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Abstract—Flow structure and heat and mass transfer in a swirling two-phase stream is numerically
modeled using the Reynolds stress transport model. The gas phase is described by the 3D RANS system
of equations with account for the inverse influence of particles on the transport processes in the gas. The
gas phase turbulence is calculated using the Reynolds stress transport model with account for the pres-
ence of disperse particles. The two-phase nonswirling flow behind an abrupt tube expansion contains
a secondary corner vortex which is absent from the swirling flow. The disperse phase is redistributed
over the tube cross-section. Large particles are concentrated in the wall region of the channel under the
action of the centrifugal forces, while the smaller particles are in the central zone of the chamber.

Keywords: gas-droplet flow, separation, swirl, evaporation, numerical modeling, turbulence, Reynolds
stress transport model.
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Swirling gas-droplet flows in the presence of an abrupt expansion of a channel are widely used for
stabilizing combustion in industrial burners and separators. The swirling flows are characterized by large
local gradients of mean and fluctuation velocities and other parameters and are accompanied by complex
hydrodynamic phenomena due to the action of the centrifugal and Coriolis forces [1-4]. The presence of
recirculation flows has a considerable effect on the momentum and heat transfer intensity and particle or
droplet dispersion, thus determining the structure of the turbulent two-phase flow [5-10]. The interaction
between fine particles and turbulent eddies of the gas phase is a complicated and as yet not clearly understood
process. For this reason, despite the wide practical application of two-phase flows, the turbulent transport in
these media remains poorly studied.

In the literature there are a few studies devoted to experimental [11, 12] and numerical [12-16] inves-
tigation of swirling flows of the mixture of the air with solid particles. Free two-phase swirling jet flows
[13] and flows behind an abrupt expansion of a tube [11, 12, 14-16] were studied. An investigation of these
flows using the RANS equations was carried out in [12—-15]. The Lagrangian [12, 14, 15] and Eulerian
[13] approaches to the description of the disperse phase dynamics were applied. In [12—15] the gas phase
turbulence is described using the k—€ model modified to cover the case of the presence of particles.

An experimental and numerical investigation of swirling gas-droplet flows behind an abrupt tube or
channel expansion was carried out in [17-22]. The combustion of liquid fuel droplets was numerically
simulated in [18-20]. In [18] the results of the numerical simulation on the basis of the Eulerian approach
were compared with the authors’ experimental data on the atomized fuel droplet evaporation in a swirling
flow. The gas phase turbulence was described using the k—€ model taking account for the effects of the
particles and the carrying flow swirl. Good agreement with the measured data was obtained, which counts
in favor of the model developed in calculating the atomized fuel burning in combustion chambers. In [9]
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Fig. 1. Schematics of the computation domain; (/) gas-droplet, swirl-free flow and (2) single-phase swirling air flow.

swirling gas-droplet flow in a tube was modeled using the RANS approach with account for the burning of
liquid fuel droplets. The gas turbulence effect on the droplet evaporation rate was shown. This effect cannot
be neglected far from the inlet section at the swirl parameters S < 1 and near the section, where the swirling
begins, at § > 1.

In the last decade large eddy simulation (LES) is increasingly more frequently used for modeling this
kind of flows [16, 20-22]. This method makes it possible to calculate complicated processes occurring in
two-phase flows under the conditions similar with those in actual combustors. However, the LES applica-
tion, particularly with account for the disperse phase effect on subgrid stresses, requires high-performance
supercomputers which restricts the application of this technique in engineering calculations of swirling two-
phase flows in the presence of separation zones.

The dynamics of the fuel droplet propagation and the heat and mass transfer were investigated using LES
in [20]. The droplet dynamics and their heat and mass exchange with the gas phase were calculated within
the framework of the Lagrangian approach. It was shown that an increase in the swirl parameter leads to
an increase in the particle dispersion degree over the combustor cross-section and the vortex breakdown. In
two-phase flows combustion processes reduce the recirculation region length. The calculation of a swirling
gas-droplet flow behind an abrupt expansion of a plane channel was carried out in [22] on the basis of the
Eulerian and Lagrangian approaches. The calculations did not show any advantage of one method over
another, as concerns both mean and fluctuation parameters of the two-phase flow.

One of the methods which makes it possible to partially allow for complicated mixing processes and the
anisotropy of the phase velocity fluctuations in separated swirling single-phase flows is the use of the second
moment closure (SMC) models [23, 24]. The agreement with the data of measurements was reasonable for
both mean and fluctuating parameters. Some difficulties in describing these flows still remain; these are
the incorrect negative sign of the uw correlation and the conservation of the vortical form of the tangential
velocity component at large distances from the entrance at small values of the swirl parameter [23]. The
successful SMC application in describing two-phase flows was shown in [10, 14, 25, 26].

The purpose of this study is to numerically model the swirl influence on the turbulent gas-droplet flow
structure behind an abrupt expansion of a tube. The flow dynamics and heat and mass transfer in the gaseous
and disperse phases are described using the Eulerian approach [26-28].

1. FORMULATION OF THE PROBLEM
AND NUMERICAL MODEL

We consider the problem of the dynamics of a swirling turbulent two-phase gas-droplet flow in the pres-
ence of heat transfer to the channel walls. The solution is determined using the system of three-dimensional
Reynolds-averaged Navier—Stokes equations (RANS) written with account for the inverse influence of the
particles on the transport processes in the gas. The flow is schematically represented in Fig. 1. The volume
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concentration of the disperse phase is small (®; = M 1p/pr < 2 X 10~%), while the particles are fairly fine
(d; < 100 um). For this reason, the effect of their collisions with each other can be neglected. Here, My is
the initial mass concentration of the droplets and p and p; are the gas and droplet densities.

System of Averaged Equations for the Gas Phase

We will use the system of 3D RANS equations written in the cylindrical coordinates with account for the
inverse influence of the particles on the processes of the mean and turbulent transfer in the gas
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Here, the subscripts i, j=1,2,3,U; Uz =U,U,=V,Uy, =W) and u; (uz = u, u, = v, uy = w) are the
components of the mean velocity and of its fluctuations, x;(z, r, @) are the axes of the cylindrical coordinates,
v is kinematic viscosity, 2k = (u;u;) = u + v + w is the gas phase turbulence, J is the mass vapor flux from
the surface of an evaporating droplet, P is the pressure, T is the temperature, Dy is the turbulent diffusion
coefficient, Cp is the gas heat capacity, « is the coefficient of heat removal from an evaporating droplet, S; is
the flow swirl effect (Sy =0, Sy =W?/r — W /r? + w?/r,and Sy = —VW /r — vW /r? + vw/r) [23, 24],
L is the specific heat of vaporization, Ky is the mass vapor concentration in the binary vapor-gas mixture,
R, is the specific gas constant, Pr = v /a and Sc = v /D are the Prandtl and Schmidt numbers, respectively,
a is the coefficient of temperature conductivity, and D is the diffusion coefficient. The subscripts L, T', and
V refer to the disperse phase, the turbulent parameters, and the water vapor, respectively.

All the equations of system (1.1) are written with account for the presence of disperse phase and the
influence of its evaporation on the momentum, heat, and mass transfer in the gas flow. The turbulent heat
and diffusion fluxes in the gas phase are defined in accordance with the Boussinesq hypothesis. The values
of the turbulent Prandtl and Schmidt numbers were taken to be Prr = Scy = 0.85. The gas phase turbulence
was calculated using the Reynolds stress transport model [29]. The redistributing term was written with
account for the two-phase nature of the flow [30]. The inverse influence of the particles on the carrying
phase turbulence was taken into account within the framework of the approach developed in [30]. The
equations of the turbulence model [29] written with account for the two-phase nature of the flow can be
found in [10, 26].
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System of Averaged Equations for the Disperse Phase

The system of averaged equations governing the transport processes in the disperse medium are as

follows:
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Here, Dy;; and D?L- ; are the tensors of turbulent diffusion and turbulent heat transfer of the particles

[31, 32], Te = Cprprd?/(12AY) is the time of thermal relaxation of the droplets, ¥ = (1 + O.3Re£/2Prl/3),
Re;, = |[U — Ug|d/v is the disperse phase Reynolds number based on the interphase velocity, and v is
kinematic viscosity of the gas phase.

The equations for the second moments of the fluctuations of the velocity (u;uy j>, the droplet tempera-
ture (67), and the turbulent heat flux of the disperse phase (6y.ur, ;) are presented in [31, 32]. System (1.1),
(1.2) is supplemented with the heat transfer equation at the interface under the condition of the temperature
constancy along the droplet radius and the vapor mass conservation equation on the evaporating surface [26].

2. NUMERICAL SOLUTION

The technique of the numerical realization of the Eulerian approach is described in more detail in [10, 26].
The Reynolds stress components were determined in accordance with the approach developed in [33]. All
the calculations were carried out on a grid consisting of 256 x 80 x 80 ~ 1.64 x 10° control volumes. The
further increase in their number has only a slight effect on the results of the numerical calculations.

On the tube axis the conditions of smooth matching for both phases are preassigned, while the imper-
meability and no-slip conditions for the gas phase are imposed on the wall. The absorbing wall conditions
[32] on the wall are used for the disperse phase, when a droplet that has hit the wall does not return into the
flow. In the exit section the derivatives of all the unknown parameters in the axial direction are let to be zero.
The entry parameter distributions are preassigned using the preliminary calculations of single-phase flow in
a 150R-long tube, where R is the tube radius. Thus, in the entry section we have a fully hydrodynamically
stabilized gas flow. the disperse phase is added in the flow in the entry section. For the disperse phase the
unknown parameter distributions over the tube cross-section were uniform. The initial values of the radial
mean velocities of the phases were determined using the relations of the solid rotation law [13]

V1 :4SU1F/R, VLl :4SLUL1F/R,

R; R3 R3 R3
S= JpU1W1r2dr/R3 JpUlzrdr, Sy, = JpLUuWLerdr/Rg, JpLULzlrdr,
0 0 0 0

where S is the air flow swirl parameter and S is the disperse phase flow swirl parameter.
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In the first stage, the comparisons were performed for the single-phase swirling air flow in a tube with
an abrupt expansion [34]. Good agreement between the calculated and measured data was obtained for
both mean and fluctuation parameters (the difference was not greater than 10 to 15%), which provided the
foundation for conducting the calculations of gas-droplet flows using the Reynolds stress transport model.

3. ANALYSIS OF THE RESULTS OF THE NUMERICAL MODELING

The swirling two-phase gas-droplet flow was studied in the downward flow regime behind an abrupt tube
expansion. The computation domain is schematically presented in Fig. 1. The main jet of the mixture of the
air and water droplets (/) is supplied into the central channel (2R). The swirling single-phase gas flow (2)
arrives through the annular channel (R3 — R;). The computation domain geometry is as follows: 2R| =
20 mm, 2R, = 26 mm, 2R3 = 40 mm, 2R4 = 100 mm, and the step height H = 30 mm. The computation
domain length X = 1 m. The mass-average axial velocity of the main air jet U,,; = 15 m/s and its mass flow
rate G; = 22.6 g/s. The mass flow rate of the air in the secondary annular jet G, = 18 g/s. The flow swirl

pararneter
R3 R;3
S= JpUlerzdrR3 / ( J pUlzrdr> =0+1.
0

0

The gas-phase Reynolds number Re = U..;2R; /v = 2 x 10%. The initial mean axial droplet velocity
Ur1 = 12 m/s. The initial water droplet diameter d; = 10 to 100 um and their mass concentration My =0
to 0.1. The particle relaxation time T = p;d”/(18pvW) = 0.3 to 30 ms, where W = 1 + Rei/3/6. The
wall temperature was constant along the whole length of the computation domain, 7,, = 373 K. The gas and
droplet temperature at the entry was 293 K.

The criterion characterizing the degree of the particle entrainment into the gas phase flow is the Stokes
number in the mean motion Stk = 7/7;, where 7/ is the turbulent temporal macroscale. According to the
data of [16], it may be assumed that 7, = X /U,,; ~ 67 ms; then Stk = prd’Re/(18W) = 0.004 to 0.45,
which indicates that the particles are well entrained into the turbulent gas flow. For forward separated flows
behind abrupt expansions in a tube and a plane channel the following expression for 7y is given in [35, 6]:
T = 5H /Uy,1. Then under the conditions of our calculations 75 = 10 ms and Stk = 0.03 to 2.5.

The gas phase streamlines in the swirling gas-droplet flow behind the abrupt tube expansion are plotted
in Fig. 2. The calculations of the swirl-free separated flow (S = 0) were performed for the same geometry
and the same mass flows of the two-phase and single-phase flows as for the swirling gas-droplet flow. Two
recirculation zones are formed in the swirling flows. One of these is located in the wall region of the tube and
is due to flow separation and reattachment. The second zone is within the near-axial region of the channel
which is due to the appearance of return currents in swirling flows, which is in agreement with the data of
measurements [11] and calculations [12, 15, 16] for swirling two-phase flows.

The two-phase swirl-free flow behind an abrupt tube expansion [10, 26] contains a secondary corner
vortex (Fig. 2a) which is absent from the swirling flow. In the wall region of the tube a recirculation region
followed by the two-phase flow reattachment is formed due to the abrupt expansion of the cylindrical channel
(Fig. 2b).

In Fig. 3 we have plotted the radial profiles of the mean axial (a), radial (b), and tangential (c) velocities of
the phases in several cross-sections along the computation domain length. The continuous curves correspond
to the gas phase (/) and the broken curves to the disperse phase (2). The zones of negative gas velocities can
be observable in the wall and axial regions of the tube which confirms the data in Fig. 2. For the disperse
phase the presence of negative velocities in the axial region of the tube is also noticeable which indicates
the disperse phase entrainment into the turbulent gas flow. Clearly, the particles lag behind somewhat the
gas phase at the expense of the inertia, in all sections except the first (Fig. 3a). All the calculated profiles of
the axial velocity of the gas have an expected maximum, whose position is displaced toward the tube wall
as we move downstream, except for the first section. The radial velocity component suffers complicated
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Fig. 2. Streamlines in the separated (a) and swirling (b) gas-droplet flows behind the abrupt tube expansion; Re = 2 x 10,
dy =30 um, Stk =0.3, M;; =0.05,and S =0.5.

variations within the chamber and is considerably reduced and equalized with respect to the cross-section
near the exit section (Fig. 3b). The similar deformations are also inherent in the tangential velocities of the
gas and the solid particles; in the exit sections they are similar in value and are restructured in accordance
with the quasisolid rotation law (Fig. 3c).

4. COMPARISON WITH THE DATA OF MEASUREMENTS
Gas-Disperse Swirling Flow

In the first stage, the comparisons were made with the available experimental data for an isothermal
swirling gas-disperse flow [11]. The swirling two-phase flow was studied in the downward flow regime
behind an abrupt tube expansion. The experimental region geometry was as follows: 2R; = 32 mm, 2R, =
38 mm, 2R3 = 64 mm, and 2R4 = 194 mm. The step height H = 65 mm and the working section length
X = 1500 mm. The main nonswirling jet of the mixture of a gas and glass particles enters through an axial
orifice, while the swirling air flow is supplied through an annular orifice. The mass flow rate of the main
gas jet G41 = 9.9 g/s (supplied through the tube, 2R; in diameter) and that of the secondary annular jet
Gar = 38.3 g/s (supplied through the annular slot (R3 — R;)). The flow swirl parameter S = 0.47. The
Reynolds number Re = U,,,2R3 /v = 5.24 x 10*, the mean initial air flow velocity U,,; = 12.9 m/s, the mean
arithmetic diameter of the glass particles d = 45 um, and their mass concentration Mp = 0.034. The air and
solid particle temperature was 300 K. The measurement were carried out using the single-component phase
Doppler anemometer (PDA).

The radial profiles of the measured [11] and calculated mass fluxes of the particles along the axial co-
ordinate are plotted in Fig. 4. The mass flux was calculated from the formula F = ppUpMp, where pp, Up,
and Mp are the particle material density, their mean axial velocity, and the mass concentration, respectively.
As we move away from the entry section, a considerable variation in the disperse phase mass flux profile in
the tube cross-section can be observable. The mass flux profile has a maximum in the near-axial region of
the tube which is conserved up to the distance x = 195 mm from the abrupt expansion. Starting from the
second cross-section (x = 112 mm) the disperse phase is accumulated in the wall region of the cylindrical
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gential W/ = W /W,,| and WL’ = W1 /W1 (c) gas (1) and droplet (2) velocities in the swirling gas-droplet flow; parameters
are the same as in Fig. 2.
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Fig. 4. Radial distributions of the particle mass flux in the swirling two-phase flow behind the abrupt tube expansion;
(1) measurements [11]; (2) calculations [12]; and (3) calculations of this study; d = 45 um, Stk = 0.58, Mp = 0.034,
S§S=0.47, and x =52 (a), 112 (b), 195 (¢), and 315 mm (d).

channel as a result of an increase in the tangential velocity of the particles and the turbophoresis force action
which is in agreement with the results [11, 12]. Except from the axial zone, a good agreement with the data
of measurements [11] can be noted. In the x = 315 mm section the experimental data are presented only for
the wall region. Since, at the expense of the centrifugal forces, particles are ejected from the axial region
toward the tube periphery, their number is insufficient for obtaining plausible data using the PDA method.
In the x =52, 112, and 195 mm sections the disperse phase concentration decreases more rapidly than it
was noted in the experiments. Correspondingly, this leads to an increase in the particle number in the wall
region of the channel.

Swirling Gas-Droplet Flow

To make comparisons in the case of swirling gas-droplet flows behind an abrupt tube expansion we
used the results of the LES calculations [22] and the experiments [35]. The swirling two-phase flow of the
mixture of air and kerosene droplets was studied in a horizontal channel behind an abrupt tube expansion.
The height of the channel of square cross-section was 130 mm and its length was 245 mm. The step height
H =50 mm. The kerosene-supply nozzle diameter 2R; = 5 mm and the diameter of the peripheral air-supply
orifice 2R3 = 30 mm. The mass gas flow rate G4 = 15 g/s and that of the disperse phase Gy =1 g/s. The
flow swirl parameter S = 0.7. The mean initial air flow velocity U,,; = 35 m/s and the Reynolds number
Re = U,,2R3 /v = 7 x 10*; the mean droplet diameter in [22] d ~ 55 ym. The thermal properties of kerosene
are taken from [36]. The entry temperatures of the air and the kerosene droplets were 7} =463 K and T} =
300 K. The measurements were performed using the phase Doppler anemometer under the atmospheric
pressure. As the entry distributions of the mean and fluctuation parameters of both phases, we took the
experimental data [35] obtained at a distance x = 6 mm from the two-phase flow supply section. The initial
mean size of monodisperse droplets was 50 um. In the mean flow the Stokes number Stk = /7, = 0.6,
where 7y = 5H /U,,1 = 5 ms. This indicates that the particles are well entrained into the turbulent gas flow
[37, 38].

The profiles of the kerosene droplet diameter along the chamber section are presented in Fig. 5. Clearly
that there is qualitative agreement with the measured data [35]. The disagreement with the LES calculation
data [22] is considerable. Characteristic of these experiments is the particle dispersion over the plane channel
cross-section. The larger particles are located in the wall region of the channel due to the centrifugal force
action, while the finer ones are concentrated in the central recirculation zone of the chamber. The droplets
that have found themselves in the axial separation zone cannot leave it, since the turbulence level in the
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Fig. 5. Droplet diameter profiles in the swirling gas-droplet flow behind the abrupt expansion of the plane channel;
(1) measurements [35]; (2) LES calculations [22]; and (3) calculations of this study; d = 55 um, Stk = 0.6, My = 0.034,
S§$=0.7, and x = 26 (a) and 56 mm (b).

surrounding space is higher than that of the disperse phase, so that the recirculation region is the sort of a
barrier for them. For this reason, the droplets that have found themselves in the central recirculation region
are better heated and evaporated, which leads to a decrease in their dimensions.

Summary. A mathematical model of a swirling turbulent gas-droplet flow behind an abrupt tube expan-
sion in the presence of disperse phase evaporation is developed and the numerical modeling is performed.

The two-phase swirl-free (S = 0) flow behind an abrupt tube expansion contains a secondary corner
vortex which is absent from the swirling flow. In the swirling flow there are two recirculation zones: one
is located in the axial region of the tube and is formed due to flow rotation, while the other is in the wall
region of the channel. The reason for its formation is flow separation followed by its reattachment. Large
particles are located in the wall region of the channel due to the centrifugal force action. The finer particles
are concentrated in the central recirculation zone of the chamber. The droplets that have found themselves
in the axial separation region cannot leave it, since in the shear layer the turbulence level is higher than that
of the disperse phase.

The results obtained are compared with the data [11, 12, 22, 35] on the mean and fluctuation parame-
ters of the swirling turbulent two-phase flow behind an abrupt tube expansion, including the case of droplet
evaporation. The calculations are in reasonable agreement with the data of the measurements for swirling
confined two-phase flows (the difference between the measured and calculated parameters is not greater than
20%). The efficiency of the mathematical model developed by the authors in the description of swirling two-
phase flows behind an abrupt tube expansion is shown.

The study was carried out with the support of the Russian Science Foundation (project No. 14-19-00402).
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