channel of the spiral cleaner, it was found that the greatest influence on the value of S; has the value
of the angular speed of rotation of the cleaner shafts o (a change in ® within 27.2...35.6 rad-s* leads to an
increase in S; by 30.6%). Next in intensity of influence on the amount of stuck soil S2 is the mass of the root
crop m (a change in m within 80...240 g leads to an increase in S; by 25.7%) and the least influence on the
value of S; has the angle of inclination of the cleaner working surface to the horizon a (a change in a within
0°...20° leads to a decrease in S, by 8.2%).

From the analysis of the regression equation (6) of the amount of stuck soil in the case of the movement
of the thicker part of the carrot root forward and the tail part backward during cleaning in the working channel
of the spiral cleaner, it was found that the greatest influence on the value of D; has the value of the root mass
m (a change in m within 80...240 g leads to an increase in D, by 51.9%).
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Fig. 1. Response surface of the amount of separated soil when cleaning carrots with a cleaner in the case
of movement of the thicker part of the carrot root back and the tail part forward:
a-S1=f(mw);b-S1=f(M a); c-S:1 =f (0, @)
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Fig. 2. Response surface of the amount of stuck soil w
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Fig. 3. Response surface of the amount of separated soil when cleaning carrots with a cleaner in the case
of movement of the thicker part of the carrot root back and the tail part forward:
a-S=f(m e);b-S;=f(M a); c-S:=f (0, @)
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Fig. 4. The response surface of the amount of stuck soil when cleaning carrots with a cleaner in the case
of moving the thicker part of the root of the carrot back, and the tail part forward:
a-D,=f(m, w);b-D2=f (M, &);c-D>=f(w, @)
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Next in terms of intensity of influence on the amount of adhered soil D is the angular speed of rotation
of the cleaner shafts o (a change in @ within 27.2...35.6 rad->* leads to an increase in D, by 42.5%) and the
angle of inclination of the cleaner working surface to the horizon a has the smallest influence on the value of
D, (a change in a within 0°...20° leads to a decrease in D, by 29.9%).

5. Conclusion

1. The corresponding regression equations were compiled to establish the influence on the quality
of cleaning the carrot pile from soil impurities and plant residues and damage to root crops of controlled
factors, which will allow choosing rational design and kinematic parameters of the carrot root crop cleaner.

2. From the analysis of the regression equations of the amount of separated soil for two cases of root
crop entering the cleaning bed, it was established that the greatest influence on the value S has the value of
the angular speed of rotation of the cleaner shafts ®. Next in intensity of influence on the amount of stuck
soil S is the mass of the root crop m and the least influence on the value S has the angle of inclination of the
working surface of the cleaner to the horizon a.

3. From the analysis of the regression equations of the amount of stuck soil for two cases of root
crop entering the cleaning bed, it was established that the greatest influence on the value D has the value of
the mass of the root crop m. Next in intensity of influence on the amount of stuck soil D is the angular speed
of rotation of the cleaner shafts ® and the angle of inclination of the cleaner's working surface to the horizon
o has the smallest influence on the value of D.
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PE3YJIbTATH EKCIIEPUMEHTAJIBHUX JOCJILKEHb AKOCTI OYUIIEHHSA
KOPEHEIIJIOAIB MOPKBH CIIIPAJIBHUM OYNCHUKOM

Y cmammi npedcmasneno pe3yromamu KOMNIEKCHO20 O0CTIONHCEHHS NIIUGY KEPOBAHUX (hAKMOPI6 HA
AKICMb OYUWEHHS 80POXY MOPKGU IO IPYHMOGUX OOMIWOK | POCAUHHUX DEumoK, a MAaKodC Ha pieHb
MEXAHIUHO020 NOWKOOIHCEHHS KOPEHeN00is y npoyeci pobomu 04ucHuKa. [{is 6cmanoeienHs xapakxmepy, Cuiu
ma 83aemMo0ii 00CNIONCYBAHUX NAPAMempie PO3POONEHO GIONOBIOHI PIGHSAHHA pecpecii, sKi 0aomb 3M02y
KITbKICHO OYIHUMU 3Q/IeHCHICMb OCHOBHUX NOKA3HUKIE MEXHONI02IYHO20 Npoyecy 8i0 MAacu KOpeHenaiooy
MOpK8U (m, 2), KYmogoi umeuoxocmi 0bepmanHs 8a1i6 OUUCHUKA (®, pad-c ') ma Kyma Haxumy oYucHo2o pycia
00 eopusonmy (o, epad.). Taxuu nioxio oac MONICIUBICMb SUHAYUMU HAUOLILW 3HAUYWi axmopu ma
scmanosumu medxci ix payioHanvHozo eapiosanHs. Excnepumenmanvui 0ocniodxceHHs ma cmamucmuyHy
00pOOKY OMPUMAHUX pe3yIbmamie SUKOHYBANU 13 3ACMOCYBAHHAM NAKemMAa NPUKIAOHUX CIMAMUCHUYHUX
npoepam Statistica 13.0. Ha ocnogi odepoicanux Oanux noOyo0o8ano MmMpusuMipHi npoCmoposi NnoGepxHi
8I02YKY, WO XAPAKMEPUZVIOMb 3ANEeHCHOCI KIbKOCHI 8I00LIEH020 MA HAAUNL020 [PYHMY, d MAKONC PIGHS
NOWKOOJCEHHSI KOPEHenno0ie 6i0 00caioxcysanux ¢axmopis. Ananiz npogoounu O0is 080X 6apiaHmis
NOMPANIAHHA KOPEHENI00y HA OYUCHE PYCIO, WO OdN0 3MO2Y 6CMAHOSUMU 0COOIUBOCmi nepebicy npoyecy
3ANEHCHO 8I0 NOYAMKOBOI OpieHmayii MOpKeu ma ymos ii Kommakmy 3 pobouumu opeanamu. Ompumani
epagiuni ma ananimuuni 3a1edAcHOCmi 3a6e3neyyoms HaouHe NPeoCmasieHts pe3yibmamis 1ao0pamopHux
eKCNepuUMeHmia i 0aoms MONCIUBICTNb OYIHUMU K OKpeMULL 8NJIUB KOJCHO20 hakmopa, max i xapakmep ix
83aem00ii. Bcmanoesneni 3axonomipnocmi Modxcymos Oymu UKOPUCMani Ok 0OIPYHMYBAHHS PAYIOHATbHUX
pedxcumie pobomu OUUCHUKA, NIOBUWEHHS eQeKMUBHOCMI SUOAIeHHS TPYHMOBUX OOMIWOK [ POCIUHHUX
PeWmoK ma 3smMeHueH sl MEXAHIUHO20 NOUKOOICEHHS KOpeHeniodis. Pe3ynomamu 00CaiO#CeH s CMEopioomy
HAYKO8Y OCHOBY 0718 NOOAIbULIOT ONMUMI3AYLT KOHCMPYKMUBHO-TNEXHOIOSTYHUX NAPAMEMPI6 OYUCHUX MAWUH §
niosUUeH s AKOCMI NICAsA30UpanbHOi 00pobKU MopKeu. Ompumani pe3yrbmamu makodic Moxcymv oymu
BUKOPUCMAHI 0711  pO3POOTIeHHA NPAKMUYHUX PEeKOMeHOayil wooo GuOopy ONnmuMAibHUX poooyux
napamempia CRipantbHUX OYUCHUKIG 3a PI3HUX YMO8 30Upanis ma nicia3oupaibioi 06pooKu MOpKEu.

Knrouosi cnosa: xopenennoou mMopxeu, ovuUcCHUK, 1aO0pamopHa yCcmanoeKa, KilbKicms Gi00iNeH020
IPYHMY, KIIbKICMb HATUNI020 [PYHM)) .
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