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IMPLEMENTATION OF TRAUMA-PROTECTING
TECHNOLOGICAL LINES FOR TRANSPORTATION
OF GRAIN CROPS

Abstract

This article initiates the study of injury-preventive technologies for transporting grain crops. The author investigates
the problem of mechanical damage to grain during post-harvest processing, which leads to loss of seed quality. The main
factors affecting grain damage are identified, in particular, physical and mechanical properties, parameters of external influ-
ences and biological features of grain crops. The study is based on the analysis of recent research in the field of mechanical
damage to grain and methods for its minimization. Methods of theoretical mechanics, continuum mechanics, and the Feder-
man—Buckingham theorem are used. Structural features of transport systems that affect the level of grain injury are analyzed,
and improved approaches to their design are proposed. A comprehensive analysis highlights injury-prone areas of technolog-
ical lines, including points of grain entry into a bucket elevator, chain or belt conveyor, and grain bunker. Dimensional theory
is used to assess grain damage, which allows determining the most significant impact criteria and optimizing equipment oper-
ating modes. Measures to increase the efficiency of the transport system and reduce grain losses by synchronizing grain
movement with the working bodies of the equipment are considered. The results of the research can be used to develop new
technologies for grain transportation and improve existing systems, taking into account modern trends in automation and
energy efficiency. The final conclusions of the study will contribute to improving the quality of seed material and increasing

the efficiency of the agro-industrial complex. Prospects for further research aimed at developing mathematical models of

grain movement in technological systems are outlined. The implementation of the proposed solutions will contribute to in-
creasing the competitiveness of the agricultural sector. This emphasizes the importance of an integrated approach to the de-
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sign of transport systems, combining technical, economic and technological aspects.
Keywords: trauma-saving technology, grain injury, grain damage, seed quality improvement, the dimensional theory

Introduction

The importance of the agro-industrial complex in
Ukraine's economy makes increasing grain production
volumes a highly relevant and even vital issue for the
country. One of the key factors influencing the increase
in grain production and yield is the reduction of losses at
all stages of its production. Grain losses can be divided
into two types: direct and indirect. Direct losses are asso-
ciated with the physical loss of grain, while indirect loss-
es involve the deterioration of its qualitative characteris-
tics. Damage and injury to grain during post-harvest pro-
cessing due to multiple mechanical impacts are one of
the main reasons for the deterioration of grain quality and
subsequent reduction in germination and growth strength
of seed material. Mechanical damage causes physical and
physiological changes, making injured grain more diffi-
cult to store. Moisture and air penetrate cracks, fractures,
and microcracks, negatively affecting the grain's shelf
life. During storage, such grain experiences increased
segregation, impacting product safety. Segregation oc-
curs during gravitational loading of storage containers in
a compact stream. Grain actively respires, increasing its
temperature and promoting the spread of fungal diseases
and microorganisms. In some years, grain damage due to
certain weather, climatic, mechanical-technological, bio-
logical, soil, and varietal characteristics can reach 55-
65% of the total production volume [1, 2, 3].

In our era of innovation, the technical level of ma-
chinery, aggregates, and complexes for post-harvest grain
processing is rapidly evolving. New mechanisms and
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technologies for manufacturing equipment and its com-
ponents are emerging, used both for the production of
new and the modernization of existing traditional techno-
logical equipment. New materials are being developed,
and high-quality materials for manufacturing working
elements of equipment are becoming more accessible.
Reducing grain injury during post-harvest processing is a
crucial task of our time.

However, as general practice shows, little atten-
tion is paid to reducing mechanical damage to grain un-
der industrial conditions. Although reducing the force
interaction between the grain kernel and the working
element of equipment is one of the indicators of a high
technological level of the manufacturer, most attention is
still directed towards increasing mechanization, boosting
equipment productivity, enhancing equipment reliability,
and reducing operational costs. The efficiency of existing
measures affecting grain damage remains very low. Dur-
ing processing, grain is subjected to complex loads com-
prising various combinations of impact, compression,
and shear forces. According to scientific studies, loading,
unloading, and cleaning machines can damage up to 52%
of the grain [2].

For this reason, the application of trauma-
protecting technologies and new or existing (but with the
use of new methods) equipment elements can increase
the percentage of intact seeds during post-harvest grain
processing and extend the working life of equipment
components.

http://grain-feed.ontu.edu.ua
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Literary review

Research is being conducted on the dependence of
grain injury at different stages of post-harvest processing.
Studies [5, 6, 7, 8, 9, 10] analyze various stages of grain
processing, identifying causes and factors influencing
seed injury and quality during harvesting, processing at
elevators, and sowing. Improvements in technological
processes at elevator complexes occur through refining
and optimizing grain quality enhancement processes us-
ing cleaning, drying, and storage methods, often through
full or partial automation and the introduction of addi-
tional equipment elements. These include sensors that
monitor product parameters during processing and rele-
vant technological processes (such as rotational speed of
working components, moisture levels, and energy effi-
ciency), providing information to operators and reducing
human error. To perform typical tasks of controlling the
executive bodies, frequency-controlled drives of the
working bodies, sensors, programmable logic controllers
and specialized software for performing typical tasks of
controlling the executive bodies are installed [11, 12].

The studies [7, 13, 14, 15, 16, 17] examine the
geometry of the bucket and the material from which it is
made, as well as their relationship with the stresses aris-
ing during operation. The drive configuration has been
studied. A modal analysis of the elevator's operation has
been conducted, existing dynamic characteristics have
been determined, and stress-strain states of the belt eleva-
tor have been calculated. The dynamic properties of the
equipment structure under oscillatory excitation have
been studied. The unloading of bulk materials at various
belt speeds has been analyzed using discrete data analysis
methods, and the design methods and mechanics work of
the elevator and buckets have been reviewed, including
the relationship between bucket geometry, stresses, and
deflections arising in the processes. Examples of optimal
bucket shapes have been provided depending on the type
and condition of the transported material and the speed of
the elevator belt.

Many scientific studies confirm the dependence of
grain's physical and mechanical properties on biological
and quality characteristics. A significant number of these
properties depend on the moisture content of the initial
product [18, 19].

In the study [3], the dependence of the grain
damage coefficient on the angle of impact of the wheat
grain on the surface, the impact velocity (similar to the
friction coefficient) and the surface material was estab-
lished. The optimal moisture content of wheat was exper-
imentally determined at the levels of 12.7-15.3%. In this
case, the number of damaged grains increased both with
a decrease in the percentage of moisture and with its in-
crease from the optimal. First, this is due to disturbances
in the internal system of the starch-protein network due
to an increase or decrease in moisture content. The water
absorption capacity of protein is stronger than that of
starch. Therefore, when deviations from optimal indica-
tors, the starch-protein network system becomes irregu-
lar, which weakens the mechanical properties of the grain
[19].

Objective and Tasks.

The purpose of this study is to conduct a compre-
hensive analysis of a typical grain transportation techno-
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logical line (excluding the drying process), identify its
injury-prone areas and elements that directly interact
with the grain. Formation of factors influencing grain
damage in these zones. Determination of the most influ-
ential criteria affecting grain damage.

Materials and methods

The research methods used in this study include
analytical studies based on continuum mechanics, physi-
cal laws, and theoretical mechanics. The material for the
study is a grain mass moving along a technological
transport line during one of its main actions - movement
(transportation). During this process, various changes in
speed and motion vector occur, introducing new dynamic
loads that increase the likelihood of product quality dete-
rioration.

Results of the study and their discussion

The degree of grain injury during post-harvest
processes depends on many factors, starting from the
application of mineral fertilizers during plant growth,
varietal characteristics, and ending with the quality of the
grain mass (moisture content, impurities) and the me-
chanical-physical properties of the grain kernel. Howev-
er, the greatest mechanical impact of a shock-cyclic na-
ture is exerted by the structures, mechanisms, and work-
ing elements used for grain transportation and processing
(cleaning, treatment). This includes grain kernel colli-
sions, friction between kernels, and contact with working
elements. The effect of such impact interactions may be
intensified by the presence of heavy abrasive particles in
the grain flow, which are harder than the grain itself.
These may include weed seeds or small stones picked up
by the combine harvester. A significant number of tech-
nological processes occur under conditions of high-speed
gravitational material movement. The conditions of rapid
grain flow include the presence of linear and angular
velocities in the seeds and their chaotic movement in the
grain layer. As a result of such fast gravitational flows,
individual grains interact with each other, leading to
technological effects such as mixing or separation [20].

Based on the research results, parameters that con-
tribute to the negative effect of grain breakage were iden-
tified. These parameters were divided into several types
and illustrated in Figure 1. In research, these parameters
can be used to compare similar grain transportation pro-
cesses, as well as individual nodes and elements of the
system.

Young's modulus (elasticity modulus, longitudinal
elasticity modulus) E characterizes the ability of the grain
to undergo elastic deformation under tensile or compres-
sive forces. Essentially, it is an indicator of stress in the
grain kernel caused by externally applied forces in rela-
tion to the contact area of this force. This parameter re-
flects the influence of molecular bonding forces in the
kernel during interaction with external forces. If E is
greater than F, the system returns to its original state be-
fore the force was applied. In this case, molecular bonds
are restored, and the architecture of the grain kernel is
maintained. If E is less than F, molecular bonds break,
leading to irreversible destruction of the kernel.

The maturity of the grain affects its density p,
shell stiffness k, Young's modulus E, Poisson's ratio pp,



Grain Products and Mixed Fodder’s, Vol.25, 1.2 (98) / 2025

:

Parameters determining grain damage
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Fig. 1. Structural model of parameters determining grain damage

and relative elongation 6. The physical and mechanical
properties characterize the ability of the grain kernel to
resist deformation and destruction, as well as its ability to
elastically and plastically deform under external mechan-
ical loads. Depending on the nature and magnitude of the
force applied to the grain kernel, its dimensions and
shape may change. External force parameters cause de-
formations, which can be elastic (reversible) or plastic
(irreversible). Overcoming elastic and plastic defor-
mation in the kernel under external forces leads to its
destruction. Destruction occurs when the applied force
exceeds a certain threshold, known as the strength limit.
The density of the grain depends on its chemical
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composition and the ratio of organic components. Note
that the grain should be considered as a composite mate-
rial consisting of layers with different strength character-
istics. The shell and endosperm contribute to different
mechanical properties [19, 21, 22]. An increase in the
thickness of the shell leads to an increase in grain defor-
mation, which increases the likelihood of crack formation
and propagation. This, in turn, reduces the hardness of
the kernel p. The endosperm is a mixture of protein and
starch cells. A higher endosperm content increases the
strength and hardness of the grain due to the compact
structure of the starch granules, which form the glassy
endosperm. The mass fraction of protein in the endo-

http://grain-feed.ontu.edu.ua
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sperm also affects the hardness of the kernel. The more
protein cells, the greater the hardness of the kernel. There
is a relationship between the internal structure of the
grain and its mechanical properties [16].

Grain temperature also influences storage proper-
ties, including physical and mechanical characteristics of
seed. As is known, decreasing temperature increases the
brittleness of the grain kernel.

Size, shape, weight, and geometry also signifi-
cantly impact the degree of kernel damage. Information
about the technical and technological properties of the
grain kernel is an essential requirement when designing
and constructing working elements, configuring techno-
logical lines in production processes during post-harvest
grain processing, and preparing seed material. The di-
mensions of the grain kernel are determined by linear
parameters—Ilength, width, and thickness—which vary
significantly due to many objective and subjective factors
during growth.

After conducting a comprehensive analysis of the
operation of a typical grain transportation technological
line (excluding the drying process), discrepancies be-
tween the movement of grain and the working parts of
the equipment were identified. Injury-prone areas and
elements of the working parts of the equipment that di-
rectly interact with the grain were identified.

1. This is a node: gravity pipe (gravity flow node)
- bucket elevator. This refers to the point where grain
enters the boot of the bucket elevator. In this case, grain
damage occurs due to the impulse received from the dif-
ference in the vectors of the kinetic energy of the grain
entering the elevator and the elevator buckets, which
collide with the grain as they pass through the drum. The
parametric model of this system's operation is shown in
Fig. 2.

vag
Yimg

Fig. 2. Parametric model of the work system
gravity pipe (gravity flow node) - bucket elevator

Y,-mg - conditions of inclined movement of grain material
in gravity flow. This includes physical and geometric
parameters of the gravity pipe: length, cross-section, in-
clination angle, type of material, and lining (external
influence parameters), and the physical-mechanical, bio-
logical, anatomical, and morphological properties of the
grain.

vag - conditions for vertical movement of grain materi-
al. These are the geometric parameters of the buckets and
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elevator shoe, the belt speed, and the physical and me-
chanical, biological, anatomical, and morphological
properties of grain materials.

2. Gravity pipe (gravity flow node)- Chain Con-
veyor. This refers to the point where grain enters the
conveyor from gravity flow. From a technical and tech-
nological standpoint, as well as in terms of reliability, the
chain conveyor is the most optimal and widely used in
the elevator industry. In this case, grain damage occurs
due to the impulse received from the difference in the
vectors of the kinetic energy of the grain entering the
conveyor and the working elements of the conveyor,
which collide with the grain. The parametric model of
this system's operation is shown in Fig. 3.

Ying

Fig. 3. Parametric model of the work system
Gravity pipe (gravity flow node)- Chain Conveyor

vag - conditions of vertical movement of grain material
in gravity flow. vag= Y,-mg *cos a

AXY;,m- conditions of horizontal movement of grain materi-
al. This includes the geometric parameters of the working
elements, their movement speed, the material they are
made of the presence of direct contact between the work-
ing element and the conveyor casing (external influence
parameters), physical-mechanical, biological, anatomical,
and morphological properties of grain materials.

These parametric models can also be applied to
other typical nodes such as: gravity flow node — silo,
gravity flow node —belt conveyor.

The operation of such systems is always charac-
terized by the following functional parameters:

X nm — conditions of horizontal movement of grain mate-

rial and vag — conditions of vertical movement of

grain material. Both X hm and vag can be both verti-
cal and inclined.

Grain damage is a complex phenomenon involv-
ing many processes. Since this process is correlated with
the size of cracks and fractures, we use the size parame-
ter L to characterize it. The following relationship can be
established for the parameters determining grain damage:

L = f (Fm) + f (Ei) + f (Bam) 1)
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Table 1 - Dimensionality of the transport system operation parameters

tate the analysis of complex pro-
cesses and connect them with the

main parameters. With their help,

Parameters || E )| p || £ | k | Ro | S | F flpsf ROV AW ooy can study the influence of vari-
ous factors on the process, general-

M ! ! 0 ! 0 0 ! 1 1 1 0 ize the results, and draw conclu-

L a3 0 1 1 2 1 -2 0 0 sions. To determine these values, it

is necessary to select the fundamen-

T ofofop-2g0fof-29y0 0o tal measurement units and express

We will apply dimensional theory (Buckingham’s
n-theorem) to characterize the grain damage process. The
application of the methods of this theory [23] is based on
the idea that the solution of a system of differential equa-
tions can be expressed as a function of the similarity cri-
teria of the given system. Analyzing theoretical studies
and comparing them with experimental ones, we can
conclude that the determination of process parameters is
a key factor in the application of this theory. The general
relationship between the variables Fm, Ei and Bam,
which characterize the process with the basic units of
measurement r; can be represented as a dependence be-
tween dimensionless complexes (similarity criteria) con-
sisting of these variables. These criteria will correspond
to certain dependencies. To determine the necessary
number of influencing factors, the preferred method is to
reduce the number of criteria by eliminating those that
are less significant. Therefore, some parameters that do
not significantly affect the dependent criterion and are
negligible in terms of their functional characteristics
were not considered. Additionally, factors such as grain
kernel cohesion, the coefficient of friction between the
grain and the equipment walls, and the angles of internal
friction between grain kernels were disregarded. The
dependence of each criterion can be expressed by the
following relationships:

Fm =f (E, p, f, k, Rz), )
Ei=f (S, F, psr), (€))
Bam = f (R, M, W). )

In the form of a criterial equation, the following
can be written:

f(E, p,f,k Rz, S, F, (s R M, W) =L  (5)

It is important to note that for this model to accu-
rately reflect the key dependencies and characteristics of
the process under study, each parameter must represent
differentiation, diversity, and flexibility in terms of its
impact on L.

Dimensional theory simplifies and facilitates a
convenient and appropriate method of information pro-
cessing, preserving the connection between entire com-
plexes of quantities. To simplify the problem, we will use
the method of dimensional analysis based on the =-
theorem. The essence of this method is that the entire set
of factors can be grouped into dimensionless similarity
criteria m;, My, etc. The essence of m-criteria is that they
are dimensionless variables that help simplify and facili-
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the dimensions of all other quanti-
ties in terms of them.
[N/m?] [kg/m3] [kg*m/s?] [m][m?]
[kg*m/s?][kgf/mm?][kg] = [m]

In our case, with n=I11quantities, we obtain
n—1=8n - r = 8n—1=8 similarity criteria.

After determining all dimensions (Fig. 1), we
adopt three fundamental dimensions: Mass M (kg);
Length L (m); Time T (s). The dimensions of all criteria
are compiled in Table 1.

From Table 1, we select the fundamental meas-
urement units for the grain transportation process. To
determine the significance of the criteria, we construct
third-order matrices with all parameter dimensions of the
transport system's. operation and will find their determi-
nants.

A determinant that is not equal to zero indicates
that the parameters were chosen correctly. The value of 9
is the largest determinant among all those determined and
suggests that the criteria p, F, and psrhave the maximum
impact on the system. These criteria have physical signif-
icance, meet the requirements of independence from each
other, and are variable in the process of conducting fur-
ther experiments.

Conclusions

After  analyzing the entire transport-
technological system for grain movement, critical injury-
prone areas in equipment components were identified,
along with parameters affecting grain damage. Based on
the theory of dimensional analysis and similarity, three
main independent criteria influencing grain damage were
determined: grain hull density, dynamic force acting on
the grain, and the hardness of the contact surface between
the kernel and the equipment.

Future Research Prospects. Future research will
focus on studying and analyzing processes occurring in
free-fall gravitational bulk material flows in critical grain
transport system areas. Mathematical modeling of chang-
es in grain movement direction in these zones will con-
tinue. The ultimate goal of the research is to develop a
methodology for evaluating dynamic loads and determin-
ing optimal equipment operating modes to synchronize
grain movement with equipment components, reducing
the likelihood of destructive collisions and minimizing
seed injury and damage.

http://grain-feed.ontu.edu.ua
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BIIPOBAI’KEHHSA TPABMOOIIAJHUX TEXHOJIOTTYHUX JITHIA
JJISA TPAHCIIOPTYBAHHSA 3EPHOBUX KYJIBTYP

Anomauin

Y cmammi posnouamo docniodxcenns mpasmoowaonHux mexHono2itl Ol mpaHcnopmyeanHs 3epHOGUX KYIbINYp.
Aemop poszensdae npobremy MexaniyHo20 NOWKOONCEHHsL 3ePHA Ni0 Yac nicia30upanrvHol 00poodKu, Wo npu3800ums 00
smpam AKocmi Hacinnegso2o mamepiany. Busnaueno ocnoemi paxmopu, wo eniueaioms Ha NOUKOOICEHHS 3ePHA, 30K-
pema QisuKko-mexaniyHi eracmueocmi, napamempu 308HIUHbLO20 BNAUEY MA OI0N02iUHI 0COOIUBOCTNI 3ePHOBUX KVilb-
myp. Poboma 6azyemvcsa Ha ananizi 0cmaHHix 00caiodxcens y cghepi MeXaniuHo2o0 NOUIKOONCEHHS 3epHA Ma Memooi8
tioeo minimizayii. Bukopucmano memoou meopemuuroi Mexanixu, MexaHiku cyyintoHux cepedoguiy ma meopemu Pede-
pmana—bykineema. Ilposedeno ananiz KOHCMPYKYitiHux ocodiusocmeri mpaHcnOpmHuX CUCMeEM, WO GNIUBAIOMb HA
PiBeHb MPABMYBAHHA 3€PHA, A MAKOIC 3aNPONOHOBAHO YOOCKOHANEH] ni0xo0u 00 iXHbo2o npoekmyeanns. Ha ocnosi
KOMNJIEKCHO20 AMANI3y BUOINEHO MPABMOHeOe3Ne i 30HU MEeXHON02IYHUX NIHIl, 30Kpema 8Y31uU 8X00ICEHHS 3ePHA 8
HOPII0, TAHYIO208UL YU CMPIYKOSUL Mpancnopmep ma 3eproguti Oynxep. /s oyinku NOWKOONMCEHHS 3ePHA 3ACMOCO8A-
HO meopilo po3mipHocmetl, wo 00380AUN0 GUIHAYUINU HAUOITbW 3HAYYWI KpUMepIi 6NaAUGy ma onmumizayii pesrcumie
pobomu obnaonanus. Pozensanymo 3ax00u wooo niosuwyents eexmusHocmi mpancnopmuux cucmem ma 3mMeHueHHs
empam 3epHa 3a paxynox CUHXpomizayii pyxy sepua 3 poboyumu opeanamu odonaonanus. Pesynemamu docniodxcenns
MOdHCYMb OYMU UKOPUCTAHT 011 PO3POOKU HOBUX TMEXHONIORI MPAHCNOPMYBAHHA 3ePHA MA 800CKOHANEHHA ICHYIOYUX
cucmem 3 ypaxy8anHam CyyacHux menoenyii agmomamusayii ma enepeoegexmusnocmi. Ompumani 6UCHOSKU KiHYyego-
20 00CNIOAHCEHHS CNPUATNUMYMb NOKPAUWEHHIO AKOCMI HACIHHEBO20 Mamepiany ma niosUeHHIO eekmusHoCcmi azpon-
pomucnogozo komnaexcy. OKpecieno nepcnekmugu NoOaIbuux 00CiONCeHb, CAPAMOBAHUX HA PO3POOKY MameMamut-
HUX MoOenell pyxy 3epHa y MeXHOA02IUHUX cucmemax. Bnpogaosicenns 3anponoHo8anux piuieHs cCnpusmume nioguiyen-
HIO KOHKYDEHMOCHPOMOICHOCI azpaphozo cekmopy. Lle niokpecuioe 8axcaugicms KOMNIEKCHO20 nioxody 00 npoex-
MYBAHHSA MPAHCNOPMHUX CUCHEM, WO NOEOHYE MEXHIUHI, eKOHOMIUHI A MeXHONI02IYHI acneKmu.
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