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DEVELOPMENT OF AN
ANALYTICAL MODEL OF THE
CONTROLLED MOVEMENT OF
GRAIN MATERIAL ON THE BULK

SHELVES OF A LOADING GRAVITY-
CASCADE UNIT

The object of research is the gravitational movement of grain along the transfer shelves and a cascade loading unit with two ac-
celeration and two braking sections. The study of such movement is carried out to confirm theoretical studies on the development and
justification of an analytical model of controlled gravitational movement of grain along transfer shelves.

When loading grain, it can be injured when falling from a considerable height and hitting the bottom and walls of the container.
This problem requires the development and study of a technical solution that would provide regulation of the velocity of grain move-

ment when loading it into the container.

Theoretical studies were carried out using the developed analytical model of grain movement and the proposed equations to find

the relationships between the angles of inclination of the acceleration and braking shelves of the gravity-cascade unit. Based on the
analytical model, an experimental unit was made of two acceleration and two braking shelves. The shelves can freely rotate on the axes
to the required angle in the range from 0° to 90° relative to the horizontal plane. For the shelves of the acceleration sections, the angle
of inclination o was chosen from the variable series of 45°, 50°, 60°. Based on the angle o, according to the model, the shelf of the first
braking section was set at an angle 0f 20.43°, 20.48°, 20.32°, and the shelf of the second braking section was set at 38.46°, 35.28°, 29.32°.

Experimental studies have shown that the velocity of grain movement is indeed regulated by a combination of the ratios of the angles
of the acceleration and braking shelves. In this case, the velocity of grain in the last braking section is close to the initial flow velocity
at the beginning of the first acceleration shelf. The values of the absolute and relative errors of the experiments of the experimentally
determined velocities and the theoretical value of the velocity indicate quite acceptable limits of deviations for this multifactorial experi-
ment. The relative deviation of the experimental from the theoretical velocity of movement of the grain mass does not exceed 12.76%.

The results obtained and their analysis indicate that the presented analytical model and the designed gravity-cascade unit due to the
braking and acceleration sections allow solving the problem of controlled movement of the velocity of grain for its loading into containers

without injury, in particular into silo structures.
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1. Introduction

For storage of large batches of dry and cleaned grain in elevators,
metal silos with a flat concrete bottom are used. At these enterprises, all
technological operations for transporting grain to silos are fully mecha-
nized. Therefore, when moving grain material before loading it into silos,
the grain repeatedly contacts the working bodies of transport machines
and at the same time it is possible to damage it. Studies have shown that
the working bodies of combines during threshing damage up to 20% of
grains [1]. In turn, the amount of grain damaged by elevators can reach
up to 12%, and by moving elements of conveyors up to 2.5% [2]. This
means that when the grain load approaches the silo loading mouth, some
part of the grain load already has a certain percentage of damaged grain.

During further loading into the silo, the grain is subjected to me-
chanical damage during its free fall and impact interaction with the

silo elements. This is due to the fact that the grain gains velocity with
increasing fall height, which leads to large impact forces. In addition, the
grain flow velocity can exceed the terminal velocity of one kernel when
the fall height exceeds 15 m [3]. The level of injury depends on the
type of grain and its physical and mechanical properties, in particular,
for wheat it is 0.4% lower than for soybeans and corn [3]. Grain injury
is also affected by its moisture level. Thus, with grain moisture within
14-16%, the limiting impact value at which injury occurs is within
0.11-0.16 J [4]. It has been established that almost 80% of the total
grain deformation occurs at the stage of initial loading into silos [5].
Injured grain has less resistance to storage, and its gravitational loading
leads to significant compaction of grain material in the lower layers of
the grain embankment [6, 7], which negatively affects its unloading.
Therefore, mechanical and impact damage to grain negatively affects
its quality. Damaged grain is less stable, it breathes more intensively,

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — No. 3/1(83), 2025

13—



(— INDUSTRIAL AND TECHNOLOGY SYSTEMS:

MECHANICS

ISSN-L 2664-9969; E-ISSN 2706-5448

it releases more heat and moisture. All this leads to the emergence of
foci of self-heating of the grain mass, which in turn leads to spoilage of
the grain or its complete death. In addition, the impact interaction of
the grain with the bottom and walls of the silo can also lead to damage
to the kernel germ. Such damage also negatively affects the sowing qual-
ity of the grain. Thus, reducing damage to the grain load at the stage of
loading it into silos is an important problem, the necessity of which is
due to the losses of grain stored in silos. This problem requires finding
ways to safely load silos with grain without damaging it. An option
for overcoming the problem of loading high-altitude silos with grain
without damaging it is to create a cascade loading device that allows to
control the velocity of grain movement during its gravitational loading,
and to mathematically substantiate its operation.

Some studies on the controlled movement of grain are described
in [8,9]. In [8], the dependences of the change in the velocity of move-
ment of grain cargo in an inclined channel with three variable angles
are given. This article describes a device consisting of straight sections
made in the form of gutters, one of which is an acceleration section
and the other two are braking sections. With the help of this device,
it is possible to control the velocity of descent of grain material from
significant heights. The proposed device cannot be used when loading
cylindrical high-altitude containers. In [9], a peripheral open screw
channel with acceleration and braking sections is presented, which is
mounted on the inner side surface of the silo for gravitational loading
of high structures with grain. In the acceleration screw section, the
angle of inclination a is 30-40 degrees, in the braking section it is
determined analytically depending on the angle a and is much smaller.
This leads to a decrease in the velocity of grain movement, and there-
fore to a decrease in its injury, but the device is difficult to manufacture
and install. The study of the movement of grain mass along a helical
line is also described in [10], which provides the equation of motion
of a material point along the surface of a spiral chute under the action
of gravity. The case is separately considered when the lowest turn of
the chute has a lift angle equal to the angle of friction of the grain on
the surface. This model does not take into account the change in the
angle of inclination of the chute and the ability to regulate the veloc-
ity of grain movement. In [11], to reduce injury and evenly distribute
grain, it is proposed to use a toroidal plate installed in the lower part
of the corrugated loading sleeve. The grain load, falling on the concave
surface of the plate, flies out of the plate at a certain angle to the ho-
rizon, while extinguishing excess kinetic energy. The disadvantage of
the device is the size of the plate and the complexity of its manufacture.
In [12], loading devices mounted under the silo neck were analyzed
for uniform distribution of grain. One of them is a centrifugal spreader,
where the shaft of the device is driven into rotation by an electric mo-
tor. The disadvantage is the injury of the grain by inertia forces when
the grain hits the walls of the container.

A separate problem is the gravitational loading of high-altitude
silos with grains of non-uniform size, shape and mass, which leads to
stratification of the grain material by density and the appearance of
segregation and compaction of the grain mound [12, 13]. In this case,
the grain caking occurs, and as a result, its nutritional and technical
qualities deteriorate. Many studies indicate that the degree of uneven
distribution of grain material along the entire perimeter of the container
depends on the loading height. In particular, in [14] it was experimen-
tally established that the coefhicient of lateral pressure is less than the
coeflicient of active ground pressure, i.e. uncontrolled gravitational
loading of high-rise silo structures does not ensure uniform distri-
bution of grain material along the entire perimeter of the container.
At the same time, compacted pressure is formed in the lower layers of
the embankment. Studies have shown that the vertical load of the com-
pacted embankment on the support depends on the height, shape and
geometry of the silo structures [15]. The greatest load on the cylindrical
container occurs at the initial moment of grain release and it increases

in a galloping manner [16]. To eliminate these negative phenomena,
researchers propose special loading devices [9, 11, 12] with which it is
possible to reduce the height of free fall of grain, and therefore reduce
its injury. At the same time, they are not convenient and structurally
complex for loading high-rise silos.

In the process of designing loading devices, much attention is
paid to the development of physical and mathematical models of grain
movement along their working bodies. In particular, in works [17, 18],
dependencies are given for determining the movement of grain, but the
velocity of its movement along the working bodies of machines is not
determined. In [19], the influence of loading velocity on the deforma-
tion of wheat grains is studied. In the study [20], a numerical model
of the movement of gravitational flow of particles inside the conical
outlet channel of the bunker is presented. In [21], the velocity of grain
movement along a cylindrical sieve is described. Unfortunately, the
considered models do not pay attention to controlling the velocity of
gravitational movement of grain.

Therefore, despite the significant number of devices and studies
devoted to the issues of uniform and shock-free loading of silos with
grain material, the problem of loading high-altitude silo structures re-
mains relevant and not fully resolved. Existing devices are unable to
control and regulate the velocity of grain material movement during
its gravitational loading. To solve the above problem, it is necessary to
develop and implement technical solutions that ensure controlled grain
movement when loading it into high-altitude silo structures. Devices
that are intended to reduce and stabilize the loading velocity should
not be complicated in their manufacture and operation. Therefore, an
urgent problem is the need to develop a loading gravity-cascade unit
that provides control of the grain movement velocity due to different
angles of inclination of the acceleration and braking shelves.

The aim of research is to develop and substantiate a model of
controlled grain movement velocity along the transfer shelves of the
loading gravity-cascade unit, which will allow determining its main
geometric parameters and experimentally verifying the adequacy of
the presented model.

2. Materials and Methods

The object of research is the gravitational movement of grain along
the transfer shelves and a cascade loading unit with two acceleration
and two braking sections. The study of such movement is carried
out to confirm theoretical research, to develop and substantiate an
analytical model of controlled gravitational movement of grain along
transfer shelves.

The material on the movement of grain material along transfer
shelves inclined at different angles to the horizon was theoretical and
practical research on the movement of grain during its loading into
high-altitude silo structures. When conducting theoretical research, the
law of conservation of energy, transformations and graphical definitions
based on the use of the laws of theoretical mechanics were applied.

The processing of the results of grain movement along the transfer
shelves of the gravity-cascade unit was carried out using the method
of mathematical statistics and the method of empirical research. This
made it possible to establish the optimal angles of inclination of the ac-
celerating and braking transfer shelves of the unit that would provide
a controlled velocity of grain movement.

To conduct experiments on the movement of grain material along
transfer shelves, a schematic diagram of a gravity-cascade unit for con-
trolled loading of silos with grain was proposed (Fig. 1, a).

The movement of grain along the transfer shelves of a gravity-
cascade unit (Fig. 1,a) consisting of four transfer shelves is considered.
Two shelves are accelerating shelves with length /; and inclination
angles a. Two shelves are braking shelves with length /> and inclination
angles # and y, respectively. The shelves alternate sequentially.

C
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Fig. 1. Gravity-cascade unit with four transfer shelves:
a — schematic diagram; & — prototype; 1 — hopper; 2 — damper;
3 - mounting; 4 — metal casc in the form of a parallelepiped;
5 — acceleration shelves; 6 — braking shelves

During the movement of grain, internal friction occurs inside the
grain flow and external friction occurs between the shelves and the
outer layer of the grain mass. It is possible to assume that the grain mass
is poured out of the hopper of the experimental unit and has a station-
ary flow. To reduce grain injury, it is necessary that the final velocity of
the grain at the end of the movement along the second brake shelf be
the same as the initial velocity of the flow at the beginning of the first
acceleration shelf [8], but not less than it V,,,,<V,,s This condition
will ensure careful loading of the grain mass, and will also facilitate the
passage of grain without its accumulation on the sections of the brake
shelves. To simplify further calculations, it is possible to assume that
these velocities are equal to each other Vi =V,q=Vj. The height of
the fall i between all 4 shelves is the same.

The initial velocity V; of the grain is acquired as a result of its fall
from the hopper, which is located at a height ho from the edge of the
first acceleration shelf. At the moment of falling of grain mass from
a hole of a bunker on initial edge of the first acceleration section its
potential energy transition to kinetic energy occurs, as a result of which
grain acquires velocity V;. Using the law of conservation of energy,
there is an initial velocity of grain V, = @ 8].

Continuing movement, grain flow increases its velocity to Vi
passing path [} on the first acceleration section, located at an angle a to
the horizon. Taking into account transition of part of potential energy
of grain mgl, sinet into kinetic energy, as well as coefficient of friction u
between grain layer and surface of shelf [8, 9], it is possible to simplify
equation describing transformation of energy of grain flow on first
acceleration shelf

2 mvz
Csino+mgl, sina—,umgllcosa:%. (1)

After passing the first acceleration shelf; the grain falls from a dis-
tance h, which is the average value of the grain fall trajectories (Fig. 1)
to the first braking shelf. Taking into account the angles of inclination
of the acceleration and braking section

2
[m‘;‘“‘“ sina + mgh]sinﬁ. (2)

The movement of the grain flow along the first braking shelf with
alength of b, which is located at an angle £ to the horizon, occurs due to
the previously acquired maximum kinetic energy on the first acceleration
shelf. At the same time, the additionally acquired kinetic energy of fall-
ing from a height h and the potential energy of the grain pmgl, sin 8 are
taken into account. At the same time, this process is counteracted by the
work of the friction force pmgl, cos 8, which, due to the smaller angle of
inclination <, is already much larger [8, 9, 16] and causes a decrease
in the velocity of movement of the grain flow from Vo to 2V, /3. Thus,
after passing the first braking section, the model assumes a reduction in
the maximum grain velocity by one third, which should prevent the ac-
cumulation and settling of grain. From the law of conservation of energy

2
[—m‘;‘“"“ sina + mgh]sinﬂ +mgl, sin 8 — pimgl,cosp =

]
- \3 ) (3)

2

After passing the first braking shelf, the grain again falls from
adistance h to the second accelerating shelf. Using the law of conserva-

tion of energy and taking into account the angles of inclination of the
2
max

accelerating and braking sections, there is

sin B +mgh |sina.
Continuing to move along the shelf, the grain flow increases its velocity

from to the velocity V, (2‘/% V<V

The movement of the grain flow along the second braking shelf,
located at an angle to the horizon, occurs similarly due to the previously
acquired kinetic and potential energy. This energy is counteracted by
the work of the friction force, which, due to the smaller angle of incli-
nation y (y<a), is already much larger and causes a decrease in the

velocity of the grain flow from Vto the initial V.

3. Results and Discussion

3.1. Analytical model of controlled grain movement
Combining the above dependencies that determine the move-
ment of grain along the acceleration and braking sections, an analytical
model of the gravitational movement of grain along the shelves of the
gravity-cascade unit was obtained
2
mgh, =0

2 2

0 max

. . \4
sina +mgl, sina — pmgl cosa = -

2 2mv?
(m‘;"‘“ sinot + mthsin B+mgl, sin § — umgl,cosf = % 4)

2

2mV’? mv
5 msin B +mgh |sino +mgl, sinot — pumgl cosor = =

2
0

mv? . . m
5 sina +mgh |sin §+mgl, siny — pmgl,cosy =

To find the relations that will determine the dependence between
the angles of the acceleration and deceleration sections, it is necessary
to solve the system (4). From the first, second and third equations of
the system (4) there is the equation that determines the angle / through
the given angle a

((ho +1,)sin® & — il sinoccosa +h+1, )sinﬂ —ulcosf =

:%(hn sinoc+1, sinat — pl, cosax ). Q)
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By equating the second, fourth and fifth equations of the system (4)
and simplifying the expression, the equation that determines y through
the angles a and £f was obtained

4
1, siny — pil,cosy =h, —hsin 3 —g(hn +1, )sin3 asin® B+

4 I 1 . .
+gullcosa sin”asin” B —(h +1, )sin' asin B +5”l‘ sin2asin 3.(6)

Equation (5) was solved through the appropriate substitutions.
Given that the angles a and £ lie in the range from 0 to /2, the
equation describing the dependence of the angle £ on the angle a

was obtained
—a+yJa" + (@'l =b’
atya +h ) +2rck

ul,—=b

>

B =2arctg
az((h” +1,)sin® & — il sinot cosx +h+lz),

bzg(hosina +1 sina -l cosar ). (7)

Similarly, equation (6) was solved, through the appropriate sub-

stitutions
—c+yJ+ (WL =d
Wh=d) | 1 )

ul,—d

y =2arctg

The resulting system of equations determines the angles £ and y
through the given angle a

a:(h0 +1, )sinza —pl sinaccosa+h+1,,

b= %(hn sina+/ sina — ul, cosax )

—a+yja’ +(p@’l =)

ul,=b

P =2arctg +21k, c=1,,

d=h,—hsinf8 —%(h(l +1, )sin’ asin” B+ (9)
+§“ll cosasin’arsin® B —(h +1, )sin2 asin S+

1
+E,ul] sin2asin 3,

—cAJC + (WL —d?)

ul,—d

+2rk.

y =2arctg

The resulting model, defined by the systems of equations (4) and
(9), determines the dependence of the angles £ and y of the inclination
of the braking shelves on the angle a of the inclination of the accelerat-
ing shelves. The model takes into account the initial height of the grain
fall hy on the first accelerating section, the height of the grain fall h
from one shelf to another, the lengths of the accelerating and braking
sections /; and [, as well as the friction coefficient u between the grain
layer and the shelf material.

3.2. Determination of the main geometric parameters of the
loading gravity-cascade unit and their discussion

The study of the nature of the change in the parameters of the
gravity-cascade unit was carried out under the following conditions:
the height of the fall h=0.2 m; the length of all shelves [, =1, =1; the
initial height of the fall fy=0.3 m; the angles of inclination of the shelves
S <o, y<a. The angle of inclination a of the shelves of the accelerating
sections and the length of the shelves [ were taken as variable factors.

In this case, the angle a varied in the range from 40° to 75°, and the
length of the shelves was taken from the range of 0.2-0.6 m.

The determining parameters of the theoretical studies were the
angle S of the slope of the first shelf of the braking section and the
angle y of the slope of the second shelf of the braking section. In this case,
the analysis was subjected to those results where both angles were less
than or equal to the angle & of inclination of the acceleration shelves.

The calculation of the determining angles  and y according to
equations (6) was carried out in several stages, in each of which one of
the variable factors took a constant value, and the other varied within
the limits accepted for it.

Thus, Fig. 2 shows the results of determining the angles f and y
when changing the length of the shelves [ in a variable series of constant
values of the angle of inclination a of the acceleration sections: 40°,
50°, 60° and 75°. The graphs show a different nature of the formation
of angles £ and y both in terms of trend and numerical range of their
change when varying the shelflength /.

50 50
40 40 =
~
~ |
. 30 - 30
> = -
< 20 —=p o 20 B
i =
10 10
0 0
0.3 0.4 0.5 0.6 0.7 0.4 045 0.5 0.55 0.6 0.65
f,m (,m
a b
70 60
60 50
. N 40
o 40 o
=30 AN -p = -
o =%
20 b —v 2 ~ it
10 10
0 0
0.1 0.2 03 04 05 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(,m {,m
¢ d

Fig. 2. Dependence of angles ff and y on /and a: 2 — a=40° b — a=50°;
c-0=60%d - a=75°

The angle of inclination £ of the first braking section with increas-
ing shelflength / for each constant angle a has a linear growth character.
In this case, the range of angle £ change is from 18.9° to 21° for all
variants of angle a.

Unlike angle 3, angle y of the second braking section is character-
ized by its nonlinear change, similar to a hyperbolic form, and decreases
with increasing length L It should be noted that at certain angles a the
angle y is formed only in a partial range of change I In particular, at
a=40° the angle y is within 31.79-38.9° when changing length / from
0.44 m to 0.6 m. This is due to the fact that when / decreases to its lower
limit of 0.2 m, the value of angle y becomes greater than . This violates
the outlined conditions of the relationship between these angles. This
restriction on angle y also slightly corrects the limits of change of angle f3.
Thus, its minimum value will be 20.41° instead of 18.89°.

A similar nature of the restrictions for the angles £ and y is observed
at a=>50°: the angle y varies only within the range of 26.22-40.29° at
[=0.34-0.6 m, and the range for £ is 20.18-21.17°.

For other angles a, the angle y can be found for the entire accepted
interval / from 0.2 m to 0.6 m. For example, at & =60° the angle y varies
from 20.84° to 58.02°, and at &= 75° the angle y=14.18-47.90°.

It should also be noted that at a=75° the characteristics of the
angles £ and y have an intersection point corresponding to the angle 20°
at the length /=0.43 m. This allows to install shelves of different braking
sections at the same angle to the horizontal plane.

G

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — No. 3/1(83), 2025



ISSN-L 2664-9969; E-ISSN 2706-5448

INDUSTRIAL AND TECHNOLOGY SYSTEMS:

MECHANICS )

Fig. 3 shows the results of determining the angles £ and y when
changing the angle of inclination a of the acceleration sections in a vari-
able series of constant values of the shelflength [: 0.2,0.3, 0.4 and 0.6 m.
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Fig. 3. Dependence of angles fand yon avand /: 2 = /=0.2 m; b — /=0.3 m;
c-[=04m;d-/=06m

For both angles f# and y, an increase in angle a leads to their de-
crease. At the same time, the nature of their change is as close as pos-
sible to linear dependences, which is most clearly observed for angle y.
In turn, the dependence of angle f on a at different lengths /is an almost
flat section of a straight line, at the boundary of which the angle £ de-
creases by a small amount — 0.14-0.32°. The absolute value of angle f,
depending on the influencing factors, varies from 18.75° to 20.93°,
which is significantly less than any accepted angle a and fully complies
with the condition of the ratio between these angles. In the situation
with angle y, the accepted condition of the ratio with angle a is fulfilled
only in a certain range of a change. Thus, at /=0.2 m the required
ratio is achieved in the range of a change from 59.25° to 75°, when
y decreases from 58.66° to 47.90°. With increasing shelf length, the
limits of variation of angles y and a are expanded, subject to the im-
posed restrictions. For [=0.3 m, the permissible decrease in y occurs in
a wider range of 45.83-30.38° with an increase in angle o from 48.75°
to 75°. The complete correspondence of angle y to angle o throughout
the entire range of its change is observed only at /=0.6 m. In this case,
y decreases from 31.79° to 14.18°. It should be noted that at /=0.6 m,
the graphical characteristics of angles  and y have a common intersec-
tion point at & =60.5°, in which both angles take the same value of 21°.
This allows the shelves of both acceleration sections to be installed at
the same angle to the horizontal plane.

Taking into account the formed and analyzed characteristics of the
change in the inclination angles of the shelves of the gravity-cascade

unit from the influencing factors, it is possible to state that it is theo-
retically possible to comply with the key condition for using this unit,
namely the equality of the velocity of grain movement at the entrance
and exit from it, that is, controlled grain movement.

3.3. Experimental studies of the adequacy of the model and
their analysis

Based on the theoretical studies conducted, a prototype of a grav-
ity-cascade unit with four transfer shelves (Fig. 1, b) was proposed.
The shelves are of equal length, which can freely rotate on axes fixed in
the device body to the required angle inside the device relative to the
horizontal plane. The angle can be set in the range from 0° to 90°. The
angle was controlled using YH-127 Vernier goniometer. The horizontal
plane was set with a self-leveling laser level.

For the manufacture of shelves, sheet material (fiberboard) was se-
lected, cut into parts of equal length. The length of each shelf was 0.4 m.
The coeflicient of friction of the grain material when moving along the
shelves was taken equal to £ =0.35, based on the results of previously
conducted tribological studies.

On the proposed gravity-cascade unit, experimental studies of the
movement of wheat grain of standard humidity along four shelves with
several variants of their spatial orientation were carried out. Each shelf
was located one under the other on opposite sides of the gravity-cascade
unit body in such a way that the grain falling from the edge of one shelf
fell to the beginning of the other. In this case, the height of the grain fall
from each shelf was 0.2 m. Above the unit was a bunker with grain, the
outlet neck of which was at a distance of 0.3 m from the upper edge of
the first shelf. For the shelves of the acceleration sections, the angle of
inclination a was selected from the variable series 45°, 50°, 60°. Based
on the angle a, according to the analytical model, the shelf of the first
braking section was installed at an angle of 20.43°, 20.48°, 20.32°, and
the shelf of the second braking section was installed at an angle of 38.46°,
35.28%,29.32°.

Tracking the velocity of grain movement at the exit of the gravity-
cascade device was carried out by fixing the time of grain movement
between control sections, which were at a distance of 0.1 m from each
other. The velocity was determined in a similar way at the entrance to
the device, but the control distance was the height of the location of the
output neck of the grain bunker. The moment of grain appearance in
a certain section was determined using capacitive presence sensors.

The research was carried out in three stages. At each stage, the
angular location of the shelves changed in accordance with the formed
variable series of inclination angles and the input and output velocity
of grain movement were determined and compared. The studies were
conducted with five-fold repeatability for each stage. The results of the
experimental studies and their statistical processing are given in Table 1.

From the static analysis of the obtained experimental research re-
sults, it is clear that for each stage the initial Vy,,, and final V,,,; grain
velocity do not differ significantly. The maximum deviation between
them is 0.46 m/s, and their relative deviation from the theoretically
achievable velocity Vi,r=2.43 m/s does not exceed 12.76%.

Table 1
Results of experiments on determining the velocity of grain movement at the entrance and exit of the gravity-cascade unit
Angles of inclination Results of the experiment with five-fold repeatability of each stage
Theoretical | Absolute/relative deviation
Stage Average value Maximum deviation | Relative deviation velocity from theoretical velocity
No. between values from the average
a | B v
Vitare Vend 4 Vitare Vend Vitare Vend Vibeor Vitare Vend
1 45 | 2043 | 38.46 2.64 2.18 0.46 0.21 0.18 7.95 8.26 0.21/8.82 0.25/10.29
2 50 | 20.48 | 35.28 2.54 2.62 -0.08 0.32 0.34 12.6 12.98 2.43 0.11/4.53 0.19/7.82
3 60 | 2032 | 29.32 2.74 2.30 0.44 0.20 0.21 7.30 9.13 0.31/12.76 0.13/5.35
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In addition, it should be noted that the velocity indicators in each
of the five experiments of the selected research stage are quite close.
Thus, for the initial velocity V. the maximum deviation between the
velocity values is observed at the second stage and is 0.32 m/s, which
in relative terms is 12.6% of the average value at this stage. For the final
velocity V,,,4 the maximum discrepancy is also observed at the second
stage, when the absolute deviation is 0.34 m/s with a relative equivalent
to the average value of 12.98%. For other stages, the discrepancies are
somewhat lower and do not exceed 0.21 m/s in absolute values and
9.13% in relative values. This indicates an appropriate level of quality
and repeatability of the conducted complex of experimental studies.

The values of absolute and relative errors of experiments of ex-
perimentally determined velocities and the theoretical value of the
velocity indicate quite acceptable limits of deviations for this multi-
factorial experiment. Taking into account the existing complexity of
the full-scale implementation of the experiment, everything indicates
an acceptable level of accuracy of the presented analytical model.

The presented model and the gravity-cascade unit, due to the
found ratios of the angles of the accelerating and braking shelves, al-
low solving the problem of controlled movement of grain velocity for
its loading into silos without injury. The results obtained are better
than previous studies by the authors [8, 9], regarding the solution of
the problem of possible grain settling during its loading. In particular,
the presented unit has four transfer shelves instead of an open in-
clined channel with variable angles of inclination, where in the areas
of changing the inclination of the chute sometimes there was a settling
of the grain mass. Also, due to the reduction of the free fall height and
the controlled velocity of grain movement, the proposed unit does
not cause segregation effects [13] and is structurally much simpler and
less metal-intensive than, for example, the use of a toroidal plate with
a variable angle of inclination [11].

3.4. Limitations of the results and prospects for the development
of the research

A certain limitation of the proposed unit is the limits of the incli-
nation angles a for the acceleration sections and the angles £ and y for
the braking shelves. This ratio, according to (6), is selected in such a
way that the angle £ is not significantly less than the angle of natural
slope & of the grain, and the angle y is less than the angle o, that is,
within 200<f<y<a.

The war significantly affected scientific research within the coun-
try. Among the main factors of influence: the destruction or damage
to universities, laboratories, equipment, materials and libraries signifi-
cantly complicates research; the greatest attention is paid to scientific
developments for the needs of the army; scientists in Ukraine work
under constant stress.

The prospects for further research are to study the feasibility of
developing units with a different number of acceleration and brak-
ing transfer shelves with the possibility of adjusting their inclination
relative to the horizon made of different materials depending on their
frictional properties.

4., Conclusions

The presented analytical model of controlled grain movement
along the transfer shelves of the loading gravity-cascade unit takes
into account all the necessary parameters: the initial height of grain
fall, the distance between the shelves, their length, as well as the fric-
tion coefficient. The model determines the dependence of the two
angles of inclination of the braking shelves on the angle of inclina-
tion of the accelerating shelves, which ensures the passage of grain
without its subsidence in any section and at the same time prevents
injury and segregation of the grain mass due to a controlled decrease
in the final velocity.

Using the analytical model, theoretical studies of the relationships
between the angles of inclination of the accelerating and braking sec-
tions were carried out, which made it possible to substantiate the values
of the reccommended angles a, f and y within 200< <y <a. Based
on these studies, a prototype of a gravity-cascade unit was proposed,
on which experimental studies of grain movement along four transfer
shelves with three variants of their spatial orientation were carried out.

Analysis of theoretical and experimental data has shown the ad-
equacy and acceptable accuracy of the proposed model. The relative
deviation of the experimental grain velocity from the theoretical does
not exceed 12.76%. Thus, the designed gravity-cascade unit due to the
braking and acceleration sections allows solving the problem of con-
trolled grain velocity movement along the transfer shelves. This allows
further use of the proposed model for the development of industrial
versions of such units for loading grain mass into high-altitude silo
structures without injury.
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