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Abstract. The relevance of the study derives from the need to increase efficiency of dry beneficiation of minerals,
in particular through improving methods of separation of finely dispersed materials. The research aimed to
analyse the reqgularities of the relationship of forces acting on a material particle in the vortex airflow in the
centrifugal separator. The paper uses the analytical research method and generalisation of existing studies
dealing with determining the balance of forces acting on a material particle in a vortex airflow. The main results
of the research consist in determining the dependencies between the most influential forces acting on a particle
of a mineral with a relatively high density in a centrifugal air separator. The balance of the airflow resistance,
gravity and centrifugal forces was established, which is a key aspect for improving designs and optimising
operating modes of centrifugal separators. The dependencies determining positions of resultants of the main
forces were established and allowed determining parameters of the rational operating mode of air separators
and substantiating recommendations for improving efficiency of their operation. The obtained equations of the
resultants are universal and do not depend on the specific design of the air separator, which allows them to be
used to analyse and optimise operation of various models of centrifugal air separators as well as other classes of
separators considering relevant adjustments. The practical value of the work consists in obtaining equations that
determine positions of the resultants of the three main forces acting on a particle in the vortex airflow. This, in
turn, enables determining parameters of the required mode of operation
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Introduction
The problem of efficient sorting of fine-grade materials  for increasing productivity and economic efficiency of
is becoming increasingly relevant in modern environ-  mining and beneficiation enterprises. Employment of
ment, when mineral beneficiation technologies require  centrifugal air separators is of particular importance as
high process precision and optimality. Improvement of  they provide high efficiency of dry separation of fine-
material separation methods is of crucial significance ly dispersed materials, replacing inefficient screening.
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This equipment is becoming indispensable in condi-
tions of increased application of dry mineral process-
ing technologies instead of wet processing to reduce
energy costs.

Sorting by centrifugal separators is an important
operation, especially for materials with a high content
of less than 0.1-0.5 mm fractions. However, efficien-
cy of this equipment depends on understanding and
considering the complex of forces acting on the ma-
terial particles, in particular the centrifugal force, the
airflow resistance force and weight. Improvement of
these technologies requires detailed mathematical
modelling to optimise separation processes. In cur-
rent studies of centrifugal separators, much attention
is paid to the analysis of forces that act on material
particles. In particular, most researchers (Adamchuk et
al., 2021; Esmaeilpoura et al., 2024) distinguish three
main forces: particle weight, the airflow resistance
force, and the centrifugal force. M. Madaliev (2020)
presents differential equations that describe the mo-
tion of particles in vortex flows. The author notes that
the centrifugal force and the airflow resistance force
are the main forces that determine the trajectory of
particles. S. Stepanenko (2019) provides formulas
for determining these forces, but their application is
complicated due to the need to determine additional
coefficients. The above authors point out that math-
ematical modelling of such processes is critical for
optimising operation of separators. S. Stepanenko &
B. Kotov (2020) further highlight the lifting force gen-
erated by the Magnus-Zhukovsky effect, which acts in
the direction opposite to the force of gravity. Thus, a
comprehensive approach to modelling and consider-
ation of all forces acting on particles is necessary to
improve efficiency of the process.

The present work aimed to build mathematical
models to determine prevailing forces influencing ef-
ficiency of material separation and to substantiate rec-
ommendations for improving process performance.

Materials and Methods

Specific features of the research object condition ap-
plication of the analytical method when the research
focuses not on a specific design, but only on the mod-
el of the separation process and its parameters. When
considering movement of a single material particle in
the vortex airflow, the following assumptions are made:
the particle is a solid undeformed ball-shaped body, its
density is P,= 3,500 kg/m? (that corresponds to the den-
sity of iron-containing concentrates), the radius of the
circle of the particle movement is accepted r=0.5 m,
the airflow has a uniform velocity field.

The following factors act on a single particle in the
spiral flow vortex (Fig. 1):

V the particle weight (the vector is in the down-
ward direction):

G=g-m, (1)

where m, = the particle mass, kg; g - the free fall ac-
celeration, m/s

Vv the airflow resistance force, N (the vector is di-
rected collinearly with the air velocity vector):

dZ
Pazcr‘ks’pa’vrz’”’?p, 2)

where ¢ - the coefficient of the airflow resistance of
the particle; k. - the coefficient that depends on the
particle shape (k. =1 - for ball-shaped; k_=1.1 - for
oval; k.= 1.5 - for pyramidal; k. =1.76 - for longitudinal,
k. =3.8 - for acicular ones); dp - the equivalent diameter
of the particle, m; p_ - air density, kg/m?; v_- the tan-
gential air velocity component.

V the centrifugal force, N (the vector is in the radial
direction from the centre):
T-ppv¥-dj

Fe = ; ©)
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where P, the density of the particle material, kg/m?;
r — the radius of the particle location, m.

V¥ the medium resistance force during the radial
movement of the particle from the vortex centre, N:

_ C~Fp~pp~v,2, (4)

T 2-g )

where C - the factor depending on Reynolds number
(C=10.48 for Re=1000...200000) of the airflow resist-
ance of the particle; Fp - the particle cross-section area,
m?; v, = the speed of the particle’s radial movement
from the vortex centre.

v, is determined as:

_ dpppvf
P 18vper’ (%)

where »_- the radial component of the air velocity, m/s;
v - the kinematic viscosity of air (v=1.5-10 - 5), m%/s.

Vv the kinematic lifting force, N (the vector is in the
opposite direction to gravity):

my-g-p
Py = %- (6)
14
V the friction force of particles on the curvilinear
surface of the separator housing, N (the vector is in the
opposite direction to the airflow resistance force vector):

P=k-P, (7)

where k - the coefficient of friction of the particle on
the separator housing wall.
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Figure 1. Forces acting on a material particle
in the vortex airflow
Source: developed by the authors

Results and Discussion

The values of the forces acting on the particle under
the same conditions are compared using the depend-
encies presented in the above methodology (Fig. 2).

810”7

, N
2
z

&
5

Force value

Figure 2. Comparison of the forces acting
on the particle in the centrifugal separator
under the same conditions

Notes: 1 - the particle weight G; 2 - the airflow resistance
force P; 3 - the centrifugal force P; 4 - the medium
resistance force during the radial movement of the particle
from the vortex centre P; 5 - the hydrodynamic force P,; 6 -
the friction force Pﬁ

Source: developed by the authors

Figure 2 demonstrates that the hydrodynamic force
and the medium resistance force during the radial
movement of the particle from the vortex centre are
the smallest in comparison with the others. It should
be noted that the relationship of the most influential
forces of gravity, airflow resistance and the centrifugal
force can vary significantly because they depend on the
size and mass of the particles, the radius of their loca-
tion inside the separator and the air velocity.

In the further force analysis, the hydrodynamic
force and the medium resistance force during the radial
movement of the particle from the vortex centre are
not considered due to their relatively small values. In
addition, the force of particle friction on the curvilinear
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surface of the separator housing is not considered ei-
ther because the present work deals with movement of
the particles in the airflow before their contact with the
walls of the separator housing.

Analysing the three most influential forces acting
on a particle in a centrifugal separator, it should be not-
ed that their values depend on the size, weight (densi-
ty) of the particle, the air velocity and the current radius
of the particle’s location inside the centrifugal separa-
tor. Therefore, this dependency cannot be plotted in its
entirety because it is a hypersurface. The relationship of
the three most influential forces acting on a particle is
shown in Figure 3.

Particle diameter, mm

Air s
velocity, nv/s 2 \

Figure 3. Relationship of the forces acting

on a particle depending on its diameter

and speed at the location radius of 0.5 m
Notes: 1 - the particle weight G; 2 - the airflow resistance
force P; 3 - the centrifugal force P; 4 - the resultant of
the airflow resistance P, and centrifugal P, forces; 5 - the
resultant of the centrifugal force P_and the particle weight
G, 6 - the resultant of the airflow resistance force P and the
particle weight G
Source: developed by the authors

Figure 3 shows that as the size and, accordingly, the
weight of the particle and the air velocity increase, the
centrifugal force becomes dominant. At low air veloc-
ities, the force of gravity is dominant. Finally, at small
particle sizes and, accordingly, their weight, it is the air-
flow resistance force that dominates.

Special attention should be paid to the position of
the resultants. The position of the resultant of the air
resistance force and the centrifugal force determines
the boundary of the material separation by size in cen-
trifugal separators. Positions of the resultant of the air-
flow resistance force and the particle weight determine
the boundary of the material separation by size in grav-
ity separators. Based on (1) and (3), the equation of the
projection of the resultant of the centrifugal force and
the particle weight (Fig. 4) looks like:

7
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v,9P°(d,)) = 3.13 - VT,

(8)
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Figure 4. Projection of the resultant
of the centrifugal force and the particle weight
Notes: 1 - the resultant; 2 - the particle weight G; 3 - the
centrifugal force P,
Source: developed by the authors

Then the condition of the centrifugal force exceed-

ing the weight of the material particle looks like:

P >G,if v, > 3.13 7. 9)

It should be noted that the position of the resultant

does not depend on the air velocity and is determined

only by the radius of the particle location. Based on (1)

and (2), the equation of the projection of the resultant

of the airflow resistance force and the particle weight
(Fig. 5) looks Llike:

(10)
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Figure 5. Projection of the resultant of the airflow
resistance force and the particle weight
Notes: 1 - the resultant; 2 - the particle weight G; 3 - the
airflow resistance force P,
Source: developed by the authors

0

Then the condition of the airflow resistance force
exceeding the material particle weight looks like:

2
P,>G,if v, > 1.003-d, - )| =2
ts'Pa

The position of the resultant of the airflow resist-
ance force and the particle weight is determined by
the linear dependency and additionally depends on the
density of material particles. Based on (2) and (3), the
equation of the projection of the resultant of the air-
flow resistance force and the centrifugal force (Fig. 6)
looks Llike:

(11)

95.0625-12-v-kZ-p3
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Figure 6. Projection of the resultant of the airflow
resistance force and the centrifugal force
Notes: 1 - the resultant; 2 - the centrifugal force P; 3 - the
airflow resistance P,
Source: developed by the authors

Then the condition of the centrifugal force exceed-
ing the airflow resistance force looks like:

95.0625-r%-v-kZ-p3
3.,2
dpPp

P>P,ifu, > (13)

The performed analysis of the relationship of
the acting forces confirms the conclusion made by
K.W. Chu et al. (2011) that the centrifugal, gravity and
airflow resistance forces are the predominant ones act-
ing on a particle. The obtained conditions of position-
ing the resultant of the main forces acting on material
particles in centrifugal separators enable quick deter-
mination of the required air velocity depending on the
size of the separator and parameters of the processed
material. The fact that the obtained equations do not
depend on the specific design of the separator allows
using them for analysing the entire class of centrifugal
air separators, and, with some adjustments, other class-
es of air separators.

N.X. Ho et al. (2024) consider the influence of the
additional medium resistance force which acts on the
particle during its movement in the curvilinear flow.
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This aspect differs from previous studies, in which this
force was not taken into account. Interestingly, at low
particle density and relatively large sizes, which are
characteristic of agricultural but not mineral materials,
the kinematic lifting force becomes more influential, as
shown in the work by B. Kotov et al. (2019). Y. Zeng et
al. (2020) and R. Shen et al. (2022) additionally men-
tion the force of particle friction on the separator wall,
which appears when the material comes into contact
with the equipment housing. The work by N. Morkun et
al. (2022), that dealt with the modelling and control of
magnetic separator parameters, should also be consid-
ered in this connection.

Moreover, the airflow resistance force value de-
pends more on the air velocity and particle size,and the
centrifugal force value depends on the particle weight
and location. Thus, closer to the axis of the separator,
the centrifugal force prevails for heavy particles and
pushes them outward to the housing wall; the airflow
resistance force predominates for smaller particles
with low mass and pick them up and carries them out
for discharge. At that, as can be seen from the above
graphs, to provide normal operation of centrifugal air
separators with particles of large mass and size, the air-
flow velocity should be relatively high. This again con-
firms that centrifugal air separators operate more effi-
ciently with small-sized particles of up to 0.1...0.5 mm.

Conclusions
The analysis performed has resulted in identifying reg-

gravity, airflow resistance and centrifugal ones. The bal-
ance between them is determined by the particle size
and mass (density), the air velocity and the current ra-
dius of the particle location in the separator. Thus, for
heavy particles located closer to the separator axis, the
centrifugal force prevails and pushes them outward to
the housing wall; for smaller particles with low mass,
the airflow resistance force predominates and picks
them up and carries out for discharge. So, to provide
normal operation of centrifugal air separators with par-
ticles of large mass and size, the airflow velocity should
be relatively high.

The dependencies have been established that iden-
tify positions of the resultants of the main forces and
allow determining parameters of the rational mode of
operation of air separators and substantiating the rec-
ommendations for improving their efficiency. The ob-
tained equations of the resultants are universal and do
not depend on the specific design of the air separator,
which allows them to be used to analyse and optimise
operation of various models of centrifugal air separa-
tors, as well as other classes of separators considering
relevant adjustment. Prospects for further research
consist in determining designs of centrifugal air sep-
arators with the best balance of the three mentioned
forces, which will contribute to increased efficiency of
separation of finely dispersed mineral raw materials, as
well as determination of possible ways to improve the
separator design.
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AHOTaLif. AKTyanbHICTb LOCNIIKEHHS 3YMOBMIEHA HEOOXiLHICTIO NiABMLLEHHS ehEeKTMBHOCTI MpPOLECiB CyXOro
30arayeHHs KOPUCHMX KOManuH, 30KpemMa yepe3 BAOCKOHANEHHS METOLIB MOAiNY TOHKOAMCMNEPCHUX MaTtepianis.
MeToto pocnigpkeHHsa OyB aHani3 3aKOHOMIpHOCTEM CMIBBIAHOWEHHS CWA, WO Ail0Tb Ha YACTMHKY MaTepiany
y BMXPOBOMY MOBITPSHOMY MOTOLi Yy BiALEHTPOBOMY cenapaTtopi. Y poboTi BMKOPUCTAHO aHaniTUYHWIA MeTon,
LOCNIKEHHS Ta y3araJbHEHHS iCHYOYMX LOCNIOKEHb, OPIEHTOBAHUX HA BM3HAYeHHs GanaHcy cui, WO AiTb Ha
YaCTUHKY MaTepiany B BMXPOBOMY noToui nosiTps. OCHOBHI pe3ynsTati JOCNIOXEHHS MOAAraloTb Y BM3HAYEHI
3aN1eXKHOCTEN MiX HaMBNAMBOBIWMMMK CUAAMM, LLO AiOTb HA YACTUHKY MiHEPanbHOI CMPOBUHMU, WO BiAPI3HAETLCA
NMOPIBHSHO BWCOKOK LLMBHICTIO, Y BiALEHTPOBOMY MOBITPSIHOMY cenapatopi. BctaHoBneHM 6anaHc MK CUNow
aepoaMHaMiYHOro onopy, CMIOK TSXKIHHSA | BIALEHTPOBOK CUIOI0, IKMI € KTOYOBMM aCNeKTOM A8 BAOCKOHANEHHS
KOHCTPYKL,i/ Ta ONTUMI3aLii pexxuMiB poboTH BiLLEHTPOBMX CeENapaTopiB. BCTaHOBNEHO 3aN1eXHOCTI, L0 BU3HAYAOTb
NMONOXEHHS PIBHOAIIOUYMX MK OCHOBHWMM CMNaMK, Ta A03BONISOTb BU3HAYATU NapaMeTpu pPaLioHaNbHOMO pexmnMmy
po60TU MOBITPSHUX CENAPATOPiB Ta OOIPYHTYBaTVM pekoMeHAaLii LWoAo MiABULLEHHS NPOAYKTUBHOCTI npouecy ix
po60TH. OTpUMaHIi PiBHSHHS NONOXEHHS PIBHOLIKOUMX € YHIBEPCANIbHUMM Ta HE MPUBA3aHi A0 KOHKPETHOT KOHCTPYKLL|
NoOBITPSHOrO CenapaTopa, WO A03BOASE 3aCTOCOBYBATM iX AN aHanisy Ta onTuMmisauii poboTu pisHOMAHITHUX
Mofenen BifLeHTPOBMX NOBITPAHUX CENapaTopiB, a TAKOX HLWIMX KNACiB CENApaTOPIB 3 YypaxyBaHHAM BiAMOBIAHUX
YTOYHEHb. [1pakTUYHa LiHHICTb pOBOTH NONATAE B OTPUMAHHI PiBHAHHb, IKi BU3HAYaOTb NMOMOXEHHS PIBHOLIOUMX MK
TPbOMa OCHOBHMMM CUNAMMU, WO Ai0Tb Ha YaCTMHKY Y BUXPOBOMY NOBITPSIHOMY noToLi. Lle, B cBOto Yepry, LO3BONSE
BM3HA4aTV NapameTpu HeobXiLHOro pexmmy poboTu

KalouoBi cnoBa: 36arauyeHHs KOPUCHMX KOMAsIMH; BiLEHTPOBA CWU/A; CUMMIA TSXKIHHS; CMNa aepoAMHAMIYHOTO OMopY;
6anaHc cun
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