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Abstract—This paper considers the problem of the numerical simulation of the propagation dynamics of a
dispersed admixture and heat transfer in a swirling turbulent gas—droplet flow behind a sudden tube expan-
sion. The gas phase is described by a system of three-dimensional Reynolds-Averaged Navier-Stokes equa-
tions with taking into account the effect of particles on the transport processes in the carrier phase. The gas-
phase turbulence is calculated with the Reynolds stress transport model with allowance for the effect of the
dispersed phase. The Euler and Lagrangian descriptions give qualitatively similar results for small droplet sizes
of up to d; < 30 um; it is only for the largest particles studied in this paper (with an initial diameter of d; = 100 pm)

did the difference in the calculation results exceed 15%.
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INTRODUCTION

Swirling two-phase flows with solid or liquid parti-
cles in the presence of a sudden expansion of a tube or
channel are widely used in various practical applica-
tions, e.g., to stabilize the combustion process in
industrial burners and separators [1, 2]. The interac-
tion between small sprayed droplets and carrier-phase
turbulence is a complex and not completely under-
stood process [3]. Sudden tube expansion leads to the
appearance of recirculation regions. It has a noticeable
effect on the processes of the transfer of momentum
and heat and the propagation of the dispersed phase
and mainly determines the structure of the separated
two-phase flow [4, 5]. The flow swirling also consid-
erably complicates the understanding of the flow pat-
tern and the processes occurring in such flows. There-
fore, despite the widespread use of two-phase swirling
flows in the presence of particle evaporation in various
practical applications, the processes of turbulent
transport in such flows remain insufficiently studied.

The goal of the study is to take the first steps in a
comparison of the capabilities of the Eulerian and
Lagrangian descriptions of two-phase swirling flows
and heat transfer in a gas—droplet flow behind a sud-
den tube expansion in the dynamics of the dispersed
phase distribution. This study is a development of
recent studies [5, 6], in which the numerical modeling
of a two-phase swirling flow behind a sudden expan-
sion of the tube in the presence of droplet evaporation
was performed only with the Eulerian approach.

835

MATHEMATICAL MODEL

The solution uses a system of three-dimensional
Reynolds-Averaged Navier-Stokes (RANS) equations
that take into account the effect of particles on trans-
port processes in a gas [5, 6]. Figure 1 shows a sche-
matic representation of the flow. The volume concen-
tration of the dispersed phase is low (®, = M;,p/p; <
2 x 107%). The particles are sufficiently small (¢, < 100 um),
so the effects of their collisions with each other can be
disregarded. Here, M;, is the initial mass concentra-
tion of droplets, and p and p; are the density of gas and
droplets. The basic equations of the model and the
method of numerical implementation were considered
in more detail in [5, 6], in which the numerical algo-
rithm was tested in comparison with measurement
data for two-phase swirling flows.

One of the methods that allows a partial accounting
for the complex mixing processes and the anisotropy
of the components of the gas-velocity pulsations in
separated swirling flows is the use of second moment
closure models. The turbulence of the gas phase was
calculated with the elliptical model of the Reynolds
stress transport [7] with allowance for the effect of the
dispersed phase [8].

Two main approaches are used to describe a two-
phase flow: Eulerian continuous (so-called two-fluid
models) and Lagrangian (trajectory) approaches.
Both of these methods have their pros and cons, and
they complement each other [9]. In this case, the
pluses of one approach are the minuses of the other. In
this paper, we present the first results of a comparison
of the capabilities of the Eulerian and Lagrangian
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2R,

Fig. 1. Diagram of the computational domain: (/) two-
phase nonswirling gas—droplet flow and (2) annular swirling
air flow.

methods to describe the dynamics of the dispersed
phase in a gas—droplet swirling flow behind a sudden
tube expansion.

Eulerian Method

The Eulerian approach is used to describe the flow
dynamics and heat and mass transfer in the gas and
dispersed phases. The system of equations to model
the motion of the dispersed phase in the Eulerian rep-
resentation was obtained from the Kinetic equation for
the probability density function of the particle distri-
bution in a turbulent flow [10, 11]. Note that it was ini-
tially developed to describe flows with solid particles in
the absence of interfacial heat transfer. In this study, this
approach is used to describe two-phase flows in the pres-
ence of droplet evaporation. The model [10] is used to
calculate kinetic stresses and temperature fluctuations
and turbulent heat flux in the dispersed phase.

Lagrangian Approach

The gas phase is calculated in the same way as in
the Eulerian approach. The action of the following
force factors on the particle was taken into account:
drag force, gravity, and Saffman forces. The well-
known Continuous Random Walk model [12] is used
to calculate the dynamics of the dispersed phase with
the stochastic Lagrangian approach. This method
takes into account the stochastic effect of gas turbu-
lence on particle motion when interphase interaction
is a continuous process. This method will be used to
calculate the instantaneous (actual) dispersion
modeling Ug ; = U; + ug .. Here, U, and ug ; are the
components of the averaged gas velocity (determined
from the RANS calculation) and the instantaneous gas
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velocity at the particle location determined from the
approach [12]. Random root-mean-square pulsations of
the dispersed phase are calculated along a stochastic tra-
jectory, which allows the stochastic nature of the motion
of the dispersed phase to be preserved. The expression to
calculate the instantaneous value of the gas velocity at the
point of the particle location has the form [12]

ug; = aug; + %, + AAL e N(O, ).

Here, the superscript m refers to the current time
step, N(0, 1) is a random Gaussian variable having a
distribution with a mean value equal to zero and a
standard deviation equal to unity, A is the vector of the
corrected displacement, and Af is the time step. The
expression in [13] is used to calculate the component
of the corrected displacement vector:

1 |14 T
A =— = 1, St, = _
T 1+st, L ox; (P )} b7 (k/e)

p L2d12
relaxation of particles. The displacement tensors a and
diffusion b are determined from the following relations
given in [12]:

where T =

is the time of dynamic

a; = exp (—g) 8y, buby = —aua;)uy;,
L

where QQ; is the turbulent time scale [10, 11]. The tran-
sition from trajectory calculations to the distributions
of the parameters of the dispersed phase in physical
space (e.g., in the calculation of the droplet-concen-
tration field) is performed with space-time averaging
of the trajectory data over the control volume of the
Eulerian grid used to calculate the gas phase. In this
study, 5 X 10* particles were used to obtain a statisti-
cally reliable flow pattern.

RESULTS OF NUMERICAL SIMULATION
AND THEIR DISCUSSION

A swirling gas—droplet two-phase flow was studied
in a downward flow mode behind a sudden tube
expansion. The main stream of a mixture of air and
water droplets, ethanol, and acetone (/, Fig. 1) is fed into
the central channel (2R)). A swirling single-phase airflow
(2) enters the computational domain through an annular
channel (R;—R,). The geometry of the computational
domainis2R, =20 mm, 2R, =26 mm, 2R; =40 mm, and
2R, = 100 mm, and the step height is H = 30 mm. The
computational domain length is X=1 m.

The mass-averaged axial velocity of the main air
stream is U,,; = 15 m/s, and its mass flow rate is G, =
5.65 g/s. The mass-averaged axial velocity and mass
flow rate of air in the secondary annular stream are
U,, = 20.7 m/s and G, = 18 g/s. The velocity-ratio
parameter of coaxial flows in the calculations was a con-
stant value of m = p,U,,,/p,U,, = 1.2, and the swirl
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parameter determined by the relation [1, 2] varied in the
R R
range of §= jo o WU dr / (R3j0 plUlzrdr) = 0-0.7.

The Reynolds number of the gas phase is Re =
U,2R,/v = 2 x 10* The wall temperature was con-
stant over the entire length of the computational
domain and was equal to T, = const = 373 K.

The initial, averaged axial velocity of water droplets
is U;; = 12 m/s. The initial diameter of water droplets
is d; = 10—100 wm, and their mass concentration is
M;, = 0—0.1. The temperature of air and droplets at
the inlet is 77, = T,; = T, = 293 K. The calculations
were performed at atmospheric pressure. The criterion
characterizing the degree of particle involvement in
the gas-phase motion is the Stokes number in the aver-
aged motion Stk = 1/1, where T,is the turbulent time
macroscale. For separated two-phase nonswirling
flows, the following relation for the relaxation time of
the dispersed phase: T,= 5H/U,,; = 0.01 sis given in [3, 4].
Then, taking into account that T = 0.3—30 ms for the
conditions of the present calculations, Stk =0.03—2.6.
This suggests that the particles can be well involved in
the turbulent motion of the gas at Stk < 1 and do not
interact with it at Stk > 1 [3, 4].

The effects of the breakup and coalescence of the
dispersed phase are not taken into account due to the
small number of particles. The volume concentration
of the dispersed phase is low (@, = M, ,p/p,; <2 X 1074).
The water droplets are rather small (d; < 100 um), so
the effects of their collisions with each other can be
disregarded, and they have a monodisperse distribu-
tion at the inlet. Further, as they move through the
tube, the droplet size is variable in all three directions
due to heating and evaporation. We understand that
disregarding the initial polydispersity of droplets can
be important in the analysis of processes occurring in
two-phase flows [e.g., 14]. It is assumed in the study
that droplets deposited on the tube wall from a two-
phase flow instantly evaporate. This assumption is
valid for the case of a large temperature difference
between the wall and the droplet (T}, — Ty,;) > 40 K
[5, 6]. Calculations were performed for nonswirling
and swirling two-phase flows with equal mass flow
rates of the gas (G, + G,) 5., = Gy -, and dispersed
My, s-0= M, s-ophases.

A change in the inlet particle diameter leads to sig-
nificant differences in the distribution of the droplet
volume concentration along the axis of the swirling
two-phase flow. These results are shown in Fig. 2. For
small particles (d; = 10—30 um), an increase in the
concentration of the dispersed phase in the initial sec-
tions on the tube axis is observed due to its accumula-
tion in the recirculation zone under the action of a
recirculating flow.

The nonuniformity of the turbulent kinetic energy
profile of the gas and dispersed phases along the tube
radius leads to the turbulent migration of droplets (tur-
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Fig. 2. Distributions of the droplet volume concentration
along the tube axis in a swirling, two-phase flow: dashed
line, Lagrangian approach; solid curves, Eulerian descrip-

tion; Re =2 x 10%; M;1=0.05;5=0.5; (1) d; = 10; (2) 30;
and (3) 100 um.

bophoresis force) to the tube axis. This also causes the
presence of the maximal volume fraction of solid par-
ticles on the tube axis in the case of small particles
(line 2, d; = 30 um). The most inertial droplets (line 3,
d, =100 wm) are characterized by rapid scattering over
the tube cross section under the action of centrifugal
forces, turbulent diffusion, and turbulent migration.

These conclusions are in qualitative agreement
with the data from known measurements [15] and
large-eddy simulation (LES) [16, 17] for isothermal
swirling gas flows with solid particles behind a sudden
expansion of the tube. This effect becomes more pro-
nounced with an increase in the initial droplet diame-
ter. It can be noted that the Eulerian and Lagrangian
descriptions produce qualitatively similar results for
small droplet sizes of up to d; < 30 um, and only for the
largest particles studied here with an initial diameter of
d, = 100 um does the difference in the calculation
results exceed 15%.

In the case of a gas—droplet swirling flow behind a
sudden channel expansion, the results of experiments
[18] and LES [19] were used for comparisons. Figure 3
shows the calculation results obtained with the Eule-
rian (3) and Lagrangian (4) approaches. The swirling
two-phase flow of a mixture of air and kerosene drop-
lets was studied in a horizontal flow behind a sudden
channel expansion in the presence of particle evapora-
tion of the dispersed phase. The square channel height
was 130 mm, and its length was 245 mm. The step
height is H= 50 mm. The diameter of the nozzle supply-
ing the kerosene was 2R; = 5 mm, and the diameter of the
peripheral opening for air supply was 2R; = 30 mm. The
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Fig. 3. Distributions of the averaged longitudinal compo-
nent of the droplet velocity over the channel cross section
atd; =55um, ML, =0.03, and §= 0.7: (/) measurements
[18], (2) LES calculations [ 19], (3, 4) calculations in this study
with the Eulerian (3) and Lagrangian (4) approaches.

mass flow rate of the gas was G, = 15 g/s and that of
dispersed phase was G; = 1 g/s. The flow swirl number
was § = 0.7. The average initial air flow velocity was
U, = 35 m/s, the Reynolds number was Re =
U,2R;/v =7 x 10%, and the average droplet diameter
was d; = 55 um. The input temperatures of air and ker-
osene droplets were 7, = 463 K and 7,, = 300 K. The
Stokes number in the averaged motion was Stk = 0.6,
and T,= 5 ms. This suggests that the droplets are well
entrained in the turbulent motion of the gas.

Figure 3 shows the profiles of changes in the aver-
aged longitudinal velocity component of kerosene
droplets over the chamber cross section. The compar-
ison results are shown in two sections at a distance
from the flow separation position of x = 26 (x/H =
0.52) and 56 mm (x/H = 1.12). The longitudinal com-
ponent of the droplet velocity is characterized by the
presence of a pronounced maximum. In the axial part
of the tube, the velocity of the dispersed phase is neg-
ative, which indicates the entrainment of droplets in
the region of the separated flow. This is true both for
these calculations and for measurements and calcula-
tions with LES methods [19].

CONCLUSIONS

In general, we note that a qualitative agreement was
obtained between the RANS calculations and the
measurement data and LES calculations [19]. Eule-
rian and Lagrangian methods can be used to calculate
swirling flows after a sudden tube expansion in the
presence of evaporating droplets. Based on the com-
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parison, it is difficult to make an unambiguous con-
clusion as to which of the two methods produces the
best results. It is necessary to perform further studies
on the possibilities of application of both approaches
to the description of complex two-phase swirling flows
in the presence of phase transitions. It is also of great
interest to study the effect on the dispersed phase behav-
ior of other factors determining the mixing process, in
particular, the channel geometry, the velocity ratio
parameter m, the nonisothermality of flows, and others,
which will be the subject of further detailed study.
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