
75Volume 21, Issue 2, 2025

structure interactions," Computers and 
Geotechnics, vol. 65, pp. 164–174, 2015. 
https://doi.org/10.1016/j.compgeo.2014.12.
009 

19.  Khoirunisaa, T., Setiawan, B., & 
Purwana, Y. M. Comparative 
study of axial bearing capacity for pile 
foundation based on empirical, numerical 
method and pile driving analyzer test. 
International Journal for Computational 

Civil and Structural Engineering, 19
196-207. https://doi.org/10.22337/2587-
9618-2023-19-4-196-207 

20.  M. Bolton, "The strength and dilatancy of 
sands," Géotechnique, vol. 36, no. 1, pp. 
65–78, 1986. 

21.  R. Brinkgreve and W. Broere, PLAXIS 
2D Reference Manual 2015. Delft, 
Netherlands: Plaxis, 2010. 

 
 

 

Ngoc Thinh, Pham – Ph.D., Thuyloi University, 175 Tay 
Son, Dong Da, Hanoi, Vietnam,  thinhtls@tlu.edu.vn. Tel: 
+84947231186 
 
Van Phu, Dang – Ph.D., Thuyloi University, 175 Tay 
Son, Dong Da, Hanoi, Vietnam, phudv@tlu.edu.vn 

   –  , 175  , 
 ,  E-mail: thinhtls@tlu.edu.vn. 

; 
 

 – 
E-mail: phudv@tlu.edu.vn. 

  
 
 
 

MATHEMATICAL MODELING OF SWIRLING 
FLOW IN A VORTEX DUST SEPARATOR 
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Abstract. The problem of swirling flow motion in an axisymmetric channel is numerically investigated. The 
results of flow field calculation are obtained by solving the Navier-Stokes equations. Various flow regimes with 
formation of axial recirculation zones are presented. A convective diffusion model is used to determine the 
concentration of flow particles and the formation of characteristic sedimentation zones. The obtained numerical 
solutions are compared with the results of available experimental data. 
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1. INTRODUCTION  
 
Swirling flows have a wide usage in various 
technical applications. They can be observed in 
natural phenomena and are the object of 
theoretical and experimental study. The most 
important properties of swirling flows are 
described in [1, 2]. The structure of swirling 
flows in channels limited by solid walls was 
investigated numerically in [3-5]. Free flows in 
an unlimited medium were studied numerically 
in [6, 7]. Experimental data on the flow 
structure were presented in [8-10]. The stability 
of swirling flows was studied in [11-14]. 
Many engineering applications utilize swirling 
flows that contain particulate admixtures. The 

properties of swirling flow are used in cyclone-
type devices for gas cleaning against dust, 
separation of particles, separation of liquid 
mixtures, in particular for purification of 
produced oil, in swirl nozzles for atomization of 
liquids, in drying chambers for removal of 
moisture from polydisperse products, in 
chemical, food, construction industries and in 
agricultural production. 
This study considers swirling two-phase flow in 
a straight-flow cyclone dust separator. Devices 
of this type are used in air cleaning plants. The 
principle of operation of the dust separator is as 
follows. Dusty gas through the tangential 
swirler 1 enters the pre-separation chamber 2 
(figure 1). Here coarse dust is separated. It is 
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then ejected through tangentially located outlets 
3. Fine dust together with the gas moves further 
in radial direction to the axis of the vortex 
chamber 5. Due to the action of centrifugal 
forces, the dust is separated and removed 
through a number of annular slits 6 in the side 
surface of the channel. 
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Figure 1. Flow diagram 

 
Experimental studies of the considered device 
were carried out in [15]. The objective of this 
study is to develop a mathematical model and 
investigate the process of particle deposition 
under the action of swirling flow. 
 
 
2. PROBLEM STATEMENT AND 
RESEARCH METHOD  
 
A model problem of two-phase swirling flow in 
a cylindrical channel of radius R is examened. 
Finely dispersed particles are considered as a 
discrete system, which is carried by the flow 
without affecting it inversely. In cylindrical 
coordinate system zr ,, , the Navier-Stokes 
equations can be represented with respect to the 
flow function , vorticity  and azimuthal 
velocity V  as follows:  
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The system of equations (1)-(4) is written in the 
conservative dimensionless form. Axial zV  and 
radial rV  velocities are related with the 
characteristic value U , azimuthal velocity V  is 
related with the value 0W , coordinates are 
related with radius R , time is related with the 
ratio UR / . The equation system (1)-(4) 
contains two dimensionless parameters: 
Reynolds number /Re UR , where  is the 
kinematic viscosity, and swirl parameter 

UWG /0 . 
The solution of the problem under consideration 
was defined in the domain ,0( kzzD  

)10 r . The velocity distribution in the initial 
cross section was assumed to be as follows: 
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where 554.01b , 82b . 
At the lateral surface 1r , the adhesion 
conditions were specified. At the axis 0r , the 
symmetry conditions were specified. At the exit 
from the channel for kzz , soft boundary 
conditions were assigned. The set of boundary 
conditions in the variables flow function  and 
vorticity  is represented in dimensionless 
form as follows: 
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To solve the boundary value problem (1)-(4) at 
boundary conditions (5), the block iteration 
method was employed, which was successfully 
used, for example, in [16, 17] to analyze 
swirling flows of various types. A uniform 
81x256 grid was utilized. The time step was 
chosen in the range from 0.05 to 0.2. 
 
 
3. CONVECTION-DIFFUSION MODEL 
 
Among all the forces acting on a particle in a 
vortex dust separator, the most significant is the 
Stokes viscous resistance force. In cylindrical 
coordinates, the equations of particle motion 
under the action of this force have a 
dimensionless form: 
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Where )9/()( 2 RUrssSt  is the Stokes 
number, and the index s is associated with 
particles. According the equations (6), (8) axial 

zsV  and azimuthal sV  parti le velocities 
coincide with the corresponding velocities of 
the main flow for 1St . 

rsV  

1St , (1)St2 OG   

If the conditions 1St , (1)St2 OG  are met, 
the radial velocity of particles rsV  can be 
determined using equation (7) as follows: 
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Since the considered flow includes a 
recirculation zone and significantly 
inhomogeneous velocity and concentration 
fields, two approaches were also investigated 
using averaging procedures with respect to r for 
the calculation of the rsV . In the first one, the 
deposition velocity was determined as a 
function by averaging (9) with respect to r  as 
follows: 
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In the second approach, the effective deposition 
velocity *

rsV  was introduced by the following 
relation: 
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where the left part is the averaged flow crVrs  at 
the range ],0[ r , and the right part is the 
effective flow calculated for velocity 

),(** tzVV rsrs  and total partial concentration at 
the range ],0[ r . 
Consider the process of particle transportation 
for the calculated flows. Following the method 
based on the convection-diffusion model for 
mixtures of gas with small low-inertia particles, 
we can neglect the inverse effect of particles on 
the fluid flow (passive admixture 
approximation). The velocity field is found 
using equations (6)-(8). The equation of 
conservation of mass of particles is transformed 
to the diffusion equation for a passive scalar  
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where c  is the particle concentration, /DSc  
is the Schmidt number, D  is the diffusion 
factor. The convection-diffusion equation (12) 
has been used to simulate flows of mixtures 
with particle mass loss by deposition on walls, 
e.g., in [18, 19]. 
To determine rsV , we shall consider three 
models in which the deposition velocity is 
defined by (12) similarly to )(zVrs  by (10), or 

similarly to ),(* tzVrs  by (11), or by solving 
equation (7) with the condition 0),0,( tzVrs . 
The boundary conditions for equation (12) can 
be written as follows: 
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In the calculations, 1r 0.1, 2r 0.9, kz 10 
were assumed according to [15]. 
By integrating equation (12) over the initial 
volume, taking into account boundary 
conditions (13)-(15), we obtain 
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In accordance with (16), the following integral 
characteristics have been introduced: the 
particle flow rates kQ  and bQ  through the 
outlet section of the tube at kzz  and the side 
surface at 1r , respectively, as well as the 

particle mass fm  located in the volume under 
consideration: 
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According to these notations, equation (16) will 
take the form: 
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By integrating equation (17) over time, we can 
determine the mass of particles km , which came 
out through the exit section, and the mass of 
particles bm , which remained on the side surface: 
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The effects of particle reflection during 
deposition on the lateral surface 1r  are not 
considered. It is assumed that the particle flow 

cVrcDj rs/  is determined only by the 
convective component, and the influence of 
diffusion is not taken into account, i.e., 

)0/( rc . 
The boundary value problem (12)-(15) was 
solved using the difference scheme applied to 
the transportation equations (2), (3). The main 
calculations were carried out using the relation 
(10). 
 
 
4. RESULTS 
 
In [15], a straight-flow vortex dust separator 
with the following parameters was investigated. 
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The length of the channel working part L was 1 
m, the Reynolds number calculated from the 
average flow velocity and channel radius of 
0.05 m was Re ~ 105, and the swirl parameter G 
was varied from 0 to 4.  
In the present study, the flow fields 
corresponding to the boundary value problem 
(1)-(5) were calculated for values of Reynolds 
numbers Re = 1000, 2000, 2500 and swirl 
parameter G = 3.6. In this case, a region of 
return flow was formed in the channel, which 
started in the vicinity of the inlet section and 
extended to the channel exit. The axial velocity 
profiles along the cross-sections practically did 
not change and weakly depended on the 
Reynolds number. 
The typical profile Vz(r) obtained by solving the 
boundary value problem (1)-(5) at Re = 1000 in 
section z = 2.5 is shown in figure 2 (curve 4). 
Symbols 5-7 in this figure correspond to the 
measurement data [15] for flow rates Q = 0.3, 
0.25, 0.2 kg/s and show the auto modeling of 
the profiles by flow rate. 
 

Figure 2. Comparison of computational models 
with experiments. Mass mb /m0 at r = 1 (models 
1-3 for Vrs), data [15] (8), axial velocity Vz(r) 
(4), flow rate [15] Q = 0.3; 0.25; 0.2 kg/s (5-7) 

 
Generally, the obtained numerical results 
qualitatively correctly describe the structure of 
the investigated flow, including the diameter of 
the near-axis recirculation zone. 

To investigate the dust separation process we 
will use the found velocity field at Re = 1000, G 
= 3.6. 
In experiments [15], quartz dust with a particle 
diameter of sd 5.5 m and density of 

s 2000 kg/m3 (respectively 
1550/ss ) were used. The 

dimensionless particle radius for the 
calculations is determined as follows. If 

1Res , where /Re srss rV  is the Reynolds 
number for the particles, the resistance 
coefficient is expressed by Stokes' law 

sdc Re/12 . Hence, the calculated particle 
radius is related to the particle radius in the 
experiment by the expression 
 

Re/Ress rr ,            (18) 
 

where the values with asterisks refer to the 
experiment. In [15], the value sRe  was in the 
transition from laminar to turbulent regime 

500Re1 s . In this case, the resistance 
coefficient is 6,0Re/12 sdc , and the relation 
(18) for sr  takes the form: 
 

8/3Re)/(Ress rr .             (19) 
 
Substituting the above parameter values into 
(19), we obtain sr 410)3.02.0( . 
Figure 2 (curves 1-3) presents results for mass 
mb/m0, where m0 = mf (0), of particles deposited 
on the lateral surface as a function of length 
distribution z/L which have been obtained by 
solving the boundary value problem (12)-(15) at 
Re =1000, G = 3.6, s = 1550, rs = 0.2 104 for 
all three approaches of finding Vrs. Maximum 
particle deposition is observed at z/L = 0.22-
0.35 (z/L = 0.3 in the experiment). At z/L 
relations 1-3 practically coincide. Comparison 
of the obtained data with the experiment [15] 
(symbols 8) confirms the suitability of the 
proposed approach using the convective 
diffusion equation (12) for modeling the 
transport and deposition of particles in swirlers. 
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The total mass of particles mk/m0, passed 
through the exit section z = zk, as well as in [15], 
is about 0.04. 
 
 
5. CONCLUSIONS 

 
These calculations give a sufficiently detailed 
view of the dust separation process using the 
properties of swirled flow. The used 
mathematical model allows to describe 
accurately enough the main properties of the 
flow, such as: the formation of recirculation 
zones, the emergence of rarefaction in the 
vicinity of the flow axis under the action of the 
swirler, the drift of fine dispersed particles by 
the flow through the side surface of the straight-
flow dust separator. There is a general 
agreement of the calculations with the 
experimental data. 
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