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Abstract. In the modern mining and metallurgical industry, the operational stability of preparatory processing
equipment, such as crushers and mixers, is significantly dependent on the uniformity of the granulometric
structure distribution of the feed material. The presence of oversized lump material leads to dynamic overloads,
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accelerated wear of working components, and increased energy consumption. Conventional classification
methods using scalping screens are economically inefficient at low contents of oversized lump material, which
necessitates the development of cost-effective classification methods directly on conveyor lines. The aim of this
study was to provide a scientific justification for the design of a machine for the mechanical removal of large-
sized inclusions from a flow of bulk material in the unloading zone of a belt conveyor, based on a previously
developed segregation heterogeneity model. The study employs methods of mathematical modeling, theoretical
mechanics, and particle dynamics, which made it possible to substantiate the design of a classification device in
the form of a rotating rod comb positioned above the conveyor discharge pulley. It has been established that the
rational operating regime is achieved by matching the linear velocity of the belt with the kinematic parameters
of the rod tip rotation, thereby minimising energy losses due to sliding. It has been mathematically proven that
a rod profile in the form of a clothoid ensures its penetration into the material bulk along the normal path,
significantly reducing impact loads. A comprehensive dynamic model has been developed, describing three stages
of interaction: particle extraction from the layer, its relative motion along the rod surface, and free flight, which
makes it possible to determine the geometric boundaries of the oversized lump material dispersion zone. This
enables precise positioning of receiving hoppers and deflector plates for oversized lump material. The obtained
mathematical models and geometric relationships allow for the design of efficient pre-classification units
integrated into existing conveyor systems, ensuring protection of process equipment from overloads without the
need for bulky and energy-intensive machinery

Keywords: belt conveyor; material segregation; mechanical classification; rotating rod comb; particle free-flight

trajectory; size classification; discharge assembly

Introduction

Under current operating conditions of mining and
metallurgical enterprises, ensuring the stable and re-
liable performance of equipment employed in material
preparation processes is one of the key factors in im-
proving production efficiency and reducing operating
costs. The performance of crushing, mixing, and com-
paction equipment is strongly influenced by the granu-
lometric composition of the feed material, particularly
by the presence of isolated oversized lumps exceeding
the permissible dimensions, as well as frozen or con-
solidated agglomerates formed due to moisture, tem-
perature fluctuations, and prolonged storage. The en-
try of such inclusions into process equipment disrupts
the prescribed operating conditions, increases dynamic
loading, intensifies the wear of working components,
and raises energy consumption, thereby adversely af-
fecting the reliability of technological systems.

One of the most extensively investigated research
directions concerns the influence of feed granulomet-
ric composition on the performance of crushing equip-
ment. B. Rocha et al. (2024) conducted industrial-scale
investigations of an HP500 cone crusher to determine
the influence of feed characteristics on its operational
performance. The authors analysed the effects of the
maximum feed particle size, width of the relieve slot,
and the physical and mechanical properties of the ore
on crushing performance. Their results demonstrated
that increasing the size of the largest feed particles
decreases crusher throughput. Moreover, feed size, to-
gether with the width of the relieve slot and material
properties, was identified as one of the principal factors
governing crushing efficiency. These findings emphasise
the necessity of limiting the entry of oversized lumps
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into the crusher to ensure stable equipment operation.
Further development of this research direction was
presented by M. Lindqvist & H. Li (2021), who devel-
oped a mathematical model of a cone crusher integrat-
ing a material breakage model with an energy-based
description of the crushing process. Using numerical
simulations, the authors investigated the influence of
feed granulometric composition on crusher capacity,
specific energy consumption, and the particle size dis-
tribution of the final product. It was found that increas-
ing the upper feed size limit alters the material flow
pattern within the crushing chamber, impedes particle
movement through the compression zone, and causes a
non-uniform distribution of loading over the crushing
surfaces. As a consequence, fluctuations in power con-
sumption occur, crushing efficiency decreases, and the
wear rate of the working components increases.

An alternative approach to this problem was pro-
posed by P. Itavuo & M. Vilkko (2021), who investigat-
ed the stabilisation of the crushing process through
automatic control of a cone crusher operating under
variable feed conditions. The developed control system
maintained a predetermined reduction ratio regardless
of fluctuations in feed granulometric composition. In-
dustrial-scale tests demonstrated that the proposed
control strategy substantially reduced process varia-
bility while increasing the average productivity of the
crushing complex. Nevertheless, the need for sophis-
ticated automatic control systems itself confirms that
fluctuations in feed granulometric composition consti-
tute one of the primary factors affecting cone crush-
er performance. The detrimental effect of oversized
lumps is equally significant in hammer crushers, where
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material breakage is predominantly achieved through
impact loading. T. Abilzhanuly et al. (2024) investigated
the dynamics of material motion within the crushing
chamber of a hammer crusher and demonstrated that
feed granulometric composition, together with the de-
sign parameters of the working elements, significantly
affects particle kinematics, process energy consump-
tion, and the quality of the final product. The study
showed that increasing particle size alters particle tra-
jectories, modifies impact conditions, and reduces the
uniformity of material breakage, ultimately resulting in
deteriorated technological performance.

The practical consequences of hard oversized
lumps inclusions entering industrial hammer crushers
were examined by E. Kyekyere et al. (2024), who ana-
lysed the causes of premature failure of grate bars in
a reversible hammer crusher used for secondary coal
crushing. Based on macrostructural and microstruc-
tural analyses of damaged components, the authors
concluded that one of the principal causes of intensive
wear and failure was direct impact loading induced by
hard oversized lumps entering the crushing chamber.
Such particles were shown to intensify abrasive wear,
promote fatigue crack initiation, and accelerate brittle
fracture of working surfaces. The study concluded that
maintaining uniform feed conditions and restricting
the entry of oversized lumps are essential for increas-
ing the service life of crusher components and ensuring
stable equipment operation.

However, the above-mentioned studies are primar-
ily focused on improving crusher design, developing
mathematical models of the crushing process, or de-
signing control systems capable of compensating for
the adverse effects of fluctuating feed granulometric
composition. In contrast, the problem of removing iso-
lated oversized lumps directly from the bulk material
stream on conveyor routes before the material enters
the crushing equipment, thereby preventing overloads
at an earlier stage of the technological process, has
received very limited attention. The adverse effect of
non-uniform granulometric composition is also ob-
served in bulk material mixing processes, where parti-
cle size governs particle motion, the intensity of circu-
lation flows, and the uniformity of mixture formation.
Recent studies have demonstrated that variations in
granulometric composition substantially affect the en-
ergy and kinematic characteristics of the mixing pro-
cess, as well as the mechanical loads acting on the
working elements of mixing equipment.

G. Chandratilleke et al. (2021) employed the Dis-
crete Element Method (DEM) to investigate the mixing
of bulk materials in a ribbon mixer, aiming to deter-
mine the influence of the physic and mechanical prop-
erties and granulometric composition of the material
on process performance. The authors analysed circu-
lation flow patterns, mixing kinetics, and variations in
the torque acting on the mixer drive shaft. The results

revealed that an increase in particle size significantly
alters material circulation, prolongs the time required
to achieve a homogeneous mixture, and increases the
torque required for mixing. These findings clearly in-
dicate that the granulometric composition of the feed
material directly affects the energy performance of
mixing equipment. Similar conclusions were reported
by Z.Zuo et al. (2023) in their investigation of bulk ma-
terial mixing in a paddle mixer. Based on experimental
studies combined with DEM simulations, the authors
analysed the influence of the design parameters of the
mixing blades, rotational speed,and material properties
on particle motion. It was established that increasing
particle size modifies particle trajectories, circulation
velocity, and the intensity of interparticle interactions,
leading to reduced mixture homogeneity and lower
mixing efficiency. These findings further confirm that a
stable granulometric composition of the feed material
is one of the key prerequisites for the efficient opera-
tion of mixing equipment.

The problem of increased mechanical loading
on mixer components was investigated by D. Han et
al. (2022), who analysed the wear mechanisms of in-
tensive mixer rotors operating under prolonged service
conditions. Based on an investigation of the contact in-
teractions between material particles and working sur-
faces,the authors demonstrated that increasing contact
loads intensifies abrasive and fatigue wear, alters the
geometry of the working elements, and consequently
deteriorates mixing quality. These results confirm that
elevated mechanical loading is one of the principal
factors limiting the service life of mixing equipment.
Therefore, contemporary studies consistently demon-
strate that the granulometric composition of bulk ma-
terials significantly influences particle kinematics, pro-
cess energy consumption, and the durability of mixer
components. At the same time, the available literature
indicates that most studies focus on optimising mixer
design or operating conditions, whereas the preliminary
removal of isolated oversized lumps from the material
stream as a means of reducing mechanical loading on
mixing equipment has received virtually no attention.

Similar relationships are observed in the compac-
tion of bulk materials using High Pressure Grinding
Rolls (HPGR), whose operational efficiency largely de-
pends on the formation of a compressed particle bed
between the rolls. The particle size distribution of the
feed plays a decisive role in ensuring a uniform distri-
bution of contact stresses among particles and deter-
mines the efficiency of interparticle breakage. A. Ami-
nalroaya & P. Pourghahramani (2021) experimentally
investigated the influence of feed characteristics on
material breakage in HPGR. Their study demonstrated
that both the mechanical properties and granulomet-
ric composition of the feed material determine the
formation of the compressed particle bed, the distri-
bution of energy among particles, and the efficiency of
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interparticle breakage. Feed heterogeneity was shown
to deteriorate compaction conditions, thereby adversely
affecting the technological performance of HPGR.

Thus, regardless of the type of process equipment,
contemporary studies consistently indicate that the
presence of oversized lumps in a bulk material stream
leads to deteriorated process performance, increased
energy consumption, higher mechanical loading of
working components, and accelerated wear. However,
the overwhelming majority of published studies are
devoted to improving equipment design, optimising
operating conditions, or developing automatic con-
trol systems that compensate for the adverse effects
of oversized lumps only after they have entered the
working zone of the machine. In contrast, the preven-
tion of oversized lumps entry through their preliminary
removal from the conveyor stream remains insuffi-
ciently investigated. One of the most widely adopted
engineering solutions for preventing oversized lumps
from entering process equipment is their preliminary
removal using scalping screens. Such machines sepa-
rate oversized lumps by transporting the material over
a screening surface with relatively large apertures,
thereby effectively protecting downstream process
equipment against overloads. However, the application
of scalping screens is economically justified primarily
when the feed contains a considerable proportion of
oversized lumps. When their content does not exceed
5%, the use of a dedicated screening machine results in
high capital investment, substantial energy consump-
tion, and additional maintenance costs, significantly re-
ducing the economic efficiency of this approach.

Accordingly, the development of alternative meth-
ods for the preliminary removal of isolated oversized
lumps without employing dedicated classification
equipment represents an important research direction.
A promising basis for implementing such an approach
is the utilisation of the natural segregation phenomena
occurring during the transportation of bulk materials
on belt conveyors. Contrary to the traditional percep-
tion of a conveyor as merely a transportation device,
recent studies have demonstrated that bulk materials
continuously undergo particle size segregation during
conveying.As a result, coarse particles tend to concen-
trate in the upper layers of the material stream, where-
as finer particles migrate toward their lower part.
Z. Liu et al. (2022) conducted experimental investiga-
tions and numerical simulations of bulk material seg-
regation on belt conveyors. The authors demonstrated
that the intensity of stratified segregation depends on
the particle size ratio, conveying velocity, and the ge-
ometry of the material stream. It was shown that a sta-
ble particle size stratification is formed already in the
initial conveying section and remains preserved until
the material is discharged.

Further development of this research direction was
presented by Y. Duan et al. (2025), who employed DEM
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simulations to investigate the mechanisms governing
the formation of a segregated bulk material structure
during conveying and discharge. The authors demon-
strated that the resulting segregation pattern deter-
mines the spatial distribution of particles of different
sizes within the discharge zone and can be utilised for
the selective separation of specific size fractions with-
out additional classification operations. These findings
suggest that the conveying process should be regard-
ed not only as a transportation operation but also as
an important stage of material preconditioning before
subsequent processing. Therefore, the analysis of the
available literature indicates the absence of engi-
neering solutions utilising the natural segregation of
bulk materials on belt conveyors for the mechanical
removal of isolated oversized lumps directly within
the conveyor discharge zone. This unresolved scientif-
ic problem defines the relevance and novelty of the
present study. The objective of this study was to es-
tablish the fundamental interaction mechanisms be-
tween the working element and the segregated bulk
material stream within the discharge zone of a belt
conveyor and to substantiate the design and kinematic
parameters of a device capable of selectively removing
isolated oversized lumps without the use of dedicated
classification equipment.

Materials and Methods

The investigation of the mechanical separate process
of isolated oversized lumps from segregated bulk ma-
terial was carried out on the basis of a conceptually
developed device design (Fig. 1).

Figure 1. Basic diagram of the device
for removal of isolated oversized lumps
from segregated bulk material
Source: developed by the authors

In the initial problem formulation, the process of
transporting segregated bulk material 2 by a horizontal
belt conveyor 1 moving at a constant linear velocity v
was considered. As a result of segregation within the
material flow, a particle size heterogeneous structure
was formed in which isolated oversized lumps 3 with
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an average size d became localized within the near-sur-
face layer at a depth comparable to their characteristic
size. To implement the process of their removal, a rotat-
ing working element in the form of a rod comb 4 was
installed in the conveyor discharge zone. Structurally,
the comb was designed with an axial spacing between
the rods not exceeding d. During rotation, the comb 4
interacts with the upper layer of the material 2, cap-
tures the isolated oversized lumps 3, and imparts addi-
tional kinetic energy to them, causing their separation
from the main material stream and subsequent motion
along a free-flight trajectory inclined to the horizontal
in the direction of material movement. To limit the par-
ticle dispersion zone, a deflector surface 5 was incor-
porated into the design. Fine material fractions 2 that
do not interact with the comb 4 freely discharge into
the receiving hopper 6, whereas the isolated oversized
lumps 3 that receive an additional impulse are trans-
ported over a greater distance and discharged into the
remote receiving hopper 7.

The rational operating regime of the rotating work-
ing element is determined by the condition of minimis-
ing energy losses caused by the sliding of isolated over-
sized lumps relative to finer particles at the moment
of their removal from the material layer. To satisfy this
condition, according to the computational scheme used
for determining the geometric and kinematic parame-
ters of the rotating working element shown in Figure 2,
point A corresponding to the material detachment from
the upper surface of the layer of thickness h must coin-
cide with the point at which the rod exits the material
bulk. In this case, the projection of the linear velocity of
the rod tip at the specified point must be equal to the
linear velocity of the conveyor belt v.

00— 130 100 - 50

=5

oy

Figure 2. Computational scheme for determining
the geometric and kinematic parameters
of the rotating working element
Source: developed by the authors

For the justified selection of the installation posi-
tion of the receiving hopper for oversized lump frac-
tions or the positioning of the deflector plate intended
to direct them into the hopper, the law of motion of a
single oversized lump particle was investigated. At the
first stage, the relative motion of the particle along the
surface of the rotating rod was studied. The analysis is
based on the following representation of the process:
the interaction of the isolated oversized lumps with the
rod, while it remains within the material bulk, occurs
exclusively in the vertical direction, corresponding to
its detachment from the material layer. After exiting
the bulk material, the particle enters a sliding regime
along the rod surface during its rotation. In this case,
the initial sliding velocity is equal to the conveyor belt
velocity, and the initial coordinate is comparable to the
characteristic particle size (Fig. 3a). The force diagram
acting on the particle captured by the rod during its
relative motion is shown in Figure 3b.

Figure 3. Computational scheme of particle relative motion on the surface of a rotating rod
Notes: a - initial motion parameters of the particle; b — force diagram acting on the particle during its relative motion

Source: developed by the authors

For describing the motion, two coordinate systems
are introduced: a fixed system xOy associated with the

axis of the conveyor discharge pulley, and a moving
system x, O, y, rigidly attached to the rod and rotating
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together with it. The dynamics of the particle’s rela-
tive motion are described by the fundamental law of
dynamics for a material point, taking into account the
action of gravity, constraint reactions, as well as inertial
components induced by the rotational motion of the
reference system, in particular the Coriolis and centrif-
ugal forces.

The rotation angle of the rod is defined as a func-
tion of time:

@(t)=w-trad. D)

To simplify the mathematical description, it is as-
sumed that the particle position along the rod coincides
with its geometric profile, while its initial position is de-
fined taking into account the characteristic particle size
and the system geometry. Under these conditions, the
relative velocity during the particle transition onto the
gentle section of the rod is assumed to be determined
solely by the variation of the x, coordinates. Under these
assumptions, the forces acting on the particle are pro-
jected onto the axes of the moving coordinate system,
which makes it possible to formulate the equations of
motion in the form of a system of differential equations
expressed in projections onto the corresponding axes:

{G-sin<p+F—P-sina=m-am

—G-cosop—P-cosa+N-Q=m-a,/ (2)

where G - the gravitational force, N; F - the sliding fric-
tion force,N; P - the centrifugal force, N; N - the normal
reaction force, N; and Q - the inertial force associated
with Coriolis acceleration, N.

The mass of the isolated oversized lumps was ex-
pressed in terms of its density p and average character-
istic particle size d:

3
mzp-gn(g) ~0.524-p- d* kg. 3)
Taking into account the physical nature of the pro-

cess, the forces included in the right-hand sides of the
equations can be represented in the following form:

G=m-g=0524-p-d*-g=5.137-p-d* N, 4)
where g - the acceleration due to gravity, m/s?;
F=k-N, (5)
where k - the coefficient of sliding friction between the
isolated oversized lumps and the rod surface;
P=m-w?-r=0.524-p-&*-w?-r, (6)
where w - the angular velocity of rotation, rad/s;
0=m-2-w-v=1047 -p-&-w-
VX, )2+(y,)=1.047p- - w- X, 7)

Substituting expressions (1-6) into the original sys-
tem of equations (7) and expressing the accelerations
in differential form, the transformed system of equa-
tions is obtained:
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5.137-p-d®-sin(w-t)+k-N—
—0.524-p-d3~w? r-V1-(cosa)? =
=0524-p-d3-x,"
—5.137-p-d3® - cos(w - t) — (8)
—0.524-p-d®-w?-r-cosa+ N —1.047-p x
xd¥ w-x, =0524-p-d® -y,

Considering the negligible acceleration along the
0.y, axis at the moment the isolated oversized lumps
leaves the rod, the normal reaction force is, in the first
approximation, determined from the condition of qua-
si-static equilibrium of force projections onto this axis:

N=5.137-p-d*-cos(w-t)+0.524 -p - d*- w?-r-
~cosa+1.047 -p-d*-w-x,. 9)

To solve the relative motion of the isolated over-
sized lumps along the surface of the rod of the speci-
fied structural design, initial conditions for the relative
velocity and coordinate were used:

{Vro =-v

e —d - (10)

The time of motion of the isolated oversized lumps
along the rod surface is determined from the equation
of motion, solved with consideration of the initial con-
ditions (16), when the particle reaches the specified co-
ordinate value x,=0.The obtained law of motion makes
it possible to determine the trajectory of the isolated
oversized lumps after ejection,which in turn enables the
substantiation of the positioning of the receiving hop-
per or the deflector plate used to direct the particle flow.

Results and Discussion

The following geometric (1-3) and kinematic (4) rela-
tionships are established, linking the parameters of con-
veyor motion and the rotation of the working element.

BC=d m; (11)

r=H-h+dm; (12)

L= [Z-HT_h+1m; (13)
_ 30w

= i rpm. (14)

To minimise impact loads during the penetration
of the working element into the bulk material layer, the
rod profile was designed as a clothoid, thereby ensur-
ing that the rod enters the material along the normal
to the free surface and providing a smooth change
in its direction of motion. The selection of a clothoid
profile is justified by its fundamental geometric prop-
erty, namely, the linear variation of curvature with arc
length (Meek et al., 2004; Levien, 2008). In contrast to
a circular arc, which has constant curvature, or profiles
characterised by abrupt curvature discontinuities, a
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clothoid provides a continuous increase in curvature
from zero. Consequently, the normal acceleration and
the contact forces between the rod and the bulk mate-
rial increase gradually, thereby eliminating impact-type
interaction. Owing to these characteristics, clothoid
curves are widely employed in the design of motion
trajectories for engineering systems requiring a smooth
variation in curvature, reduced jerk, lower dynamic
loading, and improved motion stability. These advan-
tages have been confirmed by recent studies in vehi-
cle control and trajectory planning, demonstrating that
clothoid-based trajectories provide smoother curvature
transitions and lower dynamic loads than trajectories
containing curvature discontinuities (Li et al., 2023).
For the analytical description of the rod profile, a
computational scheme is introduced (Fig. 4), in which a
Cartesian coordinate system rigidly fixed to the surface
of the material layer is used. The origin is located at the
point where the material leaves the upper surface of the
layer, the abscissa axis is tangent to this surface, while
the ordinate axis is directed along the normal to it.

B | VA
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| ! el R 2 D 20 3
%

Figure 4. Computational scheme
of the rod profile of the rotating working element
Source: developed by the authors

On the basis of the developed computational
scheme, the rod profile is described by the parametric
equations:

x(t) = avm - for cos (ﬂziz) d¢
y(t) = avm - fOT sin (%2) df’

where t - a dimensionless parameter,with 0<t<1;a-is
a scale factor defining the dimensions of the rod profile.

Substituting the obtained function of the normal
reaction force (14) into the first differential equation of
the system (13), it is transformed into its canonical form:

(15)

x"-2-k-wx'=k-w?r-cosa-w*-r-

V(1 -(cosa)))+g-sin(w-t)+g-k-cos(w-t). (16)

The resulting differential equation (15) describes
the relative motion of the isolated oversized lumps
along the surface of the rod of the specified structural
design.

The relative velocity of the isolated oversized
lumps is defined as the first-time derivative of the ob-
tained law of motion:

day (£)
v.(t) = % m/s.

(17)

At the moment of detachment of the isolated over-
sized lumps from the rod, this velocity takes the value
v/(7-)'

In the second stage, the absolute velocity of the
isolated oversized lumps ejection was determined. In
this case, the rod rotation angle at the moment of ejec-
tion was calculated using expression (6):

@(N=w-Trad, (18)

where T - the moment of ejection of the isolated over-
sized lumps from the rod surface.

The translational linear velocity of particle ejection
is determined by the uniform rotational motion of the
rod comb at a radius r (Fig. 5):

[ y y’
—130
f-
——12%
|
20
L
— 15
- \%
Vﬂ e
y, a 3 | 1
( o f 0,
> X
150- 100 o [0~ 50 100 150 200 DT—300—.
1 X,
a o(7)
Figure 5. Computational scheme
of oversized lump particle ejection velocities
Source: developed by the authors
V,=w-rm/s. (19

The relative velocity v, of the particle was deter-
mined from the solution of differential equation (17)
under the initial conditions (16). The particle ejection
angle relative to the horizontal corresponds to the
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inclination angle of the absolute velocity vector with
respect to the horizontal axis. The projections of this
vector in the selected inertial coordinate system (see
Fig. 4) are expressed as follows:

Vax (T) = =, - cos[a + p(T)] — v, - cos[p(T)]
ﬂ@av=%smw+¢wn+wsmwan’@®

The magnitude of the particle absolute velocity
vector at the moment of ejection is given by:

v = [P + [0 D] s, @1

The trigonometric components of the ejection an-
gle were determined from the relationships between
the magnitude of the absolute velocity vector and its
projections:

cosy = :ﬂ; (22)
siny = U—y 23)

a

Thus, the absolute ejection velocity of the isolated
oversized lumps, its projections, and the inclination an-
gle relative to the horizontal were determined, which
made it possible to proceed to the third stage of the
study - the analysis of its free-flight. The general solu-
tion of the problem of motion of a free material point
projected atan angle to the horizontalin the selected in-
ertial coordinate system (Fig. 6) is expressed as follows:

x(t)=v,,-t+C,

yt)=-05g-t*+v, - t+C, (24)
y
x(t) L
: TN
=/ —~X
L D
M
R N L ato(t)
T
B o) B X H
/ BEREEI % n
V =

Figure 6. Computational scheme
of oversized lump particle free-flight
Source: developed by the authors

The integration constants were determined from
the initial conditions, namely the coordinates and
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velocity of the isolated oversized lumps at the moment
of its ejection. According to the computational scheme
(see Fig. 6), the absolute coordinates of the isolated
oversized lumps during its sliding motion along the
surface of the rotating rod are given by:

{x(t) = —r-sinfa+ @(t)] + L 25)

y(t)=H—h—r-cosla+ )]

According to the obtained results of solving equa-
tion (15) under conditions (16), the particle motion time
from the beginning of sliding to the moment of ejec-
tion is equal to T.Therefore, the absolute coordinates of
the ejection point are expressed as follows:

{x(T) =—r-sinfa+o(T)] +L

YT =H—-h—r-cosla+ o] 29

These coordinates serve as the initial conditions
for the subsequent motion of the isolated oversized
lumps as a material point during the free-flight stage.
The particular solution of the equations of motion was
obtained from the general solution (24) by substituting
the initial coordinates (26) and the initial velocity (21).
As a result, the law of motion of the isolated oversized
lumps during free flight after solving the Cauchy prob-
lem is expressed as follows:

x(t) = v, (T) - t + x(T)

Y(O) = —05g - t2 + vy (T) -t +y(T) V)

Using the developed mathematical model, a nu-
merical analysis of the selective removal of an isolated
oversized lump was performed to investigate its inter-
action with the rotating rod of the working element
under typical belt conveyor operating conditions. In the
first stage, the evolution of the particle’s dynamic char-
acteristics during its motion along the clothoid profile
of the rod was investigated (Fig. 7).
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12 t=0.022s 2
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Figure 7. Dynamics of the interaction between
an isolated oversized lump and the rod
Source: developed by the authors

Theresults showed that the relative contact reaction
N(&)/N, (where N(t) is the instantaneous normal contact
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force between the particle and the rod surface, N; N, is
the normal contact force at the initial point of contact,
N), decreases monotonically from 1 to 0, reaching zero
after 0.022 s, which corresponds to the instant when
contact with the rod is lost. Simultaneously, the relative
particle velocity v (t)/Va,., (Where v,(f) is the instanta-
neous absolute particle velocity, m/s; va,,, is its max-
imum value, m/s), increases continuously and reaches
its maximum immediately before particle detachment.
This indicates that the maximum kinetic energy of the
particle is attained precisely at the transition from con-
strained motion along the rod to free flight, which is
essential for achieving the maximum particle throw
distance. These results demonstrate that the clothoid
profile provides a gradual reduction in contact loading
without abrupt changes in the contact reaction, while
the maximum particle velocity is attained immediately
before detachment. Such a variation in the kinematic
characteristics confirms the suitability of the clothoid
profile for establishing stable initial conditions for the
subsequent free-flight phase. In the second stage, the
influence of the kinematic parameters of the working
element, specifically its rotational speed (n,), on the
particle separation velocity (v,), and the particle-rod
contact time (t,,,), was investigated (Fig. 8).

Z‘roal, S

40 60 80 100 120 140

Figure 8. Effect of rotor rotational speed
on separation velocity and contact time
Source: developed by the authors

The results indicate that increasing the rotational
speed from 40 to 140 rpm increases the particle sepa-
ration velocity by fourfold. At the same time, the parti-
cle-rod contact time decreases by 30%. These findings
demonstrate a substantial increase in the intensity of
mechanical energy transfer to the particle with in-
creasing rotor speed. Figure 9 presents the results of
the analysis of the influence of the coefficient of fric-
tion between the isolated oversized lump and the rod
surface. The results show that increasing the coefficient
of friction by 0.4 reduces the particle separation veloc-
ity by 55%. A similar trend is observed for the particle
throw distance. This behavior is attributed to increased
mechanical energy dissipation due to frictional forces,
resulting in a corresponding reduction in the energy

converted into the particle’s translational kinetic ener-
gy. Therefore, the coefficient of friction represents one
of the key parameters governing the efficiency of selec-
tive particle separation.

r30

Figure 9. Effect of friction coefficient
on particle kinematics and trajectory
Source: developed by the authors

The practical implications of the developed math-
ematical model are illustrated in (Fig. 10), which pre-
sents a family of trajectories of isolated oversized
lumps corresponding to rotor rotational speeds ranging
from 40 to 140 rpm, together with the trajectory of the
fine fraction for comparison.
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Figure 10. Isolated oversized lump trajectories at
different rotational speeds of the working element and
the recommended position of the receiving hopper
Source: developed by the authors

A quantitative analysis of the obtained trajec-
tories revealed that increasing the rotor rotational
speed predictably extends the flight distance of iso-
lated oversized lumps in the X. At the minimum rota-
tional speed of 40 rpm, the particle landing distance
is X=11 m. Increasing the rotational speed to 140 rpm
shifts the landing point to X=18.8 m, while simulta-
neously increasing the maximum trajectory height to
Y=3.7 m. Consequently, a well-defined landing zone for
isolated oversized lumps is formed within the range of
X=11...19.5 m. In contrast, the fine fraction exhibits a
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fundamentally different motion pattern. Rather than
being entrained into the ascending flow, fine particles
follow a considerably shorter trajectory and land at X=5
m. The resulting stable spatial separation, characterised
by a minimum gap of more than 5...6 m between the
landing zones of the oversized lumps and fine fractions,
provides a scientific basis for determining the geomet-
ric parameters of the discharge unit.

The obtained results demonstrate that the pro-
posed approach to the mechanical separation of isolat-
ed oversized lumps is feasible, provided that the design
and kinematic parameters of the rotating working ele-
ment are properly coordinated with the material con-
veying conditions on the belt conveyor. The developed
mathematical model made it possible to establish the
fundamental interaction mechanisms between an iso-
lated oversized lump and the rod, determine the con-
ditions governing particle detachment, and predict its
subsequent flight trajectory. In contrast to the majority
of recent studies (Hastie et al., 2010; Fei et al., 2026),
which primarily focus on minimising particle segrega-
tion or improving conveyor system design to preserve
material flow homogeneity, the present study is the first
to exploit natural segregation as the basis for the me-
chanical separation of isolated oversized lumps without
the use of dedicated heavy-duty classification equip-
ment. One of the principal findings of the present study
is that the use of a rod with a clothoid profile ensures a
gradual reduction in the contact reaction between the
working element and the oversized lump, thereby elim-
inating abrupt impact loading. At the same time, the
particle reaches its maximum velocity immediately be-
fore detachment from the rod. This result is consistent
with the findings reported by K. Ran et al. (2024), who
demonstrated, in the context of robotic systems, that
incorporating clothoid curves into trajectory planning
enables the generation of geometrically smooth paths,
minimises kinematic jerk, and significantly reduces dy-
namic loads acting on robotic actuators under stringent
kinematic constraints. However, their study focused on
obstacle avoidance algorithms and path planning for
mobile robots, whereas the present work is the first to a
pply the same geometric principle of continuous curva-
ture variation to the design of the working element of
a mechanical device intended for the selective removal
of isolated oversized lumps. This finding demonstrates
that the advantages of clothoid curves are not limited
to autonomous motion control and navigation applica-
tions but can also be effectively exploited in the design
of heavy-duty process equipment for the conveying and
selective separation of bulk materials.

Another important finding of this study is the four-
fold increase in the particle separation velocity as the
rotational speed of the working element increases from
40 to 140 rpm, accompanied by an approximately 30%
reduction in the particle-rod contact time. These results
indicate that the kinematic parameters of the working
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element directly govern the efficiency of mechanical
energy transfer to the particle. This conclusion is fully
consistent with the findings of previous studies based
on the DEM. In particular, DEM simulations of copper
ore flow through conveyor transfer stations (Walker et
al.,2020), as well as investigations of the discharge tra-
jectory and flow dynamics of cohesive materials from
a belt conveyor onto an inclined impact plate (Schef-
fler & Coetzee, 2023), have clearly demonstrated that
the interaction characteristics, velocity conditions, and
the evolution of normal and tangential contact forces
directly determine the efficiency of mechanical energy
transfer to individual particles.

The obtained results also demonstrated the de-
cisive influence of the rod surface condition on the
particle separation process. Specifically, increasing the
coefficient of friction between the rod surface and the
isolated oversized lumps by 0.4 was found to reduce
both the particle separation velocity and the corre-
sponding flight distance by approximately 55%. This
behavior is attributed to increased mechanical energy
dissipation caused by frictional forces, resulting in a
smaller proportion of the available energy being con-
verted into the particle’s translational kinetic energy.
The identified mechanism is fully consistent with the
fundamental findings of S. Laudari et al. (2023), who,
through DEM simulations of binary granular mixtures,
demonstrated that contact friction, both between par-
ticles and at the particle-equipment interface, has a
critical influence on velocity profiles, energy dissi-
pation, and the overall kinematics of double-faction
flows. These findings emphasise the necessity of main-
taining strict control over the condition and wear of
the rotating rod surfaces to preserve the designed par-
ticle throw distance and, consequently, the efficiency of
isolated oversized lump separation.

The simulations further demonstrated that an ap-
propriate combination of the device’s kinematic and
geometric parameters makes it possible to achieve a
spatial separation of up to 6 m between the landing
zones of the fine fractions and isolated oversized lumps
material. This result is fully consistent with the funda-
mental principles of bulk material separation based on
aerodynamic and inertial properties (Rhodes, 2008). Ac-
cording to the fundamental laws of dynamics, the flight
distance of a body moving through air depends on its
initial momentum, mass, and the aerodynamic drag
force.In conventional gravity-based conveyor discharge
systems, the natural separation between the trajecto-
ries of particles of different masses is minimal because
all particles leave the belt with nearly identical initial
velocities, making efficient classification impossible
without dedicated receiving hoppers or classification
devices. In contrast, the present study demonstrates
that the application of an additional mechanical im-
pulse generated by the rotating working element can
deliberately amplify this natural trajectory separation.
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By imparting additional kinetic energy to isolated over-
sized lumps at the moment of contact, the proposed
device ensures their stable displacement beyond the
landing zone of the main fine-material stream. As a
result, reliable industrial-scale separation is achieved
without remixing of the isolated oversized lumps and
fine material flows.

Conclusions

This study theoretically substantiated a novel approach
for the separation of isolated oversized lumps from a
bulk material stream directly within the discharge zone
of a belt conveyor. The proposed approach was based
on the natural segregation of the conveyed material
and its selective interaction with a rotating working
element. Unlike conventional solutions, the proposed
method does not require dedicated energy-intensive
classification equipment, thereby providing the basis for
improving the efficiency of existing material handling
and processing systems. The developed mathematical
model describes the complete process of isolated over-
sized lumps separation, including its extraction from
the segregated material layer, relative motion along
the rod surface, and subsequent free flight. The derived
analytical relationships make it possible to determine
the particle separation velocity, the coordinates of the
detachment point, the trajectory parameters, and the
predicted landing zone, thereby providing a sound basis
for the design and optimisation of the geometric pa-
rameters of the conveyor discharge unit.

It was established that the use of a rod with a
clothoid profile ensures a gradual reduction in the con-
tact reaction between the working element and the

the particle separation velocity while simultaneously
reducing the particle-rod contact time by 30%. These
findings indicate that the kinematic parameters of the
working element constitute one of the key factors gov-
erning the efficiency of mechanical energy transfer to
the material particles.

A significant influence of the coefficient of friction
between the rod surface and the isolated oversized
lump on the separation efficiency was demonstrated.
An increase in the coefficient of friction by 0.4 results
in an approximately 55% reduction in both the parti-
cle separation velocity and the particle throw distance.
This finding should be taken into account when select-
ing materials for the working elements and when as-
sessing their wear under operating conditions. It was
established that the proposed technical solution pro-
vides stable spatial separation of the trajectories of
isolated oversized lumps and fine particles, with the
corresponding landing zones separated by more than
5...6 m. This enables the efficient mechanical separa-
tion of isolated oversized lumps from the conveyed
material stream and provides a sound basis for the
optimal positioning of receiving hoppers or deflector
elements without the need for additional classifica-
tion equipment. Future research should focus on the
experimental validation of the proposed mathematical
model using a laboratory-scale test rig, investigating
the influence of the physics and mechanical properties
of bulk materials and the degree of particle segrega-
tion on separation efficiency, as well as optimising the
design parameters of the working element for different
operating conditions and materials conveying regimes.
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AHoTauifa. Y ripHMYo-MeTanypriiHid ranysi HagilHicTb poboTM niArotoBYyoro ob6nadHaHHS 3HAYHOK Mipoto
BM3HAYAETbCS OLHOPIAHICTIO TPaHYNOMETPUYHOIO CKIafly CUMPOBUHM, MpPU  LbOMY HASIBHICTb MOOAMHOKMX
BE/IMKOKYCKOBUX BKIHOUEHb CMPUUYMHSIE AUHAMIYHI NepEBAHTAXEHHS, IHTEHCUBHUI 3HOC pOHOUYMX OpPraHiB i 3pOCTaHHA
€HeproBuTpaT, Lo 06rpyHTOBYE HEODOXIiLHICTb PO3POOKU MaNOBUTPATHUX METOLIB iX BUAANEHHS 6e3nocepesHbo Ha
TPaHCMOPTHMX MaricTpanax. Metoto po6oTu 6yno HaykoBe OOFPYHTYBAaHHS KOHCTPYKLiT MalWMHU AN MEXaHIYHOro
BUJTYYEHHS BE/IMKOKYCKOBMUX BKJIOYEHb 3 NOTOKY CMMKOrO MaTepiany B 30Hi pO3BaHTaXXeHHS CTPIYKOBOrO KOHBEEPA
Ha OCHOBi nonepefHbO po3pobneHoi cerperauiiHoi HeofHoOpigHOCTI. Y poboTi 6ynuM BMKOpPUCTaHi MeToaM
MaTeMATUYHOrO MOAENIOBAHHS, TEOPETUYHOT MEXAHIKM Ta AMHAMIKM MaTepianbHOi TOUKM, SKi AO3BOAUIM HAYKOBO
06r'pyHTYBATM KOHCTPYKLLi0 CEMNapytHOro NpucTpoto y Burnaai 06eptoBoi CTpuKHEBOI rpebiHKK, po3TaloBaHOi Hag,
poO3BaHTa)xyBaNbHMM BapabaHoM KOHBeepa. byno BCTaHOBNEHO, LWLO paLioHANbHUI pexxnM poboTu 3abe3nevyBaBcs
Y3roAKEHHSM NTiHIMHOT WBWAKOCTI CTPiYKM Ta KIHEMATUYHMX NApaMeTpiB 06epTaHHS KiHLLiB CTPMXHIB, LLO MiHiMi3yBano
€HepreTMyHi BTpaTh Ha KOB3aHHS. MaTeMaTM4HO 4OBEeAEHO, WO NPOdiNb CTPUMXKHS Y GOpPMI KNOToiaM 3abe3neyye Moro
3aHYpEHHS B MaCMB MaTepiany Mo HOpMai, CyTTEBO 3HMXYKOUYM yOAPHI HAaBaHTaXeHHs. Po3pobneHo KoMnnekcHy
OMHAMIYHY MoAenb, 9Ka OMWCYE TPWU CTadii B3aEMOLii: BUOKPEMIEHHS YAaCTMHKM 3 LWapy, ii BiAHOCHUM pyXx Mo
NOBEPXHi CTPUXKHS Ta BiNIbHWIA MONIT, LLO JO3BOAUIO BU3HAUYUTM FEOMETPUYHI MEXi 30HM PO3/1bOTY BEIMKOKYCKOBOTO
MaTepiany. Lle 3abe3neunno ToyHe NO3MLIOHYBAHHSA MpUIUManbHUX OyHKepiB Ta BigbiiHMX MNacTUH-AedneKkTopiB
LN BENMKOKYCKOBMX (pakuii. OTpuMaHi MaTeMaTW4Hi MoAeni Ta reoMeTpuuHi CniBBiOAHOLWEHHS A03BOAKTb
NpoeKTyBaTU ePeKTUBHI By3nM nonepenHboi knacudikauii Ha 6a3i iCHYIUYMX KOHBEEPHMX NiHiN, Wo 3abe3nevye
3aXMCT TEXHONOrYHOro 06/1aAHAHHA Bif, NnepeBaHTaXeHb 6e3 BCTAHOBNEHHS FPOMI3KOr0 eHepProEMHOro 061afHaHHS

KAtouoBi cAoBa: cTpiukoBMIA KOHBEEp; cerperauis MaTepiany; MexaHiyHe BiLOKPEMNEHHS; CTpUXKHEBa rpebiHka;
TPAEKTOPIS BiIbHOTO MONLOTY; KNacudikauis Gpakuii; po3BaHTAXKYBaNbHUI BY30/
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