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Influence of gas flow parameters on the velocity of bulk materials
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ABSTRACT

This article examines the flow patterns and kinetics of granular media interacting with ascending
and descending gas flows. Bulk material release control is a critical aspect of shaft furnace and
hopper operation Experimental studies were conducted on a flat transparent model and a close-
up "hot" model using high-speed video recording (SK-16). With an error in the calculated values of
the critical speed, amounting from to -30.0 to +28.8%, the main parameters varied within the
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from 8,9 - 107 to 1.81 - 1075Pa - s; diameter, specific gravity and coefficient of internal friction
of bulk material from 4,0 - 10™* to 15.0 - 10=3m; from 14.3 to 39.2 kN/m3; from 0.55 to 0.95;
coefficient taking into account the shape of the particles, from 6.0 to 7.8; outlet diameter
from0.01 to 0.06 m; attitude % equals 0,02 — 0,4. The materials studied were agglomerate, lime,

millet, and coke; the gas phases were air, helium, and hydrogen. It was established that the
outflow mechanism is staged and determined by the frequency of destruction of dynamically
unstable vaults. It was found that gas density is the key factor influencing the outflow rate, while
the effect of viscosity is secondary. An analytical relationship was formulated for calculating the
critical gas velocity that causes layer suspension. The obtained data make it possible to optimize
the design parameters of outlet openings and blast supply modes in metallurgical units.
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Introduction

When discharged through a horizontal opening,
particles of bulk material move across the layer at
uneven speeds, causing it to become loosened. This
creates the necessary conditions for intensifying
heat exchange processes in the moving material
layer.

Storage, transportation, and processing of bulk
materials are the most common technological
operations.

There are two known points of view on the bulk
material model:

Firstly, the bulk material model is considered an
isotropic conglomerate of tightly bound particles,

and the movement of particles within the bulk of the
material is possible only when the acting stresses
exceed certain limit values. This representation of
the bulk material is a consequence of considering
the pressure of the material as the primary cause of
its movement and flow through openings. This
model is only valid for dispersed materials.

Secondly, the model of bulk material is
represented as a set of solid, unchanging particles,
the connection between which is carried out by dry
friction forces.

Although modern numerical methods, such as
coupled computational fluid dynamics and discrete
element method (CFD-DEM), allow for detailed
modeling of individual granule trajectories and local
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gas pressure fields [[1], [2], [3], [4], [5]], they still rely
heavily on the accuracy of micro-level boundary
conditions (such as normal and tangential recovery
coefficients, contact stiffness, and local porosity).
Moreover, CFD-DEM models require significant
computational power when scaled to the actual
dimensions of metallurgical furnaces, and they may
not always accurately represent the macroscopic
analytical relationships of the vault mechanism.

In contrast to numerical simulations, this study
proposes an analytical approach based on the
fundamental laws of contact mechanics and the
moments of friction forces acting directly on the
boundary of a dynamically unstable vault. This
allows for the derivation of direct criterion
dependencies of macro parameters (mass release
velocity, critical hover velocity) without the need for
end-to-end discrete modeling of millions of
particles, ensuring the invariance of the solution for
engineering calculations of large-scale vehicles.

The scientific novelty of the work lies in the
following:

1. A new analytical macro-model of the
mechanics of the destruction of a dynamically
unstable vault over an outlet is developed, based on
the balance of moments of dry friction forces and
the distributed aerodynamic effect of an oncoming
or accompanying gas flow. Unlike existing
approaches that only consider the gas influence as a
volumetric resistance force to the layer, this work is
the first to analytically describe the mechanism of
changing the frequency of vault formation through
changes in the torque acting on adjacent particles of
the vault.

2. For the first time, the invariance of the
mechanism of loose material release under the
influence of gas in relation to gravitational release
has been established and theoretically
substantiated: it has been proven that the gas flow
does not change the kinematic scheme of motion
(staged destruction and formation of vaults), but
acts as a regulator of the frequency of this process
by pushing or dragging the boundary particles.

3. The physical phenomenon of asymmetry in
the influence of gas parameters has been identified:
it has been proven that the influence of gas viscosity
on the critical release parameters is negligible in the
developed turbulent regime, while the gas density
and layer porosity nonlinearly determine the
conditions for complete stagnation. A universal
criterion dependence Eq. (12) has been obtained,
which improves the accuracy of predicting the

critical counterflow velocity by up to 30-50%
compared to standard empirical models.

Experimental part

The destruction of a dynamically unstable vault
above the outlet occurs as a result of the rolling of
adjacent particles under the influence of the torque
of frictional forces. In this case, with an increase in
the velocity of the oncoming gas flow, one can
expect a decrease in the velocity of the particles'
rolling relative to each other, which, in turn, will lead
to an increase in the lifetime of this vault, and
consequently to a decrease in the mass velocity of
the material flow [6]. Considering that the torque
causing the rolling of two adjacent particles located
on a dynamically unstable vault during gravity
discharge is equal to:

My =Tir, —Tor,
acceptingr; =1, =1, we get

M, = (Ty —To)r
or
T
M, =T1(1—T—j)r (1)
where T; and T,— frictional forces between
adjacent particles of bulk material, 4 and 1, —
particle radii.

When a gas flow from below uniformly impacts
a dynamically unstable vault, i.e., its entire surface,
an additional force appears F, coinciding in direction

with the frictional force between particles,
therefore:
_ _ T2+F)
My =T, (1 = 2)
T,+F . . .
Because - < 1, then with growthFthis ratio
! T,+F

decreases. As a

increases, and the value 1 — T
1

result, the torque, the speed of rolling of the
material particles, the frequency of destruction
(formation) of dynamically unstable arches and,
consequently, the rate of flow of the material
decrease [7]. The reduction in the rate of flow of the
material is also facilitated by the braking of the
particles falling out of the arch by the oncoming gas
flow. Finally, upon reaching a certain gas velocity,
T,+F

when the ratioT i 1, the magnitude of the
1

torque will be zero and the release of material
ceases. This is also facilitated by the gas flow




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

supporting the material particles forming the
surface of the dynamically unstable vault against the
material located above, preventing the particles
from rolling [8]. In the limit, the effect of a uniform
gas flow from below on the surface of the
dynamically unstable vault leads to the layer
hanging.

In the case of a layer moving with a co-current
gas flow, an increase in its speed to a certain value
T,—F
T,—F’
consequently, an increase in torque, particle rolling
speed, the frequency of destruction (formation) of
dynamically unstable arches, and the rate of
material flow. The rate of material flow also
increases as a result of the aerodynamic effect of the
accompanying gas flow on the descending particles.

To study in detail the mechanism of bulk
material flow through a horizontal orifice exposed to
counter and cocurrent gas flows, experiments were
conducted on a flat transparent model measuring
250 mm in length, 50 mm in width, and 5 mm in
depth (Fig.1). The thin depth (5 mm) makes the
model virtually two-dimensional, simplifying
observation and filming of the processes.

causes a decrease in the ratio and

Figure 1 - Scheme of experimental «transparent» model:
1 —charge (wwuxTa); 2 - diaphragm; 3 - nozzle

The experimental procedure involved the
following technical specifications:

- Visual Recording: Process dynamics were
captured using a high-speed SK-16 motion picture
camera. This allowed for a precise frame-by-frame
analysis of particle trajectories and the evolution of
the dynamically unstable arch formed above the
outlet.

- Gas Injection: Gas was introduced into the
system in two modes: as a uniform flow exerting
pressure on the arch surface, and as concentrated

gas jets via specialized nozzles (3) positioned below
the outlet [9].

- Flow Measurement: Air flow rates were
regulated and monitored using RS-type rotameters,
ensuring instantaneous volumetric control with a
measurement accuracy of £3%.

- Experimental Materials: Experiments were
conducted using millet, limestone, and agglomerate
fractions with particle sizes ranging from 1.45 to
2.44 mm. The material layer height was maintained
at 200 mm (£3 mm).

- Data Acquisition: The mass flow rate was
determined gravimetrically with a precision of +50
mg, complemented by visual observations of the
flow regime transitions.

Initial observations across all material types
indicated that at relatively low gas injection
velocities through the nozzles specifically when the
velocity ratio (V; is the speed of gas movement
througt the nozzle and V, is the gas velocity ay the
outler; S; is outlet area, S, is the cross section on the
gas jet upon meeting the surface):

1< 20and 2 > 038,
Vs Sz

the system maintains a stable discharge pattern
governed by the cyclic collapse of the arch structure.

Here V; — the speed of gas movement through
the nozzle, V, — the gas velocity at the outlet, upon
reaching which the material hangs above the
outlet, S; — outlet area, S, — the cross-section of the
gas jet upon meeting the surface of a dynamically
unstable structure.

As a result of reviewing the filming materials, it
was established that as the gas velocity is exceeded,
the speed of rolling of the material particles relative
to each other decreases, as well as a decrease in the
mass velocity of the outflow through the outlet [10].

The mechanism of bulk material flow, both in
counter- and co-current gas flows, across the entire
studied range of pressure and gas velocity changes,
corresponds to gravity release and proceeds
through stages of destruction and formation of
dynamically unstable vaults. The analysis revealed a
dependence of the frequency of destruction
(formation) of dynamically unstable vaults on the
direction and velocity of the gas flow (Table 1).

Visual observations confirmed that the
mechanism of outflow, both in the opposite and in
the following flows, retains its staged nature
(destruction/formation of arches).
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Table 1 -Mechanism of bulk material flow

Flow mode Frequency | Expiratio System
of vault n rate status
failure

Gravitational Basic Standard Stable

Counter (1) It's Falls Risk of

decreasing hangs

Passing () It's It's Intensive
growing growing

It was found that as the counterflow velocity
increases, a critical point is reached where the
frequency of arch failure becomes minimal, leading
to a complete halt of the process. The outflow
velocity in the coflow was higher than in the
counterflow across the entire pressure range,
confirming theoretical calculations on the
contribution of aerodynamic forces to particle roll
dynamics [11].

To ensure the scalability of laboratory data to
industrial processes, fundamental modeling laws
were strictly observed [[12], [13]]. To eliminate wall
effects and ensure stable granular flow, the
following geometric ratios were maintained:

-The ratio of the model shaft diameter to the
equivalent particle diameter was >20

-The ratio of the outlet diameter to the particle
diameter was >5.

-The ratio of the bed height to the shaft
diameter was maintained at > 2

Discussion of the results

Experiments were performed across a wide
range of geometric variations, with the outlet-to-
shaft diameter ratio ranging from 0.1 to 0.7. The gas
flow dynamics, characterized by the Reynolds
criterion, included regimes corresponding to the
self-similar region. The investigations utilized both
«cold» and «hot» laboratory models (Fig. 2 and 3).
In the «cold» model, a replaceable diaphragm at the
shaft base allowed for outlet diameter variations
from 10 to 60 mm. The shaft was mounted on a
sealed receiving bin (height: 800 mm, diameter: 250
mm). Gas, with properties detailed in Table 2, was
supplied to the system at flow rates up to 60 m3/h
via three symmetrically distributed pipes (8 mm
diameter) to ensure uniform pressure distribution.
The gas supply system was designed to ensure
uniform pressure distribution across the material
bed. Pipes for gas injection were evenly spaced

around the circumference in a horizontal plane,
located at distances of 150 mm below and 30 mm
above the discharge orifice. In co-current flow
experiments (gas and material moving in the same
direction), gas was introduced through a sealed plug
at the top of the shaft, with subsequent discharge
through the receiving hopper [14]. To monitor
system pressure, measurement points were flush-
mounted with the internal walls of the shaft and
hopper. The mass flow rate of the granular medium
was recorded with a high precision of £50 mg.
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Figure 2 - Model diagram: 1 - shaft; 2 - replaceable
diaphragm; 3 and 4 - U-shaped pressure gauges;
5 - micromanometer type MMN;
6 - receiving hopper; 7 - cylinders with compressed gas;
8 - glass rotameters; 9 - gas nozzle; 10 - peephole;
11 - regulating device (damper)

Gas (Table 2), with a flow rate varying within the
range of 0 to 60 m3/h, was supplied to the hopper
and shaft through three 8 mm diameter pipes,
installed evenly around the circumference in the
horizontal plane at a distance of 150 mm below and
30 mm above the outlet opening, respectively.
When the gas and material moved in the same
direction, the gas was supplied through a pipe
passed through a plug hermetically sealing the top
of the shaft; in this case, the gas was removed from
the receiving hopper [[15], [16]]. The ends of the
pipes for sampling gas pressure in the receiving
hopper and shaft were installed at the level of their
walls.

The accuracy of measuring the mass flow rate of
bulk material was +50 mg.

The «hot» model (Fig. 3) is constructed from
individual steel sections lined with fireclay bricks. To
ensure a tight seal, the detachable joints are sealed
with asbestos gaskets.
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Table 2 - Physical properties of the gases used

Table 3 - Characteristics of bulk materials

Gas Specific gravity, | Viscosity Material Fraction, | Equivalent | Coefficient
N/m3 1075 Pa- s - mm diameter of internal
103, m friction
Hydrogen 1.16 0.89 Agglomerate | | 3.0-10.0 | 5.48 0.67
Helium 1.57 1.95 Agglomerate Il | 3.4-4.7 4.06 0.67
Air + 62% helium 549 1.89 ﬁ;gglomerate 1.6-25 2.00 0.65
Air 11.97 1.81 Limestone | 25-3.8 3.08 0.57
Limestone Il 04-1.0 0.64 0.56
A lid was attached to the top of the furnace shaft, Coke 16-25 2.00 0.95
. o . .. Pellets | 5.0-15.0 | 8.66 0.58
with steel strip rings welded to the inner surface to divide

Pellets Il 40-6.0 | 4.90 0.60

the gas flow. The cylindrical shaft had an internal
diameter of 300 mm, a height of 500 mm, a shoulder
height of 200 mm, and a lower diameter of 173 mm. A
refractory conical nozzle with the required outlet
diameter (60-100 mm) was inserted into the lower part of
the shoulders.

To orifice plates

Q\\\ TTT 5

Upper horizon

Middle horizon

Lower horizon

= DRI
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1
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Figure 3 - Schematic diagram of the enlarged model:

1 - foundation; 2 - hearth; 3 - peephole; 4 - hearth dome;
5 - steam; 6 - damper; 7 - refractory cup; 8 - pipes for
measuring equipment; 9 - lining; 10 - shaft;

11 - connecting flanges; 12 - gas distribution cover;

13 - pipes for gas outlet

During preparation for and after the
experiment, the exhaust port was sealed with a lined
damper with holes for gas passage. A hermetically
sealed hatch for material release was located in the
furnace hearth [17]. The operation of the furnace
consists of forced air supply (blast) into the fuel
combustion zone to quickly achieve the operating
temperature. Air was supplied to the model from the
factory line, and hydrogen from cylinders.

The model is equipped with gas flow and
pressure control systems using measuring
diaphragms, U - shaped pressure gauges and RS type
rotameters.

Experiments were conducted on materials with
significantly different physical and mechanical
properties (Table 3). To determine the mass flow
rate of the bulk material, a specific gas flow rate was
set and a damper (regulating device) was opened.
The material poured into a sealed receiving bin or
model forge was weighed, and the mass flow rate
was calculated.

Based on the difference in gas pressure below
and above the outlet, the pressure drop on the
dynamically unstable vault was calculated using the

relationship AP, = AP -%. Where: AP is the
0
measured gas pressure drop across the bed; d. is

the equivalent diameter of the material particles; [,
is the characteristic length (height) of the granular
layer.

The freezing of bulk material in the models was
determined by a sharp increase in the gas pressure
drop and the cessation of pulsations of the working
fluid in the pressure gauges, as well as visually
through the viewing devices.

Experiments on a «cold» model showed that
feeding gas above the outlet and diverting it through
the top of the model (Fig. 4, a) has virtually no effect
on the material flow rate (Fig. 5, curve a). Feeding
gas above the outlet and diverting it through the top
of the model and the receiving bin (Fig. 4, b) is more
effective, the lower the porosity of the layer in the
model. If the material layer has high porosity, then
feeding gas has very little effect on the flow rate (Fig.
5, curve b).
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Figure 4- Gas supply diagram for the model: a - gas
supply is above the outlet, the top of the model is open,
the bottom is closed; b - the same, the top and bottom

of the model are open; c - the same, the top of the

model is closed, the bottom is open; d - gas supply is
below the outlet, the top of the model is open

Reducing the Ilayer's porosity and gas
permeability, particularly by replacing the
agglomerate layer with millet, results in an

increasingly larger portion of the gas flow being
directed downward and diverted from the model
through the outlet, while the flow rate of the bulk
material increases (Fig. 5, curve d). This is explained
by the additional downward impact of the gas flow
on the descending bulk material in the area of the
outlet.

In the case of gas supply to the model above the
outlet opening and its removal through the latter
(Fig. 4, c), an increase in the gas flow rate or its
pressure gradient in the layer in a certain range (Fig.
5, curve c) leads to an increase in the flow rate of
bulk materials, which is in good agreement with the
results of previously published studies. The lower
the gas permeability of the material, the higher its
flow rate at a constant gas flow pressure at the inlet
(Fig. 6). Changes in the amount of gas supplied to the
model, and consequently, its pressure in the bulk
material layer, affect the nature of the action of the
gas flow passing through a dynamically unstable
arch, causing its destruction. In this regard, the
conclusion of the authors of the studies about an
increase in the flow rate of bulk material with an
increase in the pressure gradient in the layer or an
equivalent amount of gas supplied to the model
becomes clear. The increase in excess pressure
above the layer of material increased the additional
load from top to bottom on the surface of the
dynamically unstable vault, which, in turn,
contributed to an increase in the frequency of its
destruction, an increase in the initial velocity of
movement of particles after the destruction of this
vault and an increase in the mass velocity of the
outflow of material.

The experimentally recorded dependencies (Fig.
5 and 6) clearly confirm the proposed hypothesis
about the mechanism of particle rolling. An increase
in the counterflow gas velocity F leads to an
asymptotic approach of the moment ratio to unity
Eg. (2), which is physically expressed in the
stabilization of the dynamic vault and a decrease in
its collapse frequency. This refutes the common
assumption in simpler empirical models that the
release is uniformly slowed down throughout the
entire height of the material column, as the key
critical resistance is concentrated at the lower
boundary of the vault.

From graph 5, it can be seen that the individual
series behave differently. Series ¢ and d show a
pronounced increase in Wy/Wy as Q,/Qx increases.
Series ¢ has the most intense increase, reaching
approximately 1.4 at Q/Q« = 4. Series d also
increases, but more gradually, reaching a value of
approximately 1.2. Series a remains almost
unchanged and has a slight downward trend,
indicating a slight decrease in W/W, relative to the
initial level. Series b changes slightly and is around
1.0-1.1. Series e decreases sharply when the Q./Qu
rises to 1, which indicates a strong difference
between this series and the others.

16 ——c
1,4

o 1,2 c
=1

0,8 —o—d

0,6 b
0,4

0,2 ——2
0

0 1 2 3 4 5
Q./q,

Figure 5 - Dependence of the of the mass flow rate ratio
(W¢/Wo) on the normalized gas flow rate (Qr/Qx) for
different gas supply above the outlet with: (a) top
removal; (b) combined removal (high porosity);

(c) removal through the orifice; (d) combined removal
(low porosity); (e) counter-current flow (gas supply
below the outlet)

The middle line shows the overall average
change in the indicator. In general, it is around 1.0-
1.1, which indicates a moderate change in Wy/Wo.
The error limits show the spread of data relative to
the average value: the longer the whiskers, the
higher the heterogeneity of the results at a given
point. An increase in Q/Q« leads to a different
change in Wi/Woin individual series.

The most noticeable increase is observed for
series c and d, while the most significant decrease is

— 34 ——
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observed for series e. The average line shows the
overall trend, and the error limits reflect the
variation between the measurement series.

——2 —0—1 average error

'l' |

o1

i T
S

—_—

0,5 1,5
Q,m*/h

Figure 6 - Dependence of the relative velocity of material
flow (W+/Wo) from the amount of gas (Qr, m3/h), fed into
the model. The diameter of the outlet is 15 mm.

1 - millet; 2 - agglomerate IlI

The graph 6 shows the dependence of the
relative value of Wy/Wyon the ratio of Q..

Lines 1 and 2 represent the minimum and
maximum values of the indicator, and the middle
line shows the average value. The error limits are
plotted on the middle line and show the deviation of
the average value from the extreme values.

As Q increases from 0 to 1.3, there is a steady
increase in the W/W, value in all data series. This
means that there is a direct relationship between
the values: the higher the value of Q;, the higher the
relative value of Wy/Wo. For series 1, the Wy/W,
value increases from 1.000 to 1.063. For series 2, the
increase is more pronounced, from 1.000 to 1.120.
The average value increases from 1.000 to 1.0915.

It can also be seen that as Q; increases, the
difference between series 1 and 2 increases. At the
beginning of the graph, the error is almost non-
existent, and at Q- = 1.3, it reaches its maximum
value of £0.0285. This shows that at higher values of
Q,, the spread of results becomes more noticeable.

Therefore, for the point Q; = 1.3, the error limit
is £0.0285.

An increase in Q; leads to an increase in Wy/Wo.
At the same time, the average value of Wy W
increases smoothly, and the error value increases as
Qr increases, which indicates a greater spread of
results at high values of the parameter.

The extreme nature of the dependence of the
bulk material flow rate on the amount of air supplied
to the model is explained by the change in the
distance from the nozzle through which air was
supplied to the model to the mouth of the discharge
funnel, and consequently to the dynamically
unstable arch above the outlet. This distance

determines the magnitude of the kinetic energy of
the air stream acting on the dynamically unstable
arch, which affects the frequency of its destruction
(formation) and the rate of material outflow, which
is confirmed by the change in the maximum material
flow rate depending on the nozzle position [18].
With an increase in the amount of air entering the
model, and, accordingly, its velocity, an air channel
is apparently formed in the layer of bulk material,
passing through the outlet. A decrease in the flow
rate of bulk material is explained by the compaction
of the material located around the rigid air stream.
The probability of the formation of a channel
passage of gas is greater, the higher the density of
the layer. Naturally, with relatively small dimensions
of the outlet opening and high excess air pressure of
9.8 - 29.4 kPa, a complete cessation of material
release is expected.

The mass flow rate (G, kg/s) is most often
calculated using empirical formulas as the product of
the cross-sectional area (S, m?) and the density (p,
kg/m?3) and flow rate (v, m/s), taking into account
the flow coefficients: G=uSpv.

Gas outflow:

G=C4-A-\/2p-AP (3)
where Cy - flow coefficient (empirical); A - hole
area; AP - pressure drop.

A comparison of the experimental data when
gas is supplied to the model according to the scheme
shown in Fig. 4 b, ¢, with the results of calculating
the mass flow rate of bulk material using empirical
equations shows that the error in the calculated
values fluctuates within a fairly wide range: from -
25.2 to +47.0%; from -32.5 to +55.6%; from +9.0 to
+79.6% respectively. The increased error in the
latter case is explained by the different shapes of the
outlet openings, which, in our opinion, is consistent
with the data from the study.

With increasing gas flow rate supplied below the
discharge zone (Fig. 4, d), the flow rate of various
bulk materials gradually decreases to 60 — 20%
relative to the mass flow rate corresponding to
gravity discharge. With a further increase in gas flow
rate, the material discharge ceases (Fig. 5, curve d).
The wide range of the lower limit of flow rate
regulation is explained by the significant differences
in the physical and mechanical properties of the bulk
materials studied, primarily in particle size
distribution, electrical properties, moisture content,
adhesion, etc.
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A comparison of experimental data with the
results of calculating the mass flow rate of bulk
materials using empirical equations shows that the
error in the calculated values varies widely and
amounts to: from -21.0 to +176.0%; from -99.0 to -
0.6%; from -100.0 to +67.2 %. The average error is
about +40% and increases sharply when the gas
velocity in the outlet approaches the critical value at
which the bulk material freezes.

Supplying a certain amount of gas through a
nozzle of a smaller diameter allows for a higher
velocity of the gas flow and a relatively local nature
of its impact on the bulk material adjacent to the
point where the jet enters the layer [19].

The kinetic energy of a gas flow acting on the
surface of a dynamically unstable vault alters the
conditions of its collapse and, consequently,
determines the rate of material flow. Therefore, a
dependence of the material flow rate on the gas flow
parameters was expected.

Experiments have shown that decreasing gas
density and viscosity significantly increases the flow
rate of the material through the outlet (Fig. 7). The
effect of gas viscosity on the flow rate of the bulk
material can be clearly seen by comparing the
effects of countercurrent flows of hydrogen and
helium, which, under the experimental conditions,
are similar in density but differ greatly in viscosity
(Table 1). Figure 7 shows that the effect of gas
viscosity is insignificant, and changes in the flow rate
of the material are determined by the density of the
gas flow.

Figure 7 shows the dependence of the values of
three measurement series and the average error on
the speed (V;), m/s. As the speed increases, there is
a general decrease in all the values, but the pattern
of decrease varies for each series. The first series
shows the most pronounced decrease: at (I = 0),
the value is 1, but at (V, = 4.9), it decreases to 0.05;
at (I, = 6.3), the value almost reaches zero. The
second row decreases more smoothly: from 1 at the
initial speed value to 0.21 at (V, = 8.4). The third row
is characterized by the most stable decrease: its
values remain relatively high for most of the interval
and decrease to 0.20 only at (V, = 10.4).

The average error also has a downward trend. It
decreases from 1 to 0.06, indicating a gradual
decrease in the average value of the indicator as the
speed increases. The most noticeable decrease in
the average error is observed after (V, = 3.7), when
the differences between the individual rows become
more pronounced. Overall, the graph shows that an
increase in speed (V,) leads to a decrease in the

indicator under consideration, with the first row
being the most sensitive to changes in speed and the
third row being the most stable.
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Figure 7 — Dependence of the relative flow rate of
agglomerate lll (W, /W,) from the gas velocity at the
outlet (Vy, m/s) with a diameter of 30 mm. 1 - air;
2 - helium; 3 —hydrogen
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Figure 8 - Dependence of the relative velocity of material
flow (W, /W,) from its density in air countercurrent
(Q,, m3/h).1 - agglomerate; 2 - limestone; 3 — millet

The fact that in the self-similar (turbulent)
region the influence of gas viscosity is leveled out
(Fig. 7), indicates the dominance of the inertia forces
of the gas jet over the viscous friction forces in the
interparticle channels directly at the moment of the
vault destruction. This opens up the fundamental
possibility of scaling the obtained equations to
industrial units working with complex gas mixtures

(hydrogen, helium, metallization technological
gases) without complicating the calculation
algorithms.

When studying the process of controlling the
release of a layer in a counter-current gas flow, it
was found that the physical properties of the gas do
not affect the lower limit of the mass flow rate of the
material (Fig. 7). This undoubtedly expands the
possibilities for the practical application of methods
for controlling the release of bulk materials using a
gas flow [20].
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The effect of bulk material density on its flow
rate is clearly demonstrated in Fig. 8.

Figure 8 shows a graph of the change in the
values of three measurement series and the average
error. The x-axis shows the argument values from 0
to 1.4 in increments of 0.2, and the y-axis shows the
corresponding values of the indicator. All three
series show a decreasing trend, but the rate of
decrease varies: the first series decreases more
smoothly, the second series decreases more
pronouncedly, and the third series shows the
sharpest decrease. The average error also gradually
decreases from 1.20 to 0.67. For the average error
line, we have built whiskers that reflect the spread
of values between the minimum and maximum
values among the three-measurement series at each
point. The longer the whiskers, the greater the
difference between the individual values. In the
initial section, there is almost no spread, as all the
values are equal to 1.20. As the argument value
increases, the length of the whiskers gradually
increases, indicating a growing discrepancy between
the measurement series.

It was found that the nature of the material's
flow is independent of its physical and mechanical
properties. As the size of the material piece used in
the experiments increases, the flow rate increases
significantly (Fig. 9). Characteristically, as the ratio of
the model and outlet diameters decreases, not only
does the absolute flow rate of the layer increase, but
its lower limit decreases to a certain value at equal
gas flow rates, i.e., it becomes possible to control the
material release over a wider range.

Figure 9 shows the dependence of two series of
values and the average error on the flow rate (Q),
m3/h. Both series have a decreasing trend, but the
rate of decrease differs. The first series decreases
smoothly, from 1 at (Q-=0) to 0.80 at (Q, = 12) m3/h.
The second series decreases much faster, from 1 to
0 at (Q, = 8.8) m3/h, indicating a higher sensitivity to
changes in flow rate.

The average error also decreases consistently:
from 1 to 0.43. The whiskers on the graph reflect the
spread between the minimum and maximum values
of the two series at each point. At the beginning of
the interval, there is no spread because the values of
the series are the same. Then, the length of the
whiskers gradually increases, indicating an increase
in the differences between the first and second
series as (Q) increases.
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Figure 9 - Dependence of the relative velocity of pellet
outflow (W, /W,) from the size of the piece (d.q, mm)
with air counterflow (Q,,, m3/h).

The physical mechanism of the influence of
oncoming and associated gas flows on the kinetics of
the outflow, recorded using high-speed video
filming SK-16, has a pronounced stage character and
is determined by the frequency of destruction of
dynamically unstable arches. The observed change
in the relative exhaust velocity (Wi/Wo) is due to the
redistribution of stress chains inside the dense layer
above the outlet (Fig. 8 and 9). The oncoming gas
flow passing through the interparticle channels
creates an upward aerodynamic pressure, which
increases the normal compressive forces between
the layer elements. This leads to an increase in the
forces of interparticle friction and, as a result, to an
increase in the holding torque of the forces acting on
the particles in the support nodes of the dynamic
vault. The stabilization of the vault blocks the
gravitational displacement of the material, causing a
decrease in flow rate up to complete stagnation. On
the contrary, the oncoming flow reduces the
apparent adhesion of the particles, reducing the
critical radius of vault formation, which intensifies
the release of material due to an increase in the
frequency of vault pulsations. The extremum
identified in Figure 9 (maximum velocity at
deq=2.0+2.5 mm) reflects the bifurcation point,
where the geometric factor of jamming of large
pieces is balanced by the optimal aerodynamic
transparency of the pore channels for fluid filtration.

Mathematical analysis of the experimental data
allowed for the ranking of investigated parameters
based on their influence on the material discharge
rate. Under standard conditions, the factors are
arranged in the following descending order of
significance:

1. Direction of the gas flow;

2. Diameter of the discharge orifice;

3. Bulk density of the granular material;

4, Gas flow rate;
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5. Physical properties of the gas (density and
viscosity).

Notably, this hierarchy can shift under specific
dynamic conditions. For instance, a 30% increase in
the gas flow rate causes this parameter to exert a
more dominant influence on the discharge rate than
the intrinsic bulk density of the material.

To consolidate the experimental findings for
both counter-current and co-current gas flow

regimes, a unified empirical equation was
developed):
_ D§® AP
W, = 0.0Syan_m 1+ YR (4)

The error associated with this generalized model
ranges from =19.8% to +23.1%, which is significantly
lower than the deviations observed when using
classical empirical equations. As previously noted,
traditional models exhibit errors ranging from
-25.1% to +176.1%, especially near critical regimes.
This confirms that the proposed Eq. (9), which
explicitly accounts for the gas-dynamic pressure
drop AP and orifice geometry rate (Dy) provides a
much more reliable tool for industrial design.
Comparing the experimental results with
calculations of the material mass flow rate under
pressure discharge using empirical equations shows
that the error in the calculated values varies within
a wide range, namely: from -25.1% to +47.1%, from
-32.6% to +55.5%, and from +9.8% to +79.5%,
respectively.

The limitations of conventional empirical models
become even more apparent under counter-current
gas flow conditions. For such regimes, the error in
mass flow rate calculations using standard equations
escalates significantly, with deviations ranging from
-21.1% to +176.1%, -99.1% to -0.7%, and -100.0%
to +67.1%. On average, the predictive error is
approximately 150%. Notably, this discrepancy
increases sharply when transitioning from air
typically used in the baseline experiments of
previous authors to gases with significantly different
physical properties, such as hydrogen or helium (as
detailed in Table 1). Such high levels of uncertainty
underscore that purely empirical correlations, which
do not account for the internal structural mechanics
of the granular bed, are unsuitable for complex gas-
solid systems. Consequently, there is a clear
necessity for a more rigorous theoretical description
of the discharge process. By integrating the results
of this experimental study with the proposed
torque-balance mechanism, it becomes possible to
establish a physically consistent model that remains

accurate across a wide range of gas-dynamic and
material conditions

jzyu[Rﬂi 1“ ” dy:j'f’" ] (5)

by the area of the outlet opening and the bulk
density of the material, we find the mass velocity of
its outflow:

Wo=‘Vn 4\/29;4[R+d( \/%)Hli#%] (6)

Comparison of experimental data with the
results of calculations using dependence (6) shows
that the error in the calculated values is within the
range from -28.5 to 28.8%.

A comparison of empirical relationships for the
critical velocity of a counter-current gas flow
demonstrates the varying roles assigned by
researchers not only to gas density and viscosity, but
also to bulk material density, particle diameters, and
the outlet opening [21]. A consequence of this,
apparently, is a sharp increase in the error in
calculating critical velocity values when processing
experimental data using the aforementioned
equations, even in the case of an air counter-current
[22]. At the same time, gas flow parameters in shaft
metallurgical  furnaces, and especially in
metallization furnaces, can vary widely.

To determine the critical velocity of the counter-
flowing gas, a series of experiments were conducted
on a «cold» model. The values of the variables were
varied within the following limits: outlet
diameter 0,035 — 0,055m, equivalent diameter of a
piece 0.002-0.006 m, specific gravity of gas from 1.2
to 9.2 N/m3 and apparent specific gravity of the
material (from 14.5 to 43.5)- 103 N/m?,

Assuming equilibrium between the aerodynamic
forces and the resisting forces within the granular
structure, the following dimensionless relationship
can be defined:

1
T 0.557y¥r

Further transformation of the experimental data
into generalized dimensionless coordinates yields:

V’kr (7)

Ve = a5 (8)

Analysis of the experimental datasets
demonstrated an approximately linear dependence
between the dimensionless critical velocity and the
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equivalent flow cross-sectional area. Consequently,
the final empirical expression was expressed:

v, = /Ozg‘;g ~04+05 (9)

It has been established that the outlet diameter
does not affect the critical velocity of the gas
counterflow. In general, the critical velocity of the
gas counterflow takes the form:

— Y[ [ Qeq _
Viy = 0.087\/2( /0_048 0.4 + 0.5> (10)

The experiment shows that the error in the
calculated values ranges from +16.7 to -35.4% and
from -28.4 to +24.9%, respectively. Consequently,
equation (9) has satisfactory accuracy and is quite
acceptable for practical calculations. The influence
of gas parameters, the physical and mechanical
properties of the bulk material, and the outlet size
on the critical velocity of the oncoming gas flow was
further studied using volumetric models with gases
and materials, the characteristics of which are
presented in Tables 1 and 2.

The dependence of the critical counter-current
gas velocity Vi, on the gas specific weight ¥, is
illustrated in Fig. 10. The experimental data for
different materials pellets Il (1), agglomerate Il (2),
and millet (3) show a strong correlation with the
values calculated using Eq. (17).
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Figure 10 - Dependence of the critical velocity of the
counter gas flow (V,-, m/s) from its specific gravity (y;.,
N/m3). 1 - pellets Il; 2 - agglomerate IlI; 3 - millet; curves

- results of calculation according to equation (16)

Figure 10 shows the dependence of three series
of values and the average error on the change in the
parameter under consideration. All the curves are
decreasing, indicating a gradual decrease in the
value as the argument increases. The highest values
are observed in the first series, which decreases
from 16 to 6. The second series also shows a
consistent decrease from 11 to 4.8, while the third

series has the lowest values and decreases from 5.5
to 2.8.

The average error decreases from 10.83 to
4.533, which confirms the general trend of
decreasing the studied indicator. The whiskers on
the graph reflect the spread between the minimum
and maximum values among the three rows at each
point. In the initial section, the spread is the most
pronounced, as the difference between the first and
third rows is the greatest. As the argument
increases, the length of the whiskers gradually
decreases, indicating a reduction in the differences
between the individual measurement rows.

Thus, the known empirical formulas obtained
based on experiments with air flow are valid for
calculating the critical gas velocity only within
certain limits.

The analytical dependence (5) has been
experimentally verified only in the case of air flow.
When a loose material is suspended, its flow rate
becomes zero when

AP,

1———
ayef(wg)

=0 (11)

Revealing the meanings AP,, after substitution
and transformations we obtain for the counter gas
flow:

(12)

Substituting A and R into equation (12), we
obtain

T e 4 C-) BPPS
kr = 2cHy} M

In the case of unstable turbulent motion of the
oncoming gas flow (c = 3.8;n = 0.2):

18| gosatly, f(wy)

7.6HyL-8n0.2 (14)

(15)

Takingd = d.q;, we obtain for an unstable
turbulent regime:

VkT =m

1.8 go.sdz.zykf(#;%).[ am ]1.2 (16)

7.6Hy 28102 k(1-m)
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and for the turbulent regime

d
gyrf (”;E) 4m
1,1HYy k(1-m)

Vkr =md (17)

A comparison of the calculated values of the
critical velocities of the counter-current gas flow
according to equation (16) and the obtained
experimental data showed their satisfactory
agreement. The error lies within the range: from -
36.4 to +17.1%. Dependence (16) with an accuracy
of -25.6 to -35.0% and from -26.3 to -38.4%.

Calculation of critical speeds using formula (16)
allows us to reduce the magnitude of the error,
which is from -13.9 to +28.8% (Fig. 10) compared
with the experimental data. At the same time, the
error for the critical velocities of the oncoming air
flow, calculated using Eq. (17), is reduced -19.6 to -
30.1% and from -18.1 to -32.4% accordingly. This is
explained by the significant turbulence of the gas
flow in the layer, especially before it freezes.

With an error in the calculated values of the
critical speed, amounting from to -30.0 to +28.8%,
the main parameters varied within the following
limits: specific gravity and viscosity of the gas,
respectively, from 11.97 to 1.16 N/m3; from 8,9 -
107°to 1.81 - 10~°Pa - s; diameter, specific gravity
and coefficient of internal friction of bulk material
from 4,0 - 10™* to 15.0 - 10™3m;
from 14.3 to 39.2 kN/m?3; from 0.55 to 0.95;
coefficient taking into account the shape of the
particles, from 6.0to7.8; outlet diameter

from0.01 to 0.06m; attitude % equals 0,02 — 0,4.

A critical finding of this study is the shift in factor
significance during the transition to a turbulent
counter-current flow. As the system approaches the
blockage limit, the influence of gas density increases
substantially. Concurrently, the impact of bed
porosity, particle size, and shape decreases, while
the role of gas viscosity practically disappears. This
confirms that at high velocities, the aerodynamic
drag acting on the arch structure becomes the
primary governing force.

The developed analytical Eq. (12) is universal
and demonstrates high accuracy in predicting the
critical velocity of counter-current gas flows. It
effectively integrates the influence of outlet
geometry, solid-phase characteristics, and gas-
dynamic parameters. This provides a robust tool for
the design and optimization of bulk material flow in
horizontal-plane discharge systems, ensuring stable
operation in industrial metallurgical furnaces.

Conclusions

Based on the theoretical analysis and a set of
experimental studies on "cold" and "hot" models,
the following key conclusions were obtained, which
constitute the scientific contribution of the work:

1. A physical and mathematical explanation of
the mechanism of regulation of the speed of
dispersion media by gas flows is proposed, based on
the change in the torque of the friction forces during
the rolling of particles that form a dynamically
unstable vault. It is analytically proven that an
oncoming flow minimizes the resulting torque (up to
zero at the point of suspension), while a tailing flow
maximizes it.

2. The boundaries of applicability of classical
empirical release equations have been established,
which, as shown in the work, give an error of up to
150% or more when the gas density and viscosity
parameters exceed the normal air conditions. In
contrast, the proposed generalized semi-analytical
model Eq. (12) stably describes the release kinetics
and hover conditions with an error that does not
exceed +17.1+-36.0% in a wide range of changes in
the physical and mechanical properties of the
phases.

3. The spectrum of factors affecting the
controlled release of granular media has been
determined and ranked according to their
significance: gas velocity vector - hole geometry >
bulk density of the material - aerodynamic flow
parameters (flow rate, density). It has been revealed
that in conditions of developed turbulence, before
the layer freezes, the gas density becomes the
dominant factor, completely suppressing the
influence of the media's viscous characteristics.

4. The practical value of the results lies in the
fact that the established macroscopic patterns and
criterion equations allow for the precise design of
the release and dosing units of hopper systems and
counterflow shaft furnaces without conducting
expensive and resource-intensive  CFD-DEM
simulations for each individual particle size.
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a3 afblHbI NAapameTpaepiHiH CycbiMasibl MaTepUuanpapAabliH,
afy XblNgamAablFblHa 3cepi

1 AxmeToBa C.C., 2 Kabuesa I'.K., * PaxaTtoBa A.B.

19. CarbiHO8 ambiHOaFbl KaparaHObI mexHUKasiK yHusepcumemi, KaparaHdbl, KazakcmaH
2C.CelichynnuH amoiHOarbl Ka3aK a2pomexHUKanblK 3epmmey yHueepcumemi, AcmaHa, Kazakcmax

TYRIHAEME

Makanagaa Kofapbl aHe TemeH bafblTTanfaH ras arblHAAPbIMEH ©3apa SPEKeTTecy KesiHae
TYWIPWIiKTi opTanapAblH, aFy 3aHAbIIbIKTapbl MEH KO3fanbiC KMHETUKackl 3epTTenesi. Cycbimanbl
maTtepuangapapl TMIMA[ KalblFapy npoueciH 6ackapy lWaxTanblK newTtep MeH O6yHKepaik
KYPbINfblIapapl NainaanaHya MaHbi3fbl acnekT 60nbin Tabblnaabl. 3epTreynep *asblk Menaip
JKOHE YIKEUTINTeH «bICTbIKY MOAENbAEPAE Kblngam belHeTycipinimai (CK-16) KonpaHa
OTbIPbINLIN XKYPri3inai. KpUTUKaNbIK KblAJamAabIKTbIH, ecenTenreH MaHaepiHgeri katenik -30,0-

Makana kengi: 18 cayip 2026 AeH +28,8%-Fa feiiH aybITKblFaH Ke3fe Heri3ri napameTpsiep Keseci WeKTepae e3repai: rasgpiH,
CapanTtamagaH eTTi: 19 mameip 2026 MEHLWIKTI ThIFbI3AbIFbI MEH TYTKbIPAbIFbI, TuiciHwe, 11,97-geH 1,16 H/m3; 8,9-107° 6acran
Kabbinganapl: 5 maycoim 2026 1,81-107° Ma-c Aeitin; AMameTpi, MEHLIKTI ThIFbI3/bIfbI KOHE CyCbiMajbl MaTepuangbliH, ilKi

yiikenic koapduumenTi 4,0-10™*-aen 15,0-1073 m geiiin; 14,3-TeH 39,2 kKH/m3-re peitin; 0,55-TeH
0,95-Ke AperiH; BenweKkTepain, NiWwiHiH eckepeTiH KoadouumeHt, 6,0-aeH 7,8-re AeiH; WbIFbIC
Avamerpi 0,01-aeH 0,06 m-re aeitin; d/R KaTbiHacbl 0,02-0,4. 3epTTesieTiH maTepuangap peTiHae
arnomepart, 9K, Tapbl KaHe KOKC nahganaHblngbl; ra3 ¢pasacel peTiHae — aya, reavii xaHe cyTeri
KONAAHbINALI. AFy MEXaHM3MI AMHAMUKaNbIK TYPaKCbi3 KymbesgepaiH, (csoa) 6y3biny KuinirimeH
aHbIKTaNaTbiH CaTbiNbl CUNATKA Me eKeHi aHblKTanabl. LUblFapy KblngamabliibiFbiHA acep eTeTiH
Herisri GaKTop rasablH, TbifbI3AblFbl E€KEHi, an TYTKbIP/bIKTbIH, 9Cepi eKiHWi Aapexeni ekeHi
aHbIKTangpl. KabattbiH, Kentenyid (ipKinyiH) TyAblpaTblH rasablH, KPUTUKAAbIK Kbl14AMAbIFbIH
ecenTeyre apHanfaH aHa/NUTUKaNbIK TIYENAINIK TyKbipbiMAanabl. ANblHFAH HaTUXKenep
MEeTaNNyPrusablK arperaTrapaa Wolfapy TECIKTEPiHiH KOHCTPYKTUBTIK NapameTpaepiH XKaHe ypaey
pexumaepiH oHTalnaHabIpyFa MyMKiHAIK 6epeai.

TyiiiH ce30ep: cycbiManbl MaTepuangap, ras afbiHbl, KO3FasbiC, Kbl14aMAbIK, ra3eTKI3riWTiK.
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BanaHmne napameTpoB ra3oBoro NOTOKa Ha CKOPOCTb UCTEYEHUA
CbiNy4Yynx matepuanos

1 AxmetoBa C.C., 2Kabuesa I'.K., 3 Paxatosa A.Bb.

1 KapazaHOuHcKuli mexHuveckuli yHusepcumem umeHu A. CaeuHosa, KapazaHda, KazaxcmaH
3 Kazaxckuii azpomexHuveckull uccnedosamensckul yHusepcumem um. C. CelihynnuHa, Acmara, Kazaxcmat

AHHOTALUMA

CraTbA MOCBALLEHA WCCNEA0BAHMIO 3aKOHOMEPHOCTEN UCTEYEHUA W KUHETUKU ABUMNKEHWA
3EPHUCTBIX Cpes, NPU B3aUMOAENCTBUM C BOCXOAALMMU U HUCXOAALLLMMM ra3soBbIMU NOTOKaMMU.
MNoctynuna: 18 anpensa 2026
PeueHsnpoBaHue: 19 maa 2026
MpuHATa B nevatb: 5 uroHa 2026

YnpasneHue BbIMYCKOM CbINMy4nMX MATEpPUaANoB ABAAETCA KPUTUUYECKMM acreKTOM 3KCnyaTaumm
LIAXTHbIX MeYyeil U BYHKEePHbIX YCTPOMCTB. DKCNEepUMEHTA/IbHbIE UCCAEA0BAHUA MPOBeAeHbl Ha
NIOCKOM MPO3PaYyHON U YKPYMHEHHOW «ropavyen» Moaensx C MUCMoJb30BaHUEM CKOPOCTHOM
Bugeocbemkn (CK-16). Mpu NOrpewHOCTM B PACYETHLIX 3HAYEHUAX KPUTUYECKOW CKOPOCTH,
cocTasnstoLwei ot -30,0 fo +28,8%, OCHOBHblE NapamMeTPbl U3MEHANNUCH B CIeAyOLWMX Npeaenax:
yAenbHas MAOTHOCTb M BA3KOCTb rasa, COOTBeTCTBeHHO, oT 11,97 mo 1,16 H/m3 ot 8,9-
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1076 10 1.81 - 107> Ma-c; AMameTp, yaenbHas NAOTHOCTb U KOIDOULIMEHT BHYTPEHHETO TPEHNA
cbinyyero matepuana ot 4,0-107% go 15,0-1073m; ot 14,3 go 39,2 kH/m?; ot 0,55 go 0,95;
K03 dULMEHT, yunTbiBatowmii opmy yactuu, ot 6,0 o 7,8; AMameTp BbIXOAHOIO OTBEPCTUS OT
0,01 po 0,06 m; oTHoweHne d/R paBHo 0,02-0,4. B KauyecTBe ucciesyembix MaTepuasnos
MCNO/Ib30BaHbl arTOMepaT, U3BECTb, MLWEHO W KOKC; B KayecTBe razoBoi ¢pasbl — BO34yX, reauii u
BOAOPOA,. YCTAHOB/EHO, YTO MEXAHU3M UCTEYEHWUA HOCUT CTagUNHbIN XapaKTep v onpegenseTcs
YacToTOM paspylleHus AMHAMMYECKM HeycTOMUMBbIX CBOAOB. BbiABAEHO, 4YTO K/OYEBBIM
baKTOpOM, BAUAIOLWMM Ha CKOPOCTb BbIMYCKa, ABAETCA NIOTHOCTb ra3a, B TO BPEMA KaK BAUAHUE
BA3KOCTM BTOpUYHO. CHOpMyNMpoBaHa aHANMTUYECKAn 3aBUCUMOCTb A1A pacHeTa KpUTUYECKon
CKOpPOCTM rasa, Bbi3blBalowWel 3aBucaHve C€n0A. [loaydeHHble  AaHHble  MNO3BOAAIT
ONTUMM3MPOBATb KOHCTPYKTUBHbIE NAapamMeTPbl BbIMYCKHbIX OTBEPCTUI U PEXUMbI NOSAYN AYTbA B
MeTaNNypruyYeckmx arperaTax.

Kniouesble cnosa: Cbiny4yune mMaTepuanbl, rasosbiit NOTOK, AOBWUXeHUe, CKOpPOCTb,
rasonpoHnLUaemocCTb.

UHpopmayusa o6 asmopax:

KaHdudam mexHuU4ecKux HayK, accoyuuposaHHbll npogeccop Kagedps! Beicwas mamemamuka,
Axmemosa Candyzaw CosemosHa KapazaHduHckuli mexHu4eckuli yHusepcumem um. A.Cazurosa, 100027, np. Hypcyamaxa
Hasapbaesa, 56, KapazaHOa, KasaxcmaH. E-mail: s.akhmetova@ktu.edu.kz; ORCID ID:
https.//orcid.org/0009-0003-7848-4463

Mpenodasamene  Kagpedpsl  Beicwas  mamemamuka,  KapaeaHOUHcKkul — mexHuvecKul
Kabuesa lynoHap KawkumbaesHa yHusepcumema um. A.CazuHosa, 100027, np. HypcynmaHa Haszapbaesa, 56, KapazaHda,
Kasaxcman. E-mail: g.kabiyeva@ktu.edu.kz; ORCID ID: https.//orcid.org/0009-0003-4069-3569

Jokmopanm PHD, Kasaxckul aepomexHuueckuli uccnedosamensckull yHusepcumem umeHu
Paxamoea Anus belibymosHa Cakena CelihynnurHa 010011, np. KeHic, 62, AcmaHa, KazaxcmaH. E-mail: aliya-rahatova@mail.ru;
ORCID ID: https://orcid.org/0009-0001-9086-232X
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