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MATHEMATICAL MODELING OF SWIRLING
FLOW IN A VORTEX DUST SEPARATOR

Vadim K. Akhmetoy
Moscow State University of Civil Engineering, Moscow, RUSSIA

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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MATEMATHUYECKOE MOJAEJIUPOBAHHUE 3AKPYYUEHHOI'O
TEYEHHWSA B BUXPEBOM IIBIVIEOTIAEJUTEJIE

B.K. Axmemoe

HanuonaneHslit uccnenoBaTesibckuit MOCKOBCKHI TOCYAapCTBEHHBIN CTPOUTENbHBIN YyHUBepcuTeT, Mocksa, POCCUA

AnHoTanusi. YuCIECHHO HMCClIeoBaHa 3a1a4a O JIBIKCHUH 3aKPYYEHHOTO TIOTOKA B OCECHMMETPHYHOM KaHaJe.
PesynbTaThl pacyera 1mojisi TEUCHHS TOJIyYECHBI pelIeHHeM cucteMbl ypaBHeHuit Hasbe-Ctokca. IIpencraBieHst
pa3IUyYHbIE PEKUMbI TEUEHHs ¢ 00pa30BaHMEM OCEBBIX 30H PELMPKYISIMHU. [ omnpeneneHusl KOHIGHTpauuu
YacTHIl TOTOKa W (OPMUPOBAHUS XapPaKTEPHBIX 30H OCAXKICHUS MHCIOJIB30BaHA MOJENIb KOHBEKTHBHOMN
muddysun. IlpoBeneHo cpaBHEHHME MONYYCHHBIX UHCICHHBIX PEIICHUH C pe3yiabTaTaMH HMEIOIIUXCS

OKCIICPUMEHTAJIbHBIX JaHHBIX.

KiroueBbie cJioBa: 3aKpy4eHHbBIC TCUCHUS, NBYX(a3HBINA ITOTOK, METOI KOHCUHBIX Pa3HOCTECH,
KOHBEKTHBHO-IU((Y3HMOHHASI MOJICITb, OCAKICHUC YACTHII

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
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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.

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 r,p,z, the Navier-Stokes
equations can be represented with respect to the
flow function y, vorticity Q and azimuthal

velocity V, as follows:
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The system of equations (1)-(4) is written in the
conservative dimensionless form. Axial V, and
radial ¥V, velocities are related with the
characteristic value U , azimuthal velocity ¥, is

related with the value W,, coordinates are
related with radius R, time is related with the
ratio R/U. The equation system (1)-(4)
contains two dimensionless parameters:
Reynolds number Re=UR/v, where v is the
kinematic

G=Wy/U .
The solution of the problem under consideration
was defined in the domain D(0<z<z,

0 <r<1). The velocity distribution in the initial

viscosity, and swirl parameter

cross section was assumed to be as follows:

VzO:L VV():Oa

Vo0 =ﬁ(1—exp(—b2r2)), 0<r<l, z=0,
r

where b =0.554, b, =8.

At the lateral surface r=1, the adhesion
conditions were specified. At the axis » =0, the
symmetry conditions were specified. At the exit
from the channel for z=z;, soft boundary
conditions were assigned. The set of boundary
conditions in the variables flow function y 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:
dV 1
= Vz - Vz 5 6
& 2 St( s) (6)
d Vrs 2 Vq%s |
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Where St=(ps2U)/(9vpR) is the Stokes
number, and the index s is associated with
particles. According the equations (6), (8) axial
V. and azimuthal Vg particle velocities
coincide with the corresponding velocities of
the main flow for St<<1. Paguanpnas
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If the conditions St <<1, G?St= O(1) are met,

the radial velocity of particles V,s can be
determined using equation (7) as follows:

p2
Vi =V, =2StG* -2 )

r
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 V,;. In the first one, the
deposition velocity was determined as a
function by averaging (9) with respect to » as
follows:

Vyo(2) = 2StG2<V(§S /r> + (V). (10)

In the second approach, the effective deposition

velocity V;Y was introduced by the following
relation:

r r
lerscmrr:V:; [edr. (11)
r 0

0

where the left part is the averaged flow V,scr at
the range [0, 7], and the right part is the

effective  flow calculated for velocity

V;; = V:; (z,t) 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 ¢ is the particle concentration, Sc = v/D
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 V,,, we shall consider three
models in which the deposition velocity is
defined by (12) similarly to V,s(z) by (10), or

similarly to Vi (z,t) by (11), or by solving
equation (7) with the condition V}(z,0,2)=0.

The boundary conditions for equation (12) can
be written as follows:

z=0:c=1, n<r<m; c=0, r<r,r>r,(13)

soz 9920, 0<r<l, (14)
oz
oc
r=0, r=1: —=0, 0<z<z. (15
or

In the calculations, n =0.1, » =0.9, z; =10
were assumed according to [15].
By integrating equation (12) over the initial

volume, taking into account boundary
conditions (13)-(15), we obtain
0 1 zx 1
2758— I Ircdrdz+2nj(rVZ c)|Z:Z,c dr+
t
00 0 (16)

Zk
0

In accordance with (16), the following integral
characteristics have been introduced: the
particle flow rates Qr and (Q, through the
outlet section of the tube at z = z; and the side
surface at r=1, respectively, as well as the
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particle mass my located in the volume under
consideration:

1
Ok (1) =27 [ (V20)| o=z, dr,
0
Zk
Op(1) =21 [ r(Vrs0)| 1z,
0
zi 1
my(t)=2mn jjcra’rdz.
00

According to these notations, equation (16) will
take the form:

g(mfg)wgk(mgb(o:o. (17)

By integrating equation (17) over time, we can
determine the mass of particles iy, which came
out through the exit section, and the mass of
particles m, , which remained on the side surface:

T T
mic =[Okt , my = [Qp(D)dt .
0 0

The effects of particle reflection during
deposition on the lateral surface »=1 are not
considered. It is assumed that the particle flow
j=Doc/or+V,sc is determined only by the

convective component, and the influence of
diffusion is not taken into account, i.e.,
(Oc/or=0).

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 ~ 10°, 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 O = 0.3,
0.25, 0.2 kg/s and show the auto modeling of
the profiles by flow rate.
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Figure 2. Comparison of computational models
with experiments. Mass mb /m0 at r = I (models
1-3 for Vrs), data [15] (8), axial velocity V:(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.
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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 dg=5.5 pum and density of
ps =2000 kg/m3
ps =ps/p=1550) were
dimensionless  particle  radius  for the
calculations is determined as follows. If
Reg <1, where Reg =V,5r /v is the Reynolds
number for the particles, the resistance
coefficient is expressed by Stokes' law
cqg =12/Reg. Hence, the calculated particle
radius is related to the particle radius in the
experiment by the expression

r, =1 VRe'/Re,

where the values with asterisks refer to the
experiment. In [15], the value Rey; was in the
transition from laminar to turbulent regime
I<Rey; <500. In this case, the resistance

coefficient is ¢y =12/Re%®, and the relation
(18) for 7; takes the form:

(respectively

used. The

(18)

1 =re (Re*/Re)*'8. (19)

Substituting the above parameter values into
(19), we obtain 7, = (0.2-0.3)-10~".

Figure 2 (curves 1-3) presents results for mass
my/mo, where mo = my(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, ps = 1550, rs = 0.2 104 for
all three approaches of finding Vis. Maximum
particle deposition is observed at z/L = 0.22-
0.35 (z/L = 0.3 in the experiment). At z/L > 0.3,
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 mi/mo, passed
through the exit section z = zx, 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 1is a general
agreement of the calculations with the
experimental data.
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