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Dynamics of a disperse phase in a swirling two-phase flow behind a sudden tube expansion is simulated with
the aid of Eulerian and full Lagrangian descriptions. The carrier phase is described by three-dimensional Reynolds
averaged Navier—Stokes equations with consideration of inverse influence of particles on the transport processes
in gas. The velocity profiles calculated using these two approaches are practically the same. It is shown that the main
difference between the Eulerian and Lagrangian approaches is presented by the concentration profile of the dispersed
phase. The Eulerian approach underpredicts the value of particle concentration as compared with the Lagrangian ap-
proach (the difference reaches 15-20 %). The dispersed phase concentration predicted by the Lagrangian approach
agrees with the measurement data somewhat better than the data obtained through the Eulerian approach.

Key words: two-phase swirling flow, solid particles, flow separation, numerical simulation, model of Reynolds
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Introduction

The swirling confined two-phase flows are widely used to intensify the transport proces-
ses in various fields of technology, for example, when stabilizing the combustion process in
industrial furnaces, for particle separation in cyclones, etc. The swirling flows are characterized
by high local gradients of the averaged and pulsation velocities and other parameters, and they
are accompanied by complex hydrodynamic phenomena arising due to the action of centrifugal
Coriolis forces [1]. The recirculation flow affects the intensity of the processes of momentum,
heat, and mass transfer and determines the structure of the turbulent two-phase flow [1-3].
The interaction of particles with turbulence of the carrier phase has a significant effect on dis-
persion of particles and their mixing with the gas flow. This is an important aspect in modeling
the two-phase turbulent flows. The accounting and correct description of all these factors,
which have a significant effect on the flow pattern in the swirling two-phase flow in the pres-
ence of pipe sudden expansion, are rather complicated. Therefore, despite the wide use of two-
phase swirling flows in various practical applications, the processes of turbulent transport in
such flows remain studied insufficiently.

Several papers on the experimental study of swirling gas-dispersed flows behind a sudden

tube expansion have been published, for example, [4—6]. The studies [7—15] deal with numerical
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investigation of such flows. The gas-dispersed swirling flows are considered in [10], the model
of Reynolds stress transport for the two-phase flow is developed and compared with the meas-
urement data of [4, 5]. Numerical simulation is carried out for two values of the swirl parame-
ter S = 0.47 (experimental conditions of [4, 5]) and 1.5. It is shown that the agreement with
the measurement results on anisotropic turbulent characteristics of the gas phase calculated by
the model of Reynolds stress transport is significantly better than that calculated by the k—e—/y
model.

Two basic methods of calculation have been proposed to model dynamics of a two-phase
flow [16, 17]. The first one is Eulerian continuum description (the so-called two-fluid models).
The second method includes the Lagrangian trajectory approach. Both these methods have
their advantages and disadvantages and complement each other. The advantages of one ap-
proach are the disadvantages of another. To describe dynamics of the dispersed phase in
the two-phase turbulent flows, including those with the swirl, the Eulerian [7, 9, 15, 18] and
Lagrangian [8, 10, 11, 14, 19] approaches are used.

When calculating the field of carrier phase turbulence, various modifications of two-
parameter isotropic models are often used for engineering calculations [8—11, 14]. Such turbu-
lence models, for example, the k—¢ model, have a number of serious limitations for the des-
cription of flows with swirl and rotation [20]. One of the methods that make it possible to take
into account partially the complex mixing processes and anisotropy of the components of gas
velocity pulsations in separated swirling flows is the use of the Second Moment Closure
(SMC) models [21, 22]. For the averaged and pulsating flow characteristics, an acceptable
agreement with the measurement data is obtained. There are some difficulties in describing
such flows associated with the incorrect negative sign of uw correlation and keeping the vortex
shape of the profile of the averaged tangential velocity component at a large distance from
the inlet at a small swirl parameter [20]. The model of Reynolds stress transport is successfully
used to describe the turbulent characteristics of the carrier phase [15, 23-26].

To date, there are a number of papers [27, 29] devoted to comparison of possibilities of
the Eulerian and Lagrangian descriptions of the two-phase flows with solid particles or drops
for different types of the flows. Calculations [27, 28] of separated gas-dispersed flow behind
a sudden expansion of the flat channel [27] and sudden expansion of the tube [28] by
the Reynolds-averaged Navier—Stokes (RANS) equations did not show the distinct advantages
of one approach over another both in the averaged and pulsation parameters of the two-phase
flow. Numerical study of dispersed phase flow, turbulence, and heat transfer in the turbulent
gas-droplet flow behind a sudden expansion of the tube was performed in [29] using
the Eulerian and Lagrangian methods. It was shown that the main difference between these
approaches is shown by the droplet concentration profiles.

Thus, the question of the advantage of one approach over another in the study of swirling
two-phase flows in the presence of a sudden expansion remains open until now. In this work,
an attempt to obtain a partial answer to this question was made by comparing the calculated
data with results of known measurements [4, 5] included into the ERCOFTAC database.

Computational methods for the two-phase flows

In this paper, we compare the capabilities of the Eulerian and Lagrangian methods for
calculating dynamics of a dispersed phase to describe a swirling two-phase turbulent flow be-
hind a sudden expansion of the tube. In the Lagrangian (trajectory) approach, the deterministic
motion of a representative set of particles along the individual trajectories (not less than several
thousand) is described in the Lagrangian variables, and the motion of carrier medium is de-
scribed in the Eulerian variables. Equations describing the motion of the discrete phase are
integrated along the individual trajectories in the field of the carrier medium calculated in
advance. Then, the solutions are averaged over the entire data ensemble. As the particle
size decreases, the number of implementations should increase because contribution of their
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Fig. 1. Scheme of experimental setup [4, 5].
1 — non-swirling gas-dispersed flow,
2 — swirling gas flow.

interactions with the smaller vortices of the
gas phase increases. In the Eulerian (two-
fluid) method, the equations of one type and
single numerical algorithm are used for both
phases. Description of very small particles
does not cause any fundamental difficulties
because at d — 0, the passage to the limit of
inertia-free impurity flow occurs, where d is
the size of the dispersed phase.

In the present study, the problem of
dynamics of the two-phase swirling turbulent gas-dispersed flow is considered. The solution
uses a system of stationary RANS equations written with consideration of the inverse influence
of particles on the transport processes in the gas phase in the averaged and pulsating motions.
A schematic representation of the flow is shown in Fig. 1. Calculations are carried out for
the vertical turbulent two-phase flow of the descending direction. A non-swirling jet of the air
and glass particles mixture / is fed into the central cylindrical channel (2R, = D,), and the swir-

ling single-phase airflow 2 passes through the peripheral annular channel (R, -R,)=
= (D; — D,)/2. The volume concentration of dispersed phase is very small, it is ® = M, p/p;=
= 1.6-1075, the particles are sufficiently small (4, < 100 um), so we can neglect the effects of
their collisions with each other. Here, M, is the mass concentration of particles, and p and p4
are the densities of gas and particle material.

It should be noted that all equations below are written in the tensor form applied
in the Cartesian coordinate system only for the sake of their compactness. Equations have
a form suitable for describing the axisymmetric flow.

System of averaged equations of the gas phase

The stationary three-dimensional RANS equations taking into account the back influence
of particles on the processes of mean and fluctuational transport in gas are used in this study:

U,

N —}
p@xj

o(Uy;) _ a(p+2kr3) o [ ey,
— Vv
Ox; P0x; ox;

— a

_<uiuj>J—(Ui—Ud,i)d>f—;+Si, 1)

here U; (U, V, and W) and u; (u, v, and w) are axial, radial, and tangential components of aver-
aged and pulsation velocities, respectively, v is the coefficient of kinematic viscosity, x; are

projections on the coordinate axes, 2k = (uiui> = <u2 > + <v2 > + <w2 > is kinetic energy of gas
phase turbulence, P is the pressure, 7= p,d 2/018 pvW) is the time of dynamic relaxation of
particles with consideration of deviation from the Stokes flow law, W =1+ Reﬁ/ 36,
Rey = |U —Ud|d /v is the Reynolds number of dispersed phase derived by the interfacial ve-
locity, d is the particle diameter, S; is the effect of flow swirl (Sy; = 0,
Sy = Wir—vvir? +<w2>/r, Sy = VW | r—vW | i +(vw>/r [20]), index d corresponds
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to the dispersed phase. All equations of system (1) are written with consideration of dispersed
phase effect on the processes of momentum transfer in the gas flow.

Model of Reynolds stress transport

Gas phase turbulence (uu;) and rate of its dissipation ¢ were simulated using the model
of Reynolds stress transport [30, 31]:

o[ () C 0
=Py =gy +——| VO +— — Ay
ox, % +¢u &+ y {v u + <”k”1>] ox <ulu/> 0.
G(ng):L(C P-C £)+ Vo, + (u u) oz £
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ou; ,

here P; = —<ul.u ; >§]— <uiu ; >66xi is the intensity of energy transfer from the averaged motion

i J

to pulsation; P =0.5P;, Tp =max(k/g; CT\/v/g) and L; =C; max(k3/2/5; Cq\4/v3/5)

are time and geometric macroscales of turbulence, respectively [30]; ¢, = (1 - p? )¢:V + ﬁ2¢f

is the redistributing term, which describes energy exchange between separate components
<uiu j> due to pressure—deformation rate correlation [30], ¢ is the dissipation or rate of energy
transfer from the large-scale vortices to the small-scale ones, and £ is the mixing ratio deter-
mined from the elliptical equation and used for calculation of the redistributing term [30], it

varies from zero on the wall to one at some distance from the wall, ¢l.j.v is “inhomogeneous”

part of the redistributing term (in the near-wall region), and ¢; is “homogeneous” part of

the redistributing term (far from the wall) [31], index T corresponds to the turbulent term.
The redistributing term is written taking into account the effect of two-phase character of
the flow [25].

Last terms 44 and &, in the right-hand sides of equations of system (2) take into account
the inverse influence of particles on the carrier phase due to pulsation interfacial sliding [32,

20,® 2 .
P (l—fu)<uiui>, Eq; = Pqé [@(1—/’5 )], where f,, and f, are the coefficients
pT ’ pT

of particle involvement into turbulent motion of gas [32].

33, 4y, =

The constants and functions of the SMC-model of turbulence in system (2) are presented
k

in [30]: C, = 0.22, C,, :1.44{“0.03(1_52) oTTT
1771 ]

}, Co =185 0,=1, o,= 122,
C;=0.161,C, =6 and C, = 80.

Eulerian approach

The system of averaged equations describing the transport processes in the dispersed
phase takes the form [15]
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where D, ;s the tensor of turbulent diffusion of particles [32, 33], and equations of the second
moments of velocity pulsations <ud,iud’ j> take the same form as in [32, 33]. The system of

equations (3) with corresponding boundary conditions allows us to predict the motion and con-
centration of the dispersed phase in the swirling turbulent flow.

Full Lagrangian description

The equation of gas phase motion has the same form as in the Eulerian approach.
In the Lagrangian method, the effect of particles on the carrier gas flow is determined using
the approach described in [34]. In this case, the transition from the results of calculating
the trajectories to distributions of disperse phase parameters in physical space (for example,
when calculating droplet concentration) is carried out by averaging these results by the control
volume of the Eulerian grid used for gas phase calculation.

When calculating particle dynamics, the SSF model (Stochastic Separated Flow) [35],
taking into account the stochastic effect of gas turbulence on particle motion, is usually used.
Instantaneous (actual) gas velocity Ul- =U, +u/ determined as the sum of averaged U; (deter-

mined directly from RANS calculation) and random pulsating u/ velocity components is used

as the characteristic velocity of gas in the model. Random pulsation value u/ = f\/E is deter-

mined using Gaussian function & whose mean value is zero, and standard deviation is one. The
smallest value of the vortex lifetime and time of particle interaction with the turbulent vortex is
chosen as the criterion for generating the random component of the gas velocity. This means
that the gas phase affects turbulent dispersion of particles only at the points corresponding to
the instant of interaction beginning along the entire trajectory of the dispersed phase motion.
Interaction is considered as a discrete process, therefore, to obtain the statistically reliable solu-
tion along the dispersed phase trajectory, it is necessary to carry out a large number of compu-
tations of particle trajectories (the order of 10%). The simple and reliable SSF model was used
for calculations of the two-phase flows of various types, for example, in 8, 10, 11, 27, 28]. Its
main drawback relates to the fact that the pulsating field of the gas velocity is not continuous;
in addition, the fact that turbulent pulsations are correlated in time and space is not taken into
account [36].

There are several modified SSF models, for example, ISSF (Improved Stochastic Sepa-
rated Flow) [36], whose main difference from the SSF-model is the use of much smaller num-
ber of calculated particles (about 1027103) and the fact that interfacial interaction is
a continuous process. The averaged phase velocity is used in the equations of motion.
The random rms pulsations of the disperse phase are predicted along the stochastic trajectory,
and this allows us to maintain the stochastic character of dispersed phase motion. This ap-
proach was used by the authors of the present work in [29] when comparing the Eulerian and
Lagrangian methods for describing the two-phase separated flows without swirling.

Calculation of dispersed phase position and velocity
by the Lagrangian method

Coordinates x4 and the dispersed phase velocity components Uy are computed by equa-
tions:
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where x, ; are the components of particle coordinate determined along the stochastic trajectory,
f]d is the instantaneous velocity of dispersed phase, my = pdﬂ'd3 /6 is the mass of particle;
d and p, are particle diameter and material density, respectively, Fp is the drag force, Fp is
the force taking into account the pressure gradient of the carrier medium, Fg is the Saffman
force, and F, is gravity. The influence of particle rotation, virtual mass force, and Basset force
on dynamics of particle motion in equation (5) can be neglected. The drag is determined by
24

formula Fp, = 1/8-p7d”Cpy (U~ Uy)|Ug ~ Uy, here €, =
€4

(1+0.15Re§/3) is the coef-

ficient of solid sphere drag at Rey < 1000 written with consideration of deviation from

the Stokes flow law; Re, = aI|US —de|/v is the Reynolds number of dispersed phase, p is

the density of the gas phase; Ug =U (XP (t), t) is the gas velocity at the point of solid particle
location (so-called gas velocity seen by particles).
Pressure gradient of carrier medium Fp, the radial force (Saffman force) Fg [37], and
the gravity force F, are calculated by relationships:
p DU ) -
Fp=—my— ——, F;=1.615d"p(Ug—-Uy,),|v
P d 0y Dt S P( S d)

The pulsation velocity of particle is determined from the algebraic relationship presented
in [38]:

du
b

<ud,iud’j> =1, <uiuj> LT <uiuj>, ©)

where Q;, is the time of particle interaction with energy-intensive fluctuations of the gas
phase [32, 33]. For the case of low-inertial particles, it can be assumed that Q;, = Q; [32,

Qp . .
33], then <ud,,»ud,j> ~ E@iu», where Q; =0.482k/ & is the turbulent time scale [39].

Calculation of gas phase velocity at the point of particle location

To model the gas phase velocity at the point of particle location, the following approach
is used [40]
Us,; =U; +ug, (7

where U; and ug ; are the averaged (determined by the RANS calculation) and pulsating veloci-

ty of gas at particle location, respectively. In English-language publications, this parameter is
called “dispersion modeling” [39—42]. One of the ways to predict it is the Continuous Random
Walk model (see [41]):

ugl; = aijué’f;l +b, + 4AL, £ e N(O, ). (8)

Here the superscript m refers to the current time step, N (0, 1) is a random Gaussian value dis-
tributed with an average value of zero and standard deviation of one, A is the vector of
the corrected bias, and At is the time step. The tensors of displacement a and diffusion b are
determined from the following relationships given in [40]:
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At
a; = exp[—r—}é}j, bikbjk = (1—aiiajj)uij.
i

When calculating the turbulent scales, dispersed modeling uses relationships of [42]:

B 18)Q B 18)Q . § S
TS| =Q, TS 1 =%, where S8 =|:(1+T/QL) 03 (ﬁ_1—1)+1} and
' 1+mp & ' 1+2mp &
U-U, . . . .
¢ = , here m =1 is the structural parameter, = 0.356 [40], i = || and i =L are direc-
uu

i
tions parallel and normal to U—Uj, respectively.
To calculate the components of corrected bias vector A, relationships from [43] are used:

1 1 0 T
A= _— uu;)||, where St; =————is the Stokes number in the large-
v 1+Std{p o, (ol f>)} RVEITIE) s
scale turbulent motion.

Calculation of particle concentration

An important aspect of the Euler-Lagrangian approach is the calculation of dispersed
phase concentration. To do this, we use the procedures of spatial [34] or spatial-temporal [35]
averaging of results by all particle trajectories over the control volume of the Euler grid used
for calculation of the gas phase field.

Another approach to calculating the dispersed phase parameters is the use of so-called
full Lagrangian method [44]. This method is based on the use of additional equations for
the components of Jacobian transition from Eulerian to Lagrangian variables. Disperse phase
concentration is computed from the continuity equation written in the Lagrangian form.
The main advantage of this approach is that all parameters of the dispersed phase, including
concentration, are found from solutions to the systems of ordinary differential equations on
the selected particle trajectories. This approach eliminates the need to average the particle tra-
jectories over a small physical control volume, leads to a significant decrease in the required
number of particle trajectories, and removes almost insoluble problem of invariance of
the obtained solution with respect to the shape and size of the applied grid. It will be used
by the authors in this paper.

The system of equations for determining the parameters of particles on a fixed trajectory
consists of the equation of continuity for the mass of particles written with consideration of
vaporization on the surface of evaporating droplets, equations of particle motion written
in Lagrangian variables, and additional equations for finding the Jacobian components in the
continuity equation [44]. The algebraic equation of the balance of numerical concentration of
the dispersed phase » in Lagrangian variables has the form:

n:n0/|JEL|, 9)
where n is the numerical concentration of particles at the current moment, n, is the numerical

concentration of particles at + = 0 and |JEL| is the Jacobian module at transition from

the Eulerian to Lagrangian coordinates [44].

Equations (4-9) are numerically integrated along the trajectories of particle motion.
The components of the averaged velocity of the dispersed phase in the system of equations (5)
are predicted taking into account (7). Numerical concentration of particles is calculated from
equation (9). The boundary conditions for the Jacobian in the case of two-dimensional station-
ary two-phase flow are considered in [45].
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Methods of numerical implementation

The technique of numerical implementation is described in detail in [15, 29]. The com-
ponents of Reynolds stresses of the gas phase were determined according to the approach pro-
posed in [46]. All calculations were carried out using a grid of 200x80x80 = 1.28-10° control
volumes. A further increase in their number did not significantly affect the results of numerical
calculations. The length of computational domain was X =1 m.

The conditions of conjugation smoothness for both phases were set on the tube axis in
the Eulerian formulation. For the dispersed phase, the boundary conditions described in [33]
were used on the channel wall. As in [15, 29], it was assumed that the particles are reflected
from the wall with the reduction coefficient of 0.8. The conditions of zero derivatives of all
sought parameters in axial direction were set in the outlet cross section. The inlet parameter
distributions were set using experimental data [4, 5]. In the absence of the required measure-
ment results, they were determined based on the assumption of uniform distribution of the un-
known parameters over the tube cross section. To determine the initial values of radial aver-
aged phase velocities, we used the relationships for the law of solid body rotation given in [9]:

Ry Ry
Vi =4SU, v/ R, V4 =4SUqr/ R, where S = ijlVKrzdr/I pU}Erdr is the parameter of
0 0

R Ry
airflow swirl, and S; = J. pUg Wy rdr / J pyU3rdr is parameter of dispersed phase flow
0 0

swirl.

At the first stage, comparisons with the measurement data of [47] were made for a single-
phase air swirling flow in a tube with sudden expansion. Good agreement between the predict-
ed and measured data was obtained for the average and pulsation characteristics (the difference
did not exceed 15%), and this served as the basis for calculating the two-phase gas-dispersed
flow using the Reynolds stress transport model.

Analysis of results and discussion

Numerical calculations were carried out for the measurement conditions [4, 5]. Geometry
of experimental section was as follows: 2R, =D, = 32 mm, 2R,=D, =38 mm, 2R;=D,; =
=64 mm, 2R,= D, =70 mm, and 2R;= D, =194 mm, the step height was H = 65 mm (see
Fig. 1). The main non-swirling jet of the mixture of gas and glass particles was fed through
the axial hole, the swirling air jet was fed through the annular opening. The mass flow rate of
the main gas jet Gy was 9.9 g/s, the flow rate of the secondary annular jet G, was 38.3 g/s.
The parameter of flow swirl changed in the range of S = 0—1. Reynolds number was Re =
=U,2R;/v= 5.24-104, the average initial air flow velocity was U,,; = 12.9 m/s, the diameter of
glass particles varied in the range of d = 30-100 pum, their mass concentration was M =
=0.034. The temperature of air and particles was 300 K, gas density was p = 1.18, particle
density was p; = 2500 kg/m®. The criterion characterizing the degree of particle entrainment
into the gas phase motion is the Stokes number of the averaged motion: Stk = /75 where 7 is
the turbulent time macroscale. According to the data of [48], = 5H/U,,; = 0.025 s, taking into
account that 7= 6.9-10"" = 0.01 s, we obtain Stk = 0.3—-3. This suggests that the particles can be
involved into the turbulent motion of gas at Stk < 1, and do not interact with it at Stk > 1 [49].

The profiles of the averaged velocity components of the gas phase at calculating
the velocities of dispersed phase components in terms of the Eulerian and Lagrangian ap-
proaches practically do not differ from each other, and this agrees with the authors’ earlier cal-
culations on the swirling two-phase flow behind a sudden tube expansion [29]. Therefore, they
are not presented in the current work.
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Fig. 2. Change in volumetric concentration D/,

of dispersed phase along the tube axis. 20

Solid lines — Eulerian approach,
dashed lines — full Lagrangian approach;
M;=0.034,S=0.47; d =30 (1), 45 (2), 100 (3) pm. 1.5

Data of numerical calculations on 1.0
distribution of dispersed phase volume
concentration along the tube axis are  0-57
shown in Fig. 2 and in several cross sec-
tions from the cross section of flow sepa- . T T . ‘
ration (Fig. 3), depending on a change in ¢ : 2 3 4 2R

particle diameter. Here @, @, and @, are
the volume concentrations of particles on the tube axis in the considered control volume and
in the inlet cross section, respectively. The difference in the size of dispersed particles leads to
significant differences in distribution of particle concentration in the separation zones of the
swirling gas-dispersed flow. For small particles (d = 30 um), a sharp increase in dispersed
phase concentration in the initial cross sections is observed due to its accumulation in
the region of recirculation under the action of reverse flows. Non-uniformity of the profile of
turbulent kinetic energy of the gas and dispersed phases along the tube radius leads to turbulent
migration of particles (turbophoresis force) towards the tube axis [49, 50]. This causes
the maximum of solid particle concentration on the channel axis in the case of small particles
(d = 30 um). For the most inertial particles (d = 100 pum), rapid scattering of dispersed phase
over the channel cross section due to the action of centrifugal forces and turbulent diffusion
and migration is characteristic. These conclusions are consistent with the measurement data
[4, 5] and numerical calculations for the swirled two-phase flows in the presence of separation
zones given in [12, 49].

The effect of gas flow swirl on a change in dispersed phase concentration along the tube
axis and over its cross section in the two-phase gas-dispersed flow is shown in Fig. 4.
An increase in the number of particles on the tube axis due to centrifugal forces is characteris-
tic of the swirling flow (see Fig. 4a), whereas in the near-wall region, the value of dispersed
phase concentration is negligibly small. This effect becomes more pronounced with increasing

/0,7 ¥/2R) =1
1.5-

1.0

0.5

0 05 10 0 05 1.0 0 05 10y/(Q2R;)

Fig. 3. Profiles of volumetric concentration of particles along the tube

with varying size of dispersed phase particles in the swirling flow.
M, =0.034,S=0.47;d =30 um (1), 100 pm (2).
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2.01
1.5 1
1.0

0.5 1

0 2 4 ¥Ry 0 0.4 0.8 z/(2Ry) 1.2

Fig. 4. Effect of the parameter of flow swirl on distribution of volumetric concentration
of dispersed phase along the tube axis (a) and over its cross section (b) at x/(2R;) = 1.5.

Solid lines — Eulerian approach, dashed lines — full Lagrangian approach;
My=0.034,d =30 um; S=0 (1), 0.2 (2),0.47 (3), 1 (4).

value of the swirl parameter. Distribution of particles over the tube cross section also has a
non-monotonic character (see Fig. 4b). For the two-phase flow without swirl at S =0 (line 1),
rapid scattering of particles over the tube cross section after the cross section of a sudden ex-
pansion is characteristic, and this leads to a sharp decrease in dispersed phase concentration in
the axial zone of the tube [49].

We should note several general conclusions by the analysis of results shown in Figs. 2—4.
In general, calculation by the Eulerian and Lagrangian methods for swirling two-phase con-
fined flows yields qualitatively similar results. The maximal difference does not exceed
15-20 %. The Lagrangian calculation gives an overestimated value of particle concentration
in the axial region of the tube in comparison with the Eulerian approach under the action of
turbophoresis force and accumulation of particles in the zone of reverse flows. Accordingly,
when moving towards the wall, the value of concentration determined by the Lagrangian meth-
od is underestimated, when compared with the value simulated by the Eulerian approximation.
Therefore, the results of numerical calculations were further compared with the measurement
data [4, 5], where the radial profiles of the mass flux of dispersed phase were shown in several
cross sections behind a sudden tube expansion.

Comparison with measurement results

For comparison, the known experimental data were used [4, 5]. The swirling two-phase
flow was investigated in the descending regime after a sudden expansion of the tube (see
the diagram of experimental setup in Fig. 1). The measurements were performed using
a single-component phase Doppler anemometer at distances x = 52, 112, 195 and 315 mm
(x/(2R3) = 0.81, 1.75, 3.05, and 4.92) from the cross section of sudden tube expansion. Note
that calculation began with distance x = 3 mm from the separation cross section. In this section,
the data of measurements are given, which were used as the input ones for numerical simula-
tion. The average diameter of glass particles d in experiments [4, 5] determined by their num-
ber in the unit volume (mean number) was 45 um, the particle size varied from 0 to 123.8 pm.

Data of comparative analysis of numerical calculations and measurements for the ave-
raged radial V" and V4 components of the phase velocities are shown in Fig. 5. For cross section
x = 315 mm, there are no experimental data for the particles in the axial zone of the tube be-
cause of their low velocity in this flow region [4, 5]. In the initial cross section located at
the distance of 3 mm from the cross section of the sudden tube expansion, the averaged phase
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Fig. 5. Profiles of averaged radial phase velocities.

Points — measurements of [4, 5], lines — data of the current calculation:
solid lines — gas phase, dashed lines — particles;
1 — Eulerian approach, 2 — full Lagrangian approach, 3 — gas, 4 — particles; M; = 0.034 and S = 0.47.

velocities have the same values. The axial averaged velocity of gas was calculated by the data
of modeling the dispersed phase velocity only by the Eulerian method. Results of both ap-
proach application give a somewhat lower value of phase velocities for particles than
the measurement data [4, 5]. The radial velocity profiles of gas and dispersed phases have
the expected maximum in the mixing layer in the first two cross sections at x = 52 and
112 mm. We should note that there is a satisfactory agreement between the results of meas-
urements and numerical simulation over the entire length of the calculation area. A good
agreement with calculations of [8, 12] is also found for the averaged particle velocity fields.
These data are not shown in Fig. 4, to provide obvious presentation of results. Comparison of
the Eulerian and Lagrangian methods shows that the results of their application agree well with
the measurement data [4, 5] (the difference does not exceed 10-15%). It can be noted that
the Lagrangian method overestimates slightly the particle velocity in comparison with
the Eulerian approach.

The radial profiles of the measured [4, 5] and predicted mass flux of particles along
the axial coordinate are shown in Fig. 6. The mass flux was calculated by the following rela-

tionship: F = pUy M4, where py, Uy, and M, are the density of particle material, its averaged

axial velocity, and mass concentration, respectively. As we move from the inlet cross section,
a significant rearrangement of the profile of dispersed phase mass flux over the tube cross sec-
tion is observed. There is a noticeable maximum of dispersed phase flow in the axial zone of
the tube, and it is kept up to distance x = 195 mm from its sudden expansion. Starting from
the second cross section (x = 112 mm), the dispersed phase accumulates in the near-wall part of
the cylindrical channel as a result of an increase in the tangential velocity of particles and
turbophoresis force action, which agrees with the results of [4, 5]. Excluding the near-axis
zone, a good agreement between the obtained data and measurement results can be noted [4, 5].

In cross section x = 315 mm, experimental data are given only for the near-wall region,
since in the axial region, the particles move to the tube periphery due to centrifugal forces, and
their number is insufficient to obtain reliable results by the method of phase Doppler ane-
mometry. In the first three cross sections (x = 52, 112 and 195 mm), a decrease in dispersed
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Fig. 6. Radial distributions of the mass flux of particles in separated swirling two-phase flow.

Measurement data of [4, 5] (), calculation of the authors: Eulerian (2)
and full Lagrangian (3) approaches; d = 45 um, My = 0.034, and § = 0.47.

phase concentration occurs faster than it is observed in experiments. Accordingly, this leads to
an increase in the number of particles in the near-wall region of the channel. The value of
the particle mass flux simulated using the full Lagrangian approach (dashed lines 3 in Fig. 6)
agrees better with data of [4, 5] in the first two cross sections, and it is approximately 15 %
higher than the mass flux obtained using the Eulerian description (solid lines 2 in Fig. 6). Ac-
cordingly, the value of axial velocity of particles calculated by the Lagrangian approach is
slightly higher than the corresponding value obtained by the Eulerian method. This conclusion
is confirmed by the data shown in Figs. 2—4; according to these data, particle concentration
predicted by the Lagrangian method is higher than concentration determined by the Eulerian
method.

Conclusion

Dispersed phase dynamics in a turbulent two-phase swirling flow is studied numerically
in the presence of a sudden tube expansion using the Eulerian and Lagrangian methods for de-
scribing the two-phase flow.

A significant increase in dispersed phase concentration in the axial zone of the tube
in a swirling flow is shown with an increase in the swirl parameter (more than twofold
in comparison with a non-swirling separated flow). The reason for this is the action of centrifu-
gal forces and forces of turbulent migration of particles (turbophoresis). As the particle size
increases, the particles can be not involved into the separated swirling flow and maintain
a positive value of the averaged axial velocity along the entire length of the calculation region.
Due to the inertia of particles, the zone of recirculating flows for the dispersed phase is notice-
ably smaller in comparison with the gas phase recirculation zone.

Good agreement with the measurement data obtained using the Eulerian and full
Lagrangian methods [4, 5] was achieved for the averaged characteristics of the two-phase
swirling flow and dispersed phase mass flux (the difference between the measured and predict-
ed parameters did not exceed 15 %). In general, both approaches produce similar results.
According to the data, it is difficult to draw a conclusion about the advantage of one of
the methods for modeling the dispersed phase. The detailed comparative investigation is re-
quired, and this is beyond the scope of this paper.
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