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Summary. In the paper, an analytical study of the stress-strain state of the structural system of the rod
conveyor of root harvesting machine with the maximum load arbitrarily distributed on the conveyor belt is
performed. Rod conveyors are one of the main nodes for transporting and separating root crops through the
technological channel of root harvesting machines, for loading them into a hopper and onto a vehicle. Structurally,
they form an endless grid that surrounds the leading and driven sprockets or pulleys and supporting rollers. The
entire structure of the conveyor is attached to the frame, which rests on the main frame of the harvesting unit. The
shape and parameters of the rod conveyor are chosen depending on the layout of the unit and the required
performance. Reasons for wear and failure of rod conveyors: deviation of the belt during operation, intensive
wear of the holding elements in the places of their attachment to the traction elements and the traction elements
themselves. It was found that the degree of wear of the left and right runs is different, as a confirmation of the
unevenness of the load on the belt during operation. The uneven load of the conveyor is caused both by the
transported pile of root crops and by the design features of the conveyor itself, in particular, uneven tension of
runs, deviations during installation of shafts, installation of sprockets or pulleys, support rollers, etc. External
loads acting on structural elements of agricultural machines are variable quantities. This should be taken into
account when determining the stress-strain state of structures. It is possible to estimate the stress-strain state of
complex structures of root-harvesting machines, their elements, and search for their optimal parameters, provided
that the force factors in the sections of the elements are determined under full stress. In this way, it is possible to
optimise the designs of such machines in terms of material consumption and work resource. The proposed method
makes it possible to estimate the stress-strain state of rod conveyor elements according to operating conditions
and the possible ways of their further improvement.
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Statement of the problem. Analysis of the researches on the wear of working bodies
of agricultural machinery and the constructive solutions on increasing of the wear resistance of
rod conveyors of root crops harvesting machines shows the necessity of improving the existing
designs of rod conveyors. This can be reached by means of creating the mathematic model
which would consider the uneven load on the width and length of these transporters as well as
the wear of the elements.

Analysis of available research. Many researchers have performed detailed analysis of the
constructions and operating conditions of rod conveyors. The main parameters of the constructions
of rod conveyors intended for cleaning root crops from the soil are substantiated. The design
parameters of both the conveyors themselves and their drives are determined; the interaxial
distances, number of teeth of the drive sprockets, shafts rotation ratio, angle of inclination to the
horizon, pitch and height of scrapers, the distance between the rods, web speed are justified. Most
of these parameters were set based on the conditions of the maximum capacity of the conveyor,
minimal damage to root crops and normal transportation of the pile. There are researches on
determining the productivity of rod conveyors depending on the yield of roots or leaves. The
conditions of scattering of root crops when they drop from the conveyor are considered. The
interaction of root crops with scrapers to ensure their separation from the canvas during
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transportation has been studied in order to intensify cleaning. The interaction of root crops with
each other during their transportation by the conveyor belt is theoretically substantiated in order to
reduce possible injuries, etc. [2, 8, 15]. Rod conveyors for which the impulse load was simulated in
order to take into account the unevenness of its loading by root crops and to consider the wear of
its elements, were studied [14]. In the available researches which deal with justification and
selection of the main parameters of the designs of rod conveyors-cleaners, the load on the conveyor
was not considered simultaneously from the entire pile. Unevenness of its load with root crops or
leaves along its length or width was not taken into account.

Objectives of the research is to create the mathematic model which would take into
account the unevenness of the load on the rod conveyor web, i.e. simultaneously on the whole
pile, and to determine the most loaded cross-sections for further improvement of the design of
such conveyors.

Formulation of the problem. To evaluate the stress-strain state of structures of rod
conveyors of root crops harvesting machines and their elements in order to find their optimal
parameters. This is achievable provided that the force factors in the cross-sections of the elements
are determined under the full stress state. Thanks to the obtained results, it is possible to optimise
the designs of the conveyors of such machines in terms of material capacity and work resource.

Reliability of the process of digging up root crops depends on the durability of individual
elements and assembly units of harvesting machines, for this it is important to know the real state
of load of the working bodies of such machines. Based on the study of the stress-strain state of the
elements of individual units of machines, it is possible to improve their designs.

Results of the research. One of the main parts for transporting and separating root
crops (beetroot, potato, etc.) and leaves inside root and sprout harvesting machines, for loading
them into a hopper, onto a vehicle are rod conveyors. They are made of steel rods installed with
a certain step and attached to flexible elements: sleeve-roller chains or rubber belts. Structurally,
they form an endless grid that surrounds the leading and driven sprockets or pulleys and
supporting drums. To maintain the transported mass, finger scrapers are installed on the belts
at a certain distance. The entire structure of the conveyor is attached to the frame, which rests
on the main frame of the harvesting unit. The transported mass is cleaned by sieving through
bars. The shape and parameters of the rod conveyor are selected depending on the layout of the
unit and the required performance [2, 8, 16].

Advantages of rod conveyors: simple and cheap design, high transport capacity, the
possibility of moving the pile at an angle and over a considerable distance, high-quality
implementation of the technological process of root cleaning on sandy soils. Disadvantages: a
large number of moving structural elements, inability to separate strong soil clods from the
roots, poor cleaning quality on clay soils, low reliability due to rapid wear of the friction parts
of the joining elements.

From the analysis of the operating conditions of rod conveyors [2, 8, 15, 16], the causes
of failures and their failure were determined: warping of the belt during operation, intensive
wear of the holding elements in the places of their attachment to the traction elements and the
traction elements themselves. It was found that the degree of wear of the left and right runs is
different, as a proof of unevenness of the load on the belt during operation.

The load on the belt of rod conveyors is caused by the transported pile of root crops, which
is a mechanical mixture of root crops and soil, that enters the working surface of the conveyor
together with leaves and plant residues, or without them, depending on the harvesting technology.
Physical and mechanical properties of pile components are characterized by the following
indicators: rolling and sliding friction coefficients, various geometric parameters, density, stiffness,
breaking force, critical fall speed at which mass damage occurs, etc. [2, 10, 16].

The change in parameters characterizing the pile is caused by soil and climatic
conditions, the variety of root crops, phases of development, degree of their rapeness, and the
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methods of agricultural technology. The size and shape of the roots depend on the crop,
temperature and water conditions during the growth period, soil type, etc. At the time of
harvesting sugar beets, the mass of root crops is 400-600 g, the average yield is 65 t/ha, the
diameter of root crops is within 40-180 mm, the average root crops are 90—110 mm; technical
length of roots is 80-370 mm, average values are 220-250 mm; leaves is mainly 30-40% of
the mass of the plant; the length of the bunch of leaves is 250-600 mm, average values are
350-400 mm, under favorable conditions the yield of leaves exceeds the yield of roots, the bulk
density of the collected leaves is 190-210 kg/m3 [10, 12, 13].

During technological process, the conveyor belt is subjected to loads from root crops,
soil clods, plant remains that fall onto the conveyor together with root crops (Fig. 1).

The load from one layer of transported mass of root crops per unit area of the rod cleaner
Is assumed to be 300-500 N [14, 16].

The reasons for the unevenness of the load of rod conveyors are directly related to changes
in both external and internal influences. The higher the percentage of soil moisture, the more sticky
soil remains on the roots, the higher the soil hardness and moisture, the higher the percentage of
soil clods (loose soil) in the collected pile. These factors have a direct impact on the formation of
load unevenness of rod conveyors. With a high yield and favorable soil conditions, the load of the
conveyor from external factors will approach a uniform one. The greater the range of the yield
difference and the higher the coefficient of variation, the greater the unevenness of the load on the
conveyor, especially along its width. All this causes the greatest impact on the forces arising in the
traction elements of the conveyor itself [2, 8, 10, 14, 15, 16].

The unevenness of the conveyor load is caused both by the transported mass and by the
design features of the conveyor itself, in particular, uneven tension of the runs, deviations
during the installation of shafts, installation of sprockets or pulleys, support drums.

Unloading

4
- @
Vf — — — —-—
) 4
Loading

Figure 1. Schematization of the calculation model of the conveyor belt load 1 — frame;
2 —scraper; 3 —rod; 4 —root crops; 5 — load on the canvas q(s)
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For the study, we will choose a longitudinal conveyor with scrapers with the length
2.4 m, width 0.9 m, the angle of inclination of the conveyor to the horizon 550, the step
between the sections of the bars on which the scrapers are fixed 0.3 m, the linear speed of
the conveyor 1.14 m/s, the number of rows collected by the machine in one pass is 6, the
row width is 45 cm [2, 8, 14, 15].

In case of loading the middle part of the conveyor with the mass of roots, provided that
the necessary requirements are met when installing the conveyor, its traction elements will be
loaded equally, that is, the forces will be equal to half of the external weight. Let us assume for
these conditions a parabolic shape of the load (Fig. 2 a, ¢). When the transported mass is
displaced from the middle part of the conveyor, which happens in most cases, the forces arising
in the traction elements are redistributed. In case when installation is not sufficiently accurate,
this leads to their significant wear, moreover, the left and right runs wear differently. The
unevenness of the forces on the supports leads to uneven wear of the runs of the traction
elements of the conveyor and, subsequently, to distortion of the belt. Skews are the main
drawback in the operation of such conveyors, which causes a significant change in the nature
of their load. For such a case, we will assume a triangular shape of the load (Fig. 2 b).

gls/ qls)

al b/

c/

Figure 2. Characteristic diagrams of the distribution of external loads on the belt of belt conveyor

Since the kinematics of root crops transportation by rod conveyors is of repeated-periodic
character, the unevenly distributed load in the transverse-longitudinal plane on the conveyor belt
presented in the form of a parabolic or triangular shape will approximate the real load conditions of
such a conveyor. Load types can replace each other during the operation of the harvesting machine
depending on external influences and the design features of the conveyor.

Calculation model for the conveyor width, depending on the fastening of holding
elements (rods) to the traction elements, is presented with a certain tolerance [11]: fastening on
one side is considered a rigid pinch, on the opposite side — one hinged support (Fig. 3).

T — aqls/

S \
| X4 0(S) - function of the load intensity

“ 1 / of the rod conveyor distributed across
L v ovfy v &, the width;

X \ @ \ 2 Sc - coordinates of the gravity center
7 . s [ . of the point of application of
X} uniform force Qg
X2

Figure 3. Schematization of the calculation model by conveyor width
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The solution to the problem of determining the internal power factors for such a load
scheme will be based on the modification of the minimum potential energy method in
combination with the development of a mathematical model that takes into account the
unevenness of the distributed load on the conveyor belts, i.e. according to real operating
conditions.

The methodology for calculating the structures of rod conveyors of harvesting
machines, taking into account the features of fastening their elements under the action of
unevenly distributed load, which is based on the modified method of the minimum potential
energy of deformation contains [14]: a developed mathematical model that describes the nature
of the load of the rigid elements of the conveyor in an arbitrary form, i.e. in the conditions
similar to real conveyor load conditions; calculated schemes of rigid elements of the conveyor
were built with the approximation of the load to parabolic and triangular shape; expressions of
deformation potential energy function for calculation schemes; equations for determining the
unknown force factors included in the expressions of the function of the potential energy of
deformation; determination of the stress-strain state of conveyor elements in the form of
distribution characteristics.

Under the condition of uniform movement of the bar conveyor and its uniform load with
the transported pile, the load from the traction elements (belts) to the bars is transferred almost
uniformly. In real operation conditions, the parallel runs of the conveyor move unequally due
to the deviation of belt lengths, size of rolls (pulleys), difference in belt tension, non-parallelism
of the leading and driven shafts, random distribution of the pile of root crops along conveyor
width. There are also cases of roots getting stuck on one or the other side of the conveyor, most
often the beet root gets stuck between the side of the conveyor and the scraper finger for a short
time. All this leads to skewing of the conveyor and a significant change in the load pattern of
the belt at the point of connection of the bar with the belt. The load on the rivets is redistributed,
which significantly reduces the durability of the conveyor.

The reason is that the conveyor mechanism has «extrax ties, that is, the connection of
the rod with the conveyor belts is statically indeterminate. In the process of operation, the
conveyor does not self-adjust, so the skewing of the runs leads to an increase in the force at the
intersections of the connection of the rod and the belt.

External loads acting on structural elements of agricultural machines are variable
quantities. This should be taken into account when determining the stress-strain state of
structures.

Classical methods of determining the strain-stress state of complex flat spatially loaded
structural systems give significant errors. Therefore, both when calculating frames and when
calculating conveyors, it is reasonable to accept certain assumptions, by means of which two
problems can be solved. The first is the determination of external power factors, the second is
the determination of internal power factors [5, 6]. Solving such problems on PC using well-
known application software packages, in which calculation models are built using the finite
element method (FEM), is complicated by the ambiguity of specifying an variable external load.
This leads to errors in determining the internal force factors in metal structures. The advantages
of using FEM compared to traditional numerical methods in determining the strain-stress state
of load-bearing machine-building metal structures are the simplicity of algorithmization, the
possibility of fully automating the formulation of equations with obtaining results without any
combined systems.

The theoretical and experimental studies of root-harvesting machines, various types of
screw conveyors and their working bodies [1, 2, 3, 6, 7, 8, 14] showed that it is necessary to
conduct a set of researches to establish the optimal parameters of the supporting structures of
these machines. An increase in the coefficient of their strength margin leads to an increase in
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the material intensity of machine structures and their working bodies, which causes an increase
in energy consumption for the technological process and other negative consequences.

Since the distribution of root crops on the conveyor belt in most cases is uneven, another
model of loading of the rod conveyor belt is proposed [11]. An arbitrary schematization of
distribution of external loads on the conveyor belt is shown in Figure 3.

Since the kinematics of root crops transportation is repeated-periodic in nature, the
calculation model for the width of the conveyor, that is, for the length of each rod, can be
presented as a beam with different fastening of the ends [14, 15]. To determine the internal
force factors in all calculation schemes, an assumption is made: the fastening on one side is
considered to be a rigid pinch, on the opposite side it is one-hinge support. That is, the jioning
of conveyor bars is statically indeterminate.

Complex, statically indeterminate systems lead to certain difficulties in manufacturing
technology: compliance with the accuracy of the dimensions of links consisting of several parts,
each of which has a certain manufacturing tolerance; connection tolerances, etc. Along with
this, the elimination of «extrax» ties does not lead to an increase in the transverse displacements
of the mechanism. The geometry of the links also changes during the operation of the conveyor
due to the settlement of the frame structure, wear and tear and adjustment of the clearance of
the kinematic pairs, elastic deformations, etc.

When constructing a statically determined system [9], the distribution of forces and
changes in the size of the links do not affect the operation of the mechanism in general. In
addition, such mechanisms reduce the complexity of manufacturing, increase reliability in
operation, although production costs may be higher.

In order to study the internal force factors and estimate the stress-strain state of the
improved rod conveyor, the intensity of distribution of real load across the width of the
elementary section of the conveyor belt is shown in Figure 2. The shape of the load is assumed
to be close to parabolic (the most loaded middle part is the most likely case during operation),
triangular (distortion of the canvas), rectangular (evenly distributed).

The external load from the transported mass of root crops actually has an arbitrary
shape. Taking into account the unevenness of distribution, the load on the belts of rod
conveyor is described by the dependence [3, 7]

S
Qs = [a(s)ds, (1)
0

where Qg is the equivalent force of the distributed load acting on the conveyor bar (Figure 3),
Qg =500 N.

To determine the internal force factors of a statically indeterminate system, which is the
calculation model of the conveyor, we will apply the modified method of the minimum potential
energy of deformation of the system [1, 3, 5, 11].

The coordinate of the gravity center of the point of application of uniform force Qg is

determined as follows

S
jq(S)-s ds

Sc=8-0——. )
jq(S)ds
0
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Function of bending moments
M(S)= XS -Ms/(a), 3)

where Mg(q) is the function of bending moment from the load q(S)

S
5 jq(S)-s ds
Ms(a)=Qs -(S-Sc)=[a(s)ds {8 - &t (4)
0 jq(S)ds
0

X4 is the force in the support fixation;
Qg is the uniform force of distributed load q(S) which acts at the conveyor part with the
length s

S
Qs = [a(s)ds. )
0

Dependence (3) makes it possible to write down the functions for determining the
internal force factors for any form of fastening of the supporting elements (rods) of the conveyor
belt from an arbitrary external load.

A mathematical model was built, namely, dependencies (1)—(3) taking into account (4),
which describes the unevenness of the load on the conveyor belt. When considering it, the
change of the unevenly distributed load in the transverse-longitudinal plane is taken into
account as a function of the load of an arbitrary shape, which is the closest to the real conditions
of the actual load.

We formulate the expression of the potential energy function from the bending
deformation for the calculation scheme (see Fig. 3):

| |
UM)= =M (s)Pds = [[x-5 - Ms (@)Fds, ®)

0 0
where E is the modulus of elasticity of the material of the beam;

I is the axial inertia moment of the area of the beam (rod) cross-section.
Considering the statics equations, we obtain:

X1=|}(Q5(I—SC)—X3). (7

Based on Leibniz formula, we differentiate the integral function by the parameter X3’
and set the obtained value to zero [2]:

ﬂ—o 8
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From here we determine the unknown force

To determine the static uncertainty of complex rod systems, as in the case of rod
conveyors, the modified method of the minimum potential energy of deformation is effective,
which greatly simplifies the solution of such problems and is conveniently algorithmized. The
main advantage of the method is that after putting down the expression of the potential energy
of deformation as a function of the sought parameters U (Q, M, K), which has the property of
additivity, it is possible to use individual energy components depending on the structural system
and its load [3, 5]. Solving the resulting equations, which include the required parameters, is

X3

performed using the Wolfram Mathematica 7 software.

Figure 4 shows the characteristics of the distribution of internal force factors for typical

distribution schemes of external loads on the belt of belt conveyor.
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Figure 4. The nature of the distribution of internal force factors for the accepted schemes of external load on

Conclusions. The proposed method makes it possible to evaluate the stress-strain state
of the elements of rod conveyors according to operating conditions with the possibility of

the belt of belt conveyor

further improvement of their designs.
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OHIHIOBAHHSA HABAHTAKEHOCTI TA HAIIPYKEHO-
JAE®OPMIBHOI'O CTAHY IIPYTKOBUX TPAHCIIOPTEPIB

Tapac JoB0Oym; Hanis Xomuk; Anarodiit JlosOym; Anapii ITaarox

TepHoninbcokuul HAYiOHATLHUU MeXHIYHUU YHigepcumem imeni leana [lynios,
Tepuonins, Ykpaina

Peztome. Bukonano amanimuymne OOCHIONCEHHSA HANPYIHCEHO-0eDOPMIGHO20 CMAHY KOHCMPYKIMUBHOT
cucmemu IPYmMKo8020 Mpancnopmepa KopeHe30UupaibHoi MAWUHU 3 MAKCUMATbHUM HABAHMANCEHHAM , O0BLIbHO
po3nodinenum Ha noaomui mpancnopmepa. Ilpymxoei mpancnopmepu € OOHUMU 3 OCHOBHUX BV31i8 OIS
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Taras Dovbush, Nadia Khomyk, Anatoliy Dovbush, Andriy Palyukh

MpAHCROpMYBaHHs 1l  cenapayii KopeHennooig MeXHONOZIYHUM PYCIOM KOPEeHe30UpAanbHux MAauwun OJs
3aeanmasicents ix y Oymkep i Ha mpancnopmuuil 3acio. KoHcmpyKmueHo 6oHu YmeEopioms HecKiHueHnHe
pewimuacme NOJIOMHO, AKe 0SUHAE 8e0YUi Ul 6e0eHi 3IPoUKU abo WKIGU 1l NIOMPUMYIOUT pOIUKU. YA KOHCMPYKYia
mpancnopmepa Kpinumvcsi 00 pamu, siKa ONUPAEMbCS HA OCHOBHY pamy 30upaivhozo azpezamy. Popmy i
napamempu npymro8020 mpancnopmepa UOUPAiomby 3aiedlcHO 8i0 cXxeMu KOMNOHYBAHHA azpezam U HeoOXiOHOT
npooykmusHocmi. Ilpuuunu 6iomoe ma 6uxooy 3 1ady NPYMKOSUX MPAHCNOPMEPI8: NepeKoCcU NOJOMHA Nio Yac
poOOmMU, IHMEHCUBHE 3HOULYBAHHS MPUMKUX €TIeMEHMIB y MICYX KPINJIeHHsl IX 00 ms208Ux eleMeHmie [ camux
msenogux einemenmis. Busieneno, wo cmynine 3nHowyeanHs 1i6oil I npasoi 2inok pi3HUl, SIK NIOMEEePOICEeHHS
HEPIBHOMIDHOCI  HABAHMAICEHHA HA NOAOMHO ni0 uac pobomu. HepieHomipuicms HABAHMANCEHHS
mpancnopmepa SUKIUKAHA K MPAHCNOPMOBAHUM 80POXOM KOPEHen100i8, MaxK i 0coOnuBoCmAMU KOHCMPYKYii
camoeo mpaucnopmepa, 30KpemMd HEPIBHOMIDHUM HAMA2OM 2LI0K, BGIOXUNEHHAMU NpU MOHMAJICI B8alis,
6CMAHOBNIEHHI 3IPOYOK Yl WIKIBIB, ONOPHUX POIUKIE MA iH. 308HIWHI HABAHMANMCEHHS, WO OIOMb HA elleMeHmU
KOHCMPYKYIll CiIbCbKO2CON00APCOKUX MAUUH, € SMIHHUMU 8eauyunamu. Lle nompibno epaxogysamu, 8USHAUAOYU
HANPYICEHO-0eDOPMIBHULl cman KOHCMPYKYit. Buxonamu oyinosanus HanpyceHo-0eopmienozo cmamy
CKIAOHUX KOHCMPYKYIUl KOPEHe30UpANbHUX MAWUH, iIX eleMeHmis, ma NOWLYKY iX ONMmuMAaibHuX napamempis
MOJCHA 34 YMOBU BUSHAYEHHS CUIOBUX (DAKMOPIB Y NepemuHax ereMeHmia 3a NOGHUM HANPY*ceHUM cmanom. Llum
MOJCHA 00Csemu ONMUMI3ayii KOHCMPYKYIUL MAKUX MAwun 3a MamepiailoMiCmKicmio i pecypcom pobomu.
3anpononosana memoouxa 0ae MOACIUBICIb OYIHUMU HANPYIHCEHO-0ePOPMIGHUT CINAH eleMeHMI8 NPYMKOBUX
mpancnopmepis 8i0n08ioHO 00 YMO8 eKCNIyamayii 3 MONCIUBICTIO NOOATLUIO20 X YOOCKOHAIEHHS.

Knrwouosi cnosa: npymxosuii mpancnopmep, HepiGHOMIpHOPO3NOOileHe HABAHMANMCEHHS, HANPYIHCEHO-
OehopmisHUll cmaH, Hebe3neuHUIl nepemuH.
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