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The article is devoted to the study of the influence of the loading method on the productivity of a spiral-
screw conveyor - one of the most common types of equipment for moving bulk materials in agricultural
production, food and processing industries. The principle of operation of screw conveyors is considered, which
is based on the movement of the load along the transport channel under the action of a rotating working body
due to the dragging of the material along the inner surface of the casing, regardless of the physical and
mechanical properties of the load. The features of the functioning of slow-speed and high-speed screws are
analyzed, the influence of the screw rotation frequency, winding pitch, working body diameter and conveyor
inclination angle on the nature of the movement of material particles and the productivity of the system as a
whole is established. It is shown that in slow-moving screws, particles move mainly translationally, while in
high-speed ones, their trajectory is complicated by centrifugal forces.

Particular attention is paid to the comparative analysis of loading methods - gravitational and forced,
as well as kinematic schemes of material supply: axial, angular and circular. It is shown that the shape of the
loading hopper significantly affects the uniformity of cargo supply and the conveyor productivity coefficient,
the value of which can vary from 0.62 to 1.00 depending on the design of the hopper. It is established that the
use of a circular loading chamber increases the conveyor productivity by 6-23%, and the use of feeders - by
1.7-3 times. Theoretical dependencies are given for determining the critical angular velocity, productivity and
drive power of the screw conveyor, taking into account the design and operating parameters of the screw.

The electromechanical system of the conveyor is considered as a single complex "loading device -
screw - electric drive", in which the change in resistance to material movement depending on the loading
scheme is directly reflected in the loading characteristics of the drive asynchronous electric motor and its
operating modes.

Keywords: spiral-screw conveyor, screw, productivity, loading method, loading hopper, rotation
frequency, critical angular velocity, bulk materials, energy intensity, productivity coefficient.

Eq. 10. Fig. 4. Tabl. 1. Ref. 18.

1. Problem formulation

Screw conveyors and spiral screw conveyors remain among the most widely used types of continuous
conveying equipment for handling bulk, fine-grained, and moist materials in the agricultural sector, as well as
in the food, chemical, construction, and mining industries. Despite their seemingly simple design, the
mechanics of the conveying process are highly complex. Consequently, the design of such conveyors has
traditionally relied primarily on empirical data obtained through experimental studies, since the conveying
process is governed by the combined effects of screw rotational speed, conveyor inclination angle, and the
degree of channel filling with the conveyed material. This creates a continuing need to refine existing design
models and to identify opportunities for increasing conveyor capacity without increasing the energy
consumption of the conveying process.

A significant contribution to the development of the theory and design of screw conveying and
processing mechanisms has been made by the Ternopil scientific school. A considerable number of
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fundamental and applied studies on the substantiation of the design parameters of screw conveyors, including
flexible, telescopic, and multifunctional systems, have been carried out by the research team consisting of R.
M. Rohatynskyi, I. B. Hevko, and A. Ye. Diachun. Their work established the scientific and engineering
foundations for the design and development of screw conveying and processing mechanisms. These studies
were further advanced through research on flexible screw conveyors, including their design, manufacturing
technology, and experimental evaluation of performance characteristics, as well as investigations into the
development of advanced screw conveyor designs conducted by R. M. Rohatynskyi, I. B. Hevko, O. L.
Liashuk, V. Z. Hud, and A. Ye. Diachun. Particular attention should be paid to doctoral research in which
empirical relationships describing the effects of design parameters and operating conditions of multifunctional
SCrew conveyors on conveying capacity, power consumption, and the non-uniformity of bulk material mixing
were established for the first time. These findings confirm the importance of investigating the relationship
between operating parameters and the performance indicators of screw conveying systems. The conveying
capacity of variable-pitch screw conveyors used for grain transportation has also attracted considerable
attention from Ukrainian researchers, who have systematically reviewed and summarized both domestic and
international studies on the interaction between the grain flow and the working surface of the screw conveyor.

In international research, the Discrete Element Method (DEM) has become the predominant approach
for analyzing the performance of screw conveyors. The pioneering studies by Peter J. Owen and Paul W.
Cleary demonstrated that screw conveyor performance is primarily governed by operating conditions,
including screw rotational speed, conveyor inclination angle, and the degree of volumetric filling with bulk
material. Their work also showed that DEM simulations enable accurate prediction of particle velocities, mass
flow rate, energy dissipation, and power consumption under varying operating conditions. Over the past
decade, these approaches have been continuously refined and expanded. Recent review studies indicate that
DEM-based research increasingly integrates particle properties, screw geometry, and operating conditions with
experimental observations and theoretical models. Current research priorities include improving particle
models by accounting for cohesion, particle breakage, and irregular particle shapes, as well as integrating DEM
with machine learning techniques to enhance predictive capabilities. In parallel, comparative studies of
national engineering standards for screw conveyor design have shown that the semi-empirical parameters
incorporated into the American design standard tend to overestimate the required drive power. At the same
time, new screw conveyor designs continue to emerge. In particular, a 2024 study reported the performance
characteristics of a bionic screw conveyor with a non-uniform surface for conveying granular materials,
demonstrating the ongoing development of innovative working body designs aimed at improving conveying
efficiency.

Nevertheless, despite the substantial body of theoretical and experimental research accumulated to
date, the specific influence of the loading method and feeding configuration—including gravity or forced
feeding, as well as axial, angular, and circumferential feeding—on the performance of spiral screw conveyors
has received only limited and fragmented attention. Most studies have focused primarily on the geometric and
operating parameters of the screw itself, such as rotational speed, pitch, and diameter, whereas the design and
geometry of the loading unit have generally been treated as secondary factors. This highlights the need for a
systematic investigation of the influence of loading configurations and feeding kinematics on the conveying
capacity, energy consumption, and conveying quality of bulk materials in spiral screw conveyors. Addressing
this issue constitutes the primary objective of the present study.

2. Analysis of recent research and publications

To achieve the stated aim, the following research objectives were established:

1. To analyze the current state of the theory and practice of spiral screw conveyor design and to
summarize the findings of domestic and international studies on the influence of the screw's design and
operating parameters on the conveying process of bulk materials.

2. To classify the existing loading methods for screw conveyors (gravity and forced feeding) and the
kinematic material feeding configurations (axial, angular, and circumferential), and to identify their design
characteristics and fields of application.

3. To establish the relationship between the geometry of the loading hopper and the conveyor
performance coefficient through a comparative analysis of different loading device designs.

4. To provide a theoretical justification of the relationships used to determine the critical angular
velocity of the screw, the conveying capacity, and the drive power of the conveyor, taking into account the
material loading method.
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5. To determine the quantitative effects of the conveyor inclination angle, screw rotational speed, and
loading configuration on the performance of the conveying, loading, and discharge units of the conveyor
system.

6. To develop recommendations for selecting the optimal loading device design for a spiral screw
conveyor in order to improve its operational efficiency under specific technological conditions.

The accomplishment of these objectives will provide a scientific basis for practical recommendations
on the design and modernization of loading units for spiral screw conveyors, with the aim of increasing their
conveying capacity and improving the energy efficiency of the conveying process.

3. The purpose of the article

The aim of this study is to establish the relationships between the loading method and the structural—
kinematic configuration of the loading system and the performance of a spiral screw conveyor, as well as to
substantiate the rational design parameters of the loading device that ensure increased conveying capacity of
bulk materials while minimizing the energy consumption of the conveying process and the mechanical damage
to the conveyed material.

4. Results and discussion

Research Materials. The object of the study is a spiral screw conveyor used for conveying bulk
agricultural and industrial materials, including grain, compound feed, silage, fertilizers, and similar bulk
products. The subject of the research is the relationship between the conveyor loading method, the design and
operating parameters of the screw (diameter D, pitch s, pitch-to-diameter ratio y=s/D, rotational speed n,
inclination angle ) and the performance indicators of the conveyor, namely conveying capacity Q, drive power
N i and specific energy consumption Nsp.

The research materials included theoretical relationships describing the motion of a bulk material
particle within the conveying channel under the combined action of gravitational force, frictional forces acting
between the particle and the screw flight as well as the casing, and centrifugal force. The analysis also
incorporated comparative data for five loading hopper configurations, ranging from a straight-walled design
to an optimized streamlined geometry, together with generalized empirical relationships describing the
conveying capacity of the conveyor as a function of the loading and discharge configurations (axial, angular,
and circumferential).

Research Results.

1. Effect of the loading hopper geometry. A comparative analysis of five loading hopper configurations
(Table 1) demonstrated that replacing a straight-walled hopper with an optimized streamlined design increases
the conveyor performance coefficient from 0.62 to 1.00, i.e., by more than 1.6 times. Intermediate
configurations, including partially rounded walls, inclined guiding surfaces, and smoothly curved walls,
exhibited a gradual increase in the performance coefficient (0.73, 0.78, and 0.94, respectively). These results
confirm the decisive role of hopper geometry in reducing stagnant zones and ensuring a uniform supply of
material to the screw.

2. Effect of the loading configuration on conveying capacity. The results showed that the use of a
circumferential loading chamber, in which the screw is partially immersed in the bulk material, increases
conveying capacity by 6-23% compared with the conventional axial loading configuration owing to more
efficient material capture by the screw flights. The use of dedicated feeding devices under forced loading
conditions produces an even greater improvement, increasing conveying capacity by a factor of 1.7-3. This
effect is particularly significant for high-speed screw conveyors, where the centrifugal action of the rotating
screw creates a braking effect at the material inlet.

3. Effect of the discharge configuration. A comparison of discharge system configurations
demonstrated that axial and circumferential discharge arrangements provide the highest conveying capacity,
whereas angular discharge designs reduce capacity by 6-12% while simultaneously increasing the required
drive power by 50% or more. These findings indicate that the geometry of the discharge unit is as critical to
the overall system performance as the loading configuration.

4. Effect of conveyor orientation. The conveying capacity of vertical screw conveyors was found to be
only 30-40% of that of horizontal conveyors with identical screw parameters, This reduction is attributed to
the requirement that the operating rotational speed must exceed the critical angular velocity mcr to ensure
stable operation of a vertical screw conveyor, together with the additional retarding effect of gravity on the
axial movement of material particles.
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5. Coordination of subsystem capacities. The theoretical analysis confirmed that stable conveyor
operation is achieved only when the following condition is satisfied: P, < P; <; B. where the capacities of the
loading, conveying, and discharge units are properly coordinated. Violation of this condition (P, > P, >; P,)
results in excessive abrasion and particle breakage, as well as an increased risk of conveyor blockage. This
finding highlights the necessity of integrated design of all three subsystems rather than optimizing only the
SCrew.

6. Theoretical relationship for conveying capacity. Based on the equations describing particle motion
and by introducing the actual material volume through the inter-flight filling coefficient kv = 0-0,9 the
following design equation for conveying capacity was obtained: Q = 47-kQ-y-D3-n-p, sxa mosBoise
BU3HAUYaTH HEOOXimHM giamerp rBuHTa D 3a 3amaHor0 mpoayKTHBHICTIO Q 3 MOAANIBIIUM OKPYTJICHHSIM 32
JCTYVY.which enables the required screw diameter (D) to be determined for a specified conveying capacity (Q),
followed by standardization in accordance with the relevant national standard.

The obtained results confirm that the loading method is not a secondary factor but one of the key
determinants of the performance of a spiral screw conveyor. By selecting an appropriate loading hopper
geometry and material feeding configuration, the conveying capacity of the system can be increased by 60—
200% without modifying the geometric parameters of the screw itself.

The conveying process of bulk materials in screw and spiral screw conveyors is based on the
movement of the material along the conveying channel under the action of a rotating working element. During
screw rotation, material particles are captured by the screw flights and transported toward the discharge outlet.
The principal conveying mechanism is the dragging of the material along the inner surface of the casing, which
occurs regardless of the physical and mechanical properties of the material, its aggregate state, or the design
parameters of the screw. However, the efficiency of the conveying process is largely determined by the
interaction between the bulk material, the working element, and the inner surface of the conveyor.

The motion of bulk material particles within the conveying channel depends on the screw rotational
speed, the geometric parameters of the working element, and the coefficients of friction between the bulk
material and the conveyor surfaces.

The motion of bulk material particles within the conveying channel depends on the rotational speed of
the screw, the geometric parameters of the working element, and the coefficients of friction between the
material and the conveyor surfaces. Changes in the rotational speed alter the trajectories of individual particles,
directly affecting conveyor capacity, energy consumption, and the degree of mechanical impact on the
conveyed material..

According to the scientific and technical literature, screw conveyors are generally classified as low-
speed and high-speed conveyors. Low-speed conveyors are characterized by a relatively stable conveying
regime in which material particles move predominantly in the axial direction. Under these conditions, the
mechanical impact on the material is reduced, resulting in lower levels of particle degradation and abrasion.
However, the conveying capacity of the system may be limited.

In high-speed screw conveyors, the conveying process is accompanied by a significant increase in
centrifugal forces acting on the material particles. As a result, the material interacts more intensively with the
inner surface of the casing, and the particle trajectories become more complex and spatially three-dimensional.
Increasing the screw rotational speed enhances conveyor capacity; however, excessive rotational speeds may
lead to increased energy consumption, accelerated wear of the working surfaces, and deterioration of the
quality of the conveyed material.

The performance of a spiral screw conveyor is strongly influenced by its structural and operating
parameters, which determine the efficiency of bulk material transportation. The principal parameters include
the screw diameter, screw pitch, rotational speed of the working element, conveying section length, conveyor
inclination angle, and the filling ratio of the conveying channel. The interaction among these parameters
directly affects conveyor capacity, particle flow characteristics, and the energy performance of the conveying
system.

One of the most important operating parameters is the rotational speed of the screw, as it determines
both the conveying velocity of the material and the intensity of particle interaction with the working surfaces.
Insufficient rotational speed results in reduced conveyor capacity, whereas excessively high rotational speeds
may increase material damage and energy consumption. Therefore, the design of conveying systems requires
the determination of rational operating conditions that ensure an optimal balance between productivity,
reliability, and energy efficiency.
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Another important design parameter is the screw pitch, which determines the volume of material
transported during one revolution of the working element. An increase in screw pitch improves conveyor
capacity; however, it may also increase the load on the drive system and reduce the stability of bulk material
flow. In addition, the screw diameter has a significant influence on the conveying process, as it determines the
conveyor throughput and the distribution of material within the conveying channel.

The operating efficiency of a spiral screw conveyor is determined by the combined effect of its
structural and operating parameters, which should be considered as an integrated system. The selection of
rational conveyor parameters ensures stable transportation of bulk materials, increases equipment productivity,
reduces energy consumption, and minimizes the wear of conveyor components.

In low-speed screw conveyors (Figure 1 a), when w < w;(the actual angular velocity is lower than
the critical angular velocity) and (w? R/ g) <1, particle A performs oscillatory motion at a variable radius while
simultaneously moving in the axial direction. Such conveyors are commonly used for conveying viscous,
adhesive, and cohesive materials, including steamed potatoes, silage, semi-solid manure, and similar materials.

In a high-speed screw conveyor (Figure 1 b), under the conditions w < wy i (w?R/g) <1, the
conveyed material is pressed concentrically against the casing surface by centrifugal forces, while particle A
follows a helical trajectory with a pitch sy, < s, where sis the screw pitch.

In practice, owing to particle size heterogeneity, continuous mixing of the material, and non-uniform
loading conditions, the actual particle trajectories are considerably more complex. High-speed screw
conveyors are widely used for vertical and inclined transportation of bulk and liquid materials, including grain,
liquid manure, and feed mixtures.

For reliable conveyor operation, the design must ensure an appropriate relationship between the
capacities of the loading- P,, conveying - P; and discharge-B. units.

When P, < P; <; B, the overall conveyor capacity is limited by the loading capacity, i.e., P = P,.
Conversely, if P,> P,> P, excessive friction and particle breakage may occur, potentially leading to clogging
of the conveyor. Therefore, the operating principle and the design of individual conveyor components have a
significant influence on the overall conveying capacity.

As the screw rotational speed increases, a braking effect on the conveyed material becomes more
pronounced. Consequently, both the loading capacity P,, and the discharge capacity P. decrease, whereas the
conveying capacity of the screw P; increases. For this reason, high-speed screw conveyors are often equipped
with specialized feeding devices to improve loading efficiency.

Fig. 1. Schematic diagrams of screw conveyors: (a) low-speed screw conveyor; (b) high-speed screw
conveyor
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Fig. 2. Schematic diagram of a vertical screw conveyor

The operating principle of screw and spiral screw conveyors is based on the continuous movement of
bulk material along the conveying channel under the action of a rotating working element. The performance
of the conveyor largely depends on the method of material feeding, the flow characteristics within the loading
zone, and the interaction between the conveyed material and the screw surface. Therefore, the proper selection
of the loading device design and the material feeding arrangement is of primary importance in the design of
conveying systems.

Two principal loading methods are employed in screw conveyors: gravity feeding and forced feeding.
In gravity feeding, the material enters the conveying section under the action of its own weight through a
hopper or an inlet chute. This method is characterized by its simple design and is commonly used in conveyors
intended for transporting grain, compound feed, and fine bulk materials. However, the efficiency of gravity
feeding depends on the flowability of the material, its angle of repose, and the uniformity of material supply
to the working element.

Forced feeding is applied when a stable and controlled material supply is required regardless of the
physical and mechanical properties of the conveyed material. In such systems, the material is delivered to the
conveying section by auxiliary feeders, metering devices, or specialized feeding mechanisms. This loading
method is primarily used for materials with high moisture content, a tendency to compact, or a non-uniform
structure.

Depending on the kinematics of material flow, gravity loading and discharge processes can be
classified into several principal types. One of the most common is axial loading, in which the material moves
predominantly along the screw axis. This configuration ensures a uniform supply of material into the
conveying channel and provides favorable conditions for stable transportation of bulk solids. Axial loading is
characterized by relatively low energy losses and reduced mechanical impact on the conveyed material.

Angular loading involves feeding the material at a certain angle relative to the conveyor axis. In this
case, the material flow becomes more complex because additional interaction forces arise between the particles
and the screw surface. This loading method is employed where installation space is limited or when the
conveyor must be integrated into complex technological production lines. However, angular loading may result
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in a non-uniform distribution of material within the conveying channel and increased local loads acting on the
screw.

Peripheral (circumferential) loading is achieved by enlarging the loading chamber or by partially
immersing the screw working element directly into the bulk material. Under these conditions, the screw flights
capture the material more intensively, thereby increasing the conveying capacity of the system. This loading
arrangement is frequently employed in spiral screw conveyors designed for transporting bulk, fibrous, or
heterogeneous materials. Nevertheless, the efficiency of peripheral loading depends on the geometric
parameters of the loading chamber and the operating conditions of the conveyor.

An important component of the conveying system is the loading hopper, whose geometry directly

influences the uniformity of material supply, the filling ratio of the conveying channel, and the stability of
screw conveyor operation. An improperly designed hopper may lead to the formation of stagnant zones,
irregular material flow, or conveyor overloading. Therefore, when designing spiral screw conveyors, it is
essential to consider the geometry of the loading device, the characteristics of the bulk material, and the specific
requirements of the technological process.
To evaluate the effectiveness of different loading device designs, it is advisable to perform a comparative
analysis of hopper configurations in order to determine the most suitable design for specific operating
conditions. Table 1 presents a comparative evaluation of loading hopper configurations, providing an
assessment of their influence on material feeding stability, conveyor capacity, and the overall performance of
the conveying system.

Table 1.
Comparative evaluation of loading hopper configurations.
Parameter Configuration | Configuration | Configuration | Configuration | Configuration
1 2 3 4 5
Hopper Straight walls Partially Inclined guide Smooth Optimized
geometry rounded walls surfaces curved walls streamlined
shape
Material feeding | Non-uniform Improved Stable Reduced Maximum
conditions material material material flow stagnant feeding
feeding inflow zones uniformity
Performance 0,62 0,73 0,78 0,94 1,00
coefficient

To improve material intake and reduce the initial resistance encountered during conveying, screw
conveyors are often designed with a progressively increasing screw pitch. The highest discharge capacity is
achieved with axial and peripheral (circumferential) discharge configurations. In contrast, angular discharge
arrangements reduce conveyor capacity by approximately 6-12%, while the required drive power may increase
by 50% or more compared with axial discharge configurations.

The conveying capacity of vertical screw conveyors is approximately 30-40% of that of horizontal
screw conveyors. The use of a peripheral (circumferential) loading chamber can increase conveying capacity
by 6-23%, whereas the application of auxiliary feeding devices can improve capacity by a factor of 1.7-3.0.

The conveying section of a screw conveyor consists of a screw and a trough. In horizontal screw
conveyors, the trough may have an open configuration, whereas steeply inclined and vertical screw conveyors
typically employ a tubular casing. In open troughs, the screw may be completely submerged beneath a passive
layer of material when the filling coefficient exceeds unity. The maximum conveying length of screw
conveyors can reach 60 m, while the maximum vertical conveying height may be up to 20 m.

The principal parameters of a screw conveyor are classified into three groups:

o Geometric parameters: screw diameter (D), screw pitch (s), the pitch-to-diameter ratio (y = s/D), and
shaft diameter (d);

¢ Kinematic parameters: rotational speed (n) and angular velocity (o);

e Operating parameters: the capacity coefficient (k) and the coefficient of friction (f), the increase of
which results in a reduction in conveyor capacity.

The pitch-to-diameter ratio is typically within the range y = 0.6-1.25. Selecting values outside this
range generally leads to a decrease in conveying performance. The screw diameter usually varies from 50 to
600 mm.

Depending on the characteristics of the conveyed material, the capacity coefficient of vertical screw
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conveyors is typically 2-3 times lower than that of horizontal conveyors. The screw rotational speed generally
ranges from 5 to 1300 rpm (min™).

During the motion of a material particle within a screw conveyor, several forces act simultaneously on
the particle: the gravitational force mg; the friction force between the particle and the screw surface fi mg,
which promotes particle entrainment by the rotating screw; the pressure exerted by adjacent particles kf; mg
where K is a proportionality coefficient; the centrifugal force mw? r, which presses the particle against the
casing; the friction force between the particle and the casing f- mw? r, which opposes the rotational motion of
the particle together with the screw; and the internal friction forces within the bulk material. The combined
action of these forces causes the particle to slip along the screw flight (om<w) while simultaneously undergoing
axial displacement, thereby producing the conveying effect.

The reliable operation of a vertical screw conveyor is ensured when the screw angular velocity exceeds
the critical value, i.e., @>wx Under this condition, the centrifugal force is sufficient to maintain continuous
contact between the material particles and the inner surface of the casing. The critical angular velocities (see
Figure 2) for particles located at points A and B are determined from the force equilibrium equations projected
onto the x—x axis:

mgsinsina + fymgcoscosa + f; fmw?Rsinsina — f,mw?Rcoscosa = 0
mgsinsina,. + fymgcoscosa,, + fymw?r,, =0 (1)

Where f; f> f5- are the coefficients of friction between the conveyed material and the screw, the casing,
and the bulk material itself; r,. = 0,5d,., where 7, and d,. are the radius and diameter of the material heap,
respectively, and a,.-is the angle of repose at which conveying becomes impossible.

After mathematical transformation, the corresponding expressions for the outer point A and the inner
point B (Figure 2) can be obtained as follows:

_ fthg(a+<p1). _ fnginsin(aoc—tpl)
Wiea = Df, » OB = docfscoscosp, (2)
For a horizontal screw conveyor (see Figure 1), the critical angular velocities corresponding to the
outer point A and the inner point B are given by:

29 29
Wiea = /D—fzika = o ©)

The operating rotational speed of the screw in high-speed conveyors is generally several times greater
than the critical rotational speed and satisfies the condition: n > n;, = 30 w,/m. For low-speed screw
conveyors, the recommended operating speed is determined from the empirical relationship n < A/+/D. Where
A = 65-50 - for light materials (e.g., grain, chopped forage, and semi-solid manure) and A = 50-30 for heavy
materials (e.g., coal, salt, root crops, and mineral fertilizers).

The axial conveying velocity of the material v (Figure 3 a) depends on the peripheral velocity of the
screw v and the theoretical axial conveying velocity vg,., corresponding to the motion of particle A without

rotational slip. Considering the relationships. v = %;VST = vtga; ver = Sn/60 and based on the velocity
diagram, the following relationship can be obtained: vs = k,,

__ kySn __coscosacoscos(a+@1) _ V-vy __ ny
VsT = 6o Aeky = c0SCoSQP, Ty n (4)
R
. . /
Axis of rotation /| T
< &

Q;{p - 4 -
L7 N\ N\ A\
AN\ Y\ '\y
\\, —K 7\ 14
N \

AR
Ny 2/3a
J

Fig. 3. Calculation schemes: (a) axial conveying velocity; (b) spiral screw
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Theoretical calculations and experimental studies show that, depending on the type of conveyed
material, the velocity coefficient k., ranges from 0.6 to 0.9, with higher values typically adopted for high-speed
SCrew conveyors.

The theoretical conveying capacity can be expressed in the general form as: Q; = 3600pF;v;

Where F; — is the cross-sectional area of the material flow, v, is the axial conveying velocity of the
material, and p — is the bulk density of the conveyed material.

The conveying process in a screw conveyor is highly complex and is influenced by several factors.
One of the most significant is the screw rotational speed n (see Figure 1 b), As the rotational speed increases,
the conveying capacity initially rises, reaches a maximum, and subsequently decreases. Another important
factor is the conveyor inclination angle, § (see Table 1), as the inclination angle increases, the conveying
capacity decreases. This effect is taken into account by the inclination coefficient kg = 1,0 ... 0,3; Furthermore,
the design of the loading and discharge devices influences conveyor performance and can be incorporated into
the calculation through the loading coefficient k, = 1,0...0,5i k,, =1,0 ... 0,94.

Expressing the actual volume of material conveyed over one screw pitch as V; = F.S = ky, V, where
V =0,785 (D? — d?) sand k,= 0,2 ... 0,9 — is the inter-flight volume utilization coefficient, while substituting
the expression for the axial conveying velocity, vs = k,ver = k,, sn/60 together with the corresponding
correction coefficients, the following equation is obtained:

Q = 47kyyD3np, (5)

_ 3’ Q
b= 47kgymp’ (6)

The calculated screw diameter is then rounded to the nearest standard value in accordance with the
applicable national standard (DSTU) and verified using the design criterion D > (4 ...10)A, where (A) is the
maximum particle size of the conveyed material. For vertical screw conveyors, lower values of the pitch-to-
diameter ratio ¥ and should satisfy the condition & < ¢ angle of repose of the bulk material.

The improvement of screw conveyor performance is primarily associated with increasing the screw
rotational speed, the use of lightweight structural materials, and the optimization of loading and discharge
devices.

Flexible screw conveyors are particularly suitable for conveying distances of 12—-15 m in the horizontal
direction and 3—4 m in the vertical direction. Their conveying capacity typically reaches 10-18 m* h™! and can
be estimated using the simplified expression:

2
Q = 40p™"5n, (7)
where D = 25-200 mm — casing diameter, d - spring diameter, where d/D=0,75-0,9. Recommended
operating conditions: n = 1500 ... 500m € 1, s/d=0,75-1,4 and o = 15-30°.

The power requirement N and the specific energy consumption Ny; = N/Q depend primarily on the
conveyor inclination angle B and the screw rotational speed n. The energy required for conveying increases
with both increasing rotational speed and increasing inclination angle. Nevertheless, the overall efficiency of
the conveying process can be improved by increasing conveyor capacity and optimizing the screw design.

During conveyor operation, power is consumed to overcome the following resistance components.

N; - friction between the conveyed material and the trough (or casing);

N, - friction between the conveyed material and the screw flights;

N5 - friction in the thrust bearing;

N, - friction in the radial bearings.

The resistance forces and the corresponding power losses are determined using the analytical methods
presented previously. Accordingly, the total power requirement of the screw conveyor is expressed as follows:

N = K, [(Ny + No)k + N3 + Ny]/n 8

where K, =1,05...1,2;k =1,05...1,4 i n where the coefficients represent, respectively, the

allowance for overcoming starting inertia, the resistance associated with material mixing, and the efficiency
of the drive mechanism.

For preliminary estimation of the screw conveyor power requirement, the following empirical equation
is commonly used:

from which:

N =kcgQ(L + H)w, 9)
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Where ¢=1,0-3,0 is the coefficient accounting for the influence of the conveyor inclination angle =20,
90° — and w, = 1,2-4,0 — is the coefficient of resistance to material movement. For flexible screw conveyors
wo = 7-21 depending on the properties of the conveyed material and the complexity of the conveying path.

The required motor power, taking into account the overload factor K, =1,3 ... 1,5 and the drive
efficiency n=0,7-0,9 is determined as follows;

N
Np = Ko; (10)

Determination of Resistance Forces and Drive Power (continued). The relationships obtained in Egs.
(8)—(10) make it possible not only to determine the drive power required for a specific conveyor design but
also to quantitatively evaluate the influence of the loading and discharge methods on the energy performance
of the system. Thus, these relationships directly link the conveyor loading and discharge configurations with
its power consumption, making it possible to assess the effect of different loading schemes on the energy
efficiency of the conveying process. Consequently, the proposed analytical expressions provide a theoretical
basis for optimizing the design of loading and discharge units with the aim of increasing conveying capacity
while minimizing the energy consumption of spiral screw conveyors.

Relationship Between Drive Power and the Loading Configuration. The coefficients kz = 1.0-0.5 and
k. = 1.0-0.94, which characterize the design of the loading and discharge units, are incorporated into the
calculation of the conveying capacity Q and, consequently, indirectly affect Egs. (9) and (10), since the
required drive power (N) is directly proportional to the conveying capacity. Therefore, a less efficient loading
configuration (i.e., a decrease in kz from 1.0 to 0.5) not only reduces the conveying capacity by approximately
50% under otherwise identical operating conditions but also necessitates a compensatory increase in the screw
rotational speed (n) to maintain the required conveying capacity. According to Eq. (9), this results in an
additional increase in the required drive power, because N increases with increasing rotational speed at a rate
greater than linear due to the dependence of the resistance to material movement on the sliding velocity of the
bulk material particles.

The result established earlier in this study—namely, that the drive power increases by 50% or more for
an angular discharge configuration compared with an axial discharge configuration—provides a practical
illustration of this effect. A poorly designed discharge configuration forces the conveyor to operate under
conditions of increased resistance, corresponding to higher values of the coefficient c in Eq. (9), which directly
leads to an increase in the required drive power Np without any changes in the screw diameter, pitch, or
material. This finding further confirms that the design of the loading and discharge units is a key factor
affecting not only the conveying capacity but also the overall energy efficiency of the spiral screw conveyor.

Example of Practical Evaluation. Assuming constant operating conditions for the conveyor (Q = const,
L = const, H = const) and adopting, wo = 2,0 which is a representative value for bulk agricultural materials, the
transition from an axial to an angular discharge configuration approximately doubles the coefficient ¢ owing
to the increased sliding distance and friction angle. According to Eq. (9), this results in a proportional increase
in the calculated drive power N, When the overload factor Ko = 1,3-1,5 is taken into account, the required
electric motor power Np. increases accordingly. These results demonstrate that optimizing the design of the
loading and discharge units is an economically justified approach to reducing the specific energy consumption
Np = N/Q, This approach represents an effective alternative to the conventional strategy of increasing the screw
diameter or pitch, which requires substantially more extensive design modifications.

Practical Implications for Conveyor Design. The minimization of the specific energy consumption of
a screw conveyor should be achieved through an integrated design approach. In addition to selecting an
appropriate pitch-to-diameter ratio (y = s/D) and screw rotational speed (n), as traditionally recommended, the
geometry of the loading hopper and the discharge configuration should be explicitly considered during the
preliminary drive power calculations using Egs. (8)-(10). Neglecting these design factors may lead to a
systematic overestimation of the required drive power and, consequently, to the unnecessary oversizing and
increased cost of the drive system.
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Fig. 4. The graph clearly illustrates the asymmetric effect of the angular discharge configuration
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A relatively small reduction in conveying capacity (up to approximately 9%) is accompanied by a
disproportionately large increase in the required drive power (up to 50% or more). This imbalance constitutes
the principal finding of Section 6, demonstrating that the selection of the discharge configuration is not a
secondary design consideration but a critical factor affecting the energy efficiency of the conveyor. Therefore,
the discharge configuration should be explicitly taken into account during the preliminary drive power
calculations based on Egs. (8)—(10).

The established patterns of changes in productivity depending on the loading scheme have a direct
electromechanical continuation: since the power N is directly proportional to the product Q- (L+H)  wo (formula
9), and the resistance coefficient to movement wo increases when switching from an axial to an angular loading
or unloading scheme, the conveyor electric drive is forced to operate in a mode of increased load without
changing the rotation frequency n.

This has two practical consequences for the electromechanical system:

1. Increase in the starting current of the motor. With an angular unloading scheme, which is
accompanied by an increase in the drive power by 50% or more (compared to the axial scheme), the rated
current of the stator of the asynchronous motor also increases in proportion to the load on the shaft, which,
with an unchanged rated power of the motor, can lead to its systematic overload and accelerated thermal wear
of the winding insulation.

2. The need for a power reserve when selecting a motor. The overload coefficient Ko = 1.3...1.5,
included in formula (10), should be chosen taking into account the worst-case scenario — that is, the structurally
least efficient loading/unloading scheme that is actually implemented in a particular conveyor. Ignoring this
factor at the design stage of the electric drive leads either to systematic underloading of the engine (with an
overestimated power reserve — and, accordingly, to a reduced power factor cos@ and efficiency of the electric
motor at partial loads), or to its chronic overload (with an underestimated reserve). Thus, a rational choice of
the structural scheme of the loading unit is not only a mechanical, but also an electrical reserve for increasing
the efficiency of the conveyor: reducing the resistance to material movement (optimized hopper shape, circular
loading scheme) allows you to reduce the installed power of the drive electric motor by 15-30% without losing
system productivity, which directly affects the capital costs and operational energy consumption of the
electromechanical complex as a whole.

5. Conclusion

The conducted analysis of the influence of the loading method on the performance of a spiral screw
conveyor demonstrated that the design of the loading unit is one of the primary determinants, rather than a
secondary factor, of the overall efficiency of the conveying system. Replacing a straight-walled loading hopper
with an optimized streamlined configuration increases the conveyor performance coefficient from 0.62 to 1.00.
The use of a circumferential loading chamber improves conveying capacity by 6—23%, while the application
of dedicated feeding devices under forced loading conditions increases conveying capacity by a factor of 1.7—
3 compared with conventional gravity-fed axial loading. In contrast, an angular discharge configuration
reduces conveying capacity by 6-12% while simultaneously increasing the required drive power by 50% or
more. The study also established that the conveying capacity of vertical screw conveyors is only 30—40% of
that of equivalent horizontal conveyors, owing to the requirement that the operating rotational speed exceeds
the critical angular velocity and to the additional retarding effect of gravity on the axial movement of bulk
material particles. Furthermore, the theoretical analysis of the coordination between the capacities of the
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loading, conveying, and discharge units confirmed that stable and reliable conveyor operation can be achieved
only when the condition P, < P; <; B. is satisfied. Violation of this condition leads to excessive particle
degradation and an increased risk of conveyor blockage. The obtained results indicate that the rational selection
of the loading hopper geometry and the material feeding configuration can increase the conveying capacity of
a spiral screw conveyor by 60-200% without modifying the geometric parameters of the screw itself.
Consequently, the loading unit should be regarded as a priority target for optimization in the design and
modernization of spiral screw conveyor systems. Future research should focus on the experimental validation
of the proposed theoretical relationships using a physical conveyor model and real bulk materials, as well as
on the application of the Discrete Element Method (DEM) to further investigate the influence of loading device
geometry on particle trajectories and conveying performance.
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JTOCJIIKEHHS BAKOHOMIPHOCTEM 3MIHU MPOAYKTUBHOCTI CIIIPAJIBHO-
I'BUHTOBOT'O KOHBEE€PA 3AJIEZKHO BIJI CIIOCOBY 3ABAHTAKEHHA

Cmamms npucesuena OOCTHONCEHHIO 6NAUBY CHOCOOY 3A6AHMANCEHHS HA NPOOYKMUBHICHD
CRIPATLHO-28UHMOB020 MPAHCROPMEPA — OOHO20 3 HAUNOWUPEHIWUX MUNI8 00IAOHAHHS 01 NepeMilyeHHs.
CUNKUX MAmepianie y CilbCbKO20CHOOAPCLKOMY BUPOOHUYMEI, Xapuositl ma nepepoOHitl NPOMUCTIOBOCHII.
Posensnymo npunyun pobomu 26UHMOBUX MPAHCNOPMEPIE, WO TPYHMYEMbCA HA NEPeMIWeHH] GAHMAMNCY
630060i1C MPAHCNOPMHO20 KAHATY Ni0 0i€io 00epmo8o2o pobouo2o 0peamny 3a paxyHoK 60I0YIHHI Mamepiary
NnO  GHYMPIWHIN NOBEPXHI KONCYXA HE3ANENHCHO 6i0 (Di3UKO-MEXAHIYHUX GIACMUBOCIEl BAHMAIC).
Ilpoananizosano ocobnusocmi yHKYiOHY8aHHA MUXOXIOHUX MA WEUOKOXIOHUX WHEKI8, 6CIAHOBIEHO 8NIUB
yacmomu 00epmanHs 26UHMA, KPOKY HABUBKU, diamempa pobo1020 opeany ma Kyma HAXUuLy mpaHcnopmepa
Ha Xapaxkmep pyxy 4acmuHoK Mamepiany i npodyKmusHicmy cucmemu 3azanom. Ilokasano, wjo 6 muxoxionux
UWIHEKAX YACMUHKU PYXAIOMbCSA NePesadtCHO NOCMYNANbHO, MO0l AK Y WEUOKOXIOHUX MPAEKMOPIs iX pyxy
VCKAAOHIOEMBCSL N0 0I€I0 GIOYEHMPOBUX CUL.

Ocobnusy yeazy npuoiieHo NopieHIbHOMY AHANI3Y CNOCO0I6 3A6AHMANCEHHS — 2PAGIMAYITIHO20 MA
NPUMYCO8020, A MAKOIIC KIHEMAMUYHUX CXeM No0ayi Mamepiany: ocbosoi, Kymoeoi ma Kpy2oeoi. [lokaszano,
wo ¢opma 3a8aHMANCY8ANLHO20 OYHKepa CYMMEBO GNIUBAE HA DIGHOMIPHICMb NOOA4l 8AHMANCY MA
KoeiyieHm npooyKmMueHOCMI MPAHCROPMEPQ, 3HAYEHHSL IK020 Modice Koausamucs ¢io 0,62 0o 1,00 3anedxicro
8i0 KOHCMPYKMUBHO20 BUKOHAHHSA OyHKepa. Bcmawnosieno, wo UKOPUCMAHHS KpPYeoeoi Kamepu
3A6AHMAIICEHHS NIOBUULYE NPOOYKMUBHICMb mpancnopmepa Ha 6—23 %, a 3acmocy8ants JHCUBUILHUKIE — )
1,7-3 pasu. Hasedeno meopemuyHi 3anedHcHOCMI Ol BUSHAUEHHS KPUMUYHOL Kymoeoi weuoKocmii,
NPOOYKMUBHOCI MA NOMYHCHOCHI NPUBOOY UIHEKOB020 MPAHCNOpMepa 3 YPAxXy8aHHAM KOHCMPYKMUBHO-
DEANCUMHUX NAPAMEMPIE 28UHING.

Posenanymo enekmpomexaniuny cucmemy mpancnopmepa aK EOUHUU KoMnaeKe "3a8anmaicysanbHuil
NPUCMPITi—28UHM—eNeKMPOnpugio”, y aKomy 3miHa onopy nepemiujerHio Mamepiany 3ajledicHO 8i0 cxemu
3A8AHMAdICEHHST DE3N0CEPEOHbO BI00OPANCAEMbCA HA HABAHMAIICYBANHUX XAPAKMEPUCTHUKAX NPUBOOHO20
ACUHXPOHHO20 eleKMPOOBUSYHA MA PEHCUMAX 11020 POOOMU.
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Kntouoei cnosa: cnipanbHo-26UHMOBULI  MPAHCNOpMED, WHEK, NPOOYKMUBHICMb,  CHOCIO
3A6AHMANCEHHS, 3ABAHMANCYBANbHULL DYHKeED, Yacmoma 00epmanHs, KpUMmuuyHa Kymoea WeuoKicms, CUnKi
mMamepianu, eHepeoEMHICMb, Koe@iyieHm npooyKmMuEHOCMI.
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