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Supersonic branching flows are commonly found in industrial processes like the supersonic aerosol particle

separation process and the supersonic inlet of combined aeroengines. In this research, we carry out a numerical study

on the supersonic branching flow to reveal its features and its effects on aerosol particle separation. It is found that

there are four flow regimes and a critical state in the supersonic branching flow in terms of the shock wave positions,

which are determined by the backpressures of the two outlets. The gas flow rate ratio and the particle separation ratio

are closely related to the flow regimes. There is a steady working zone where the gas flow rate ratio and the particle

separation ratio maintain as constant as the two backpressures vary. In swirling flows, there is a drift of the critical

state. In the range of particle sizes studied here, the particle motion is not sensitive to the variations of the particle size

in the absence of swirl, but it is not the case for swirling flows. Finally, some features of the steady working zone are

discussed. This work is a preliminary research into supersonic branching flow and provides a foundation for the

design of relevant devices.

Nomenclature

a = radius of particle, m
CB = circumference at point B, m
CD = drag coefficient
cp = specific heat capacity, J · kg−1 · K−1

FB = Brownian force on a particle, N
FD = drag force on a particle, N
FS = Saffman lift force on a particle, N
FT = thermophoretic force on a particle, N
fT = dimensionless thermophoretic force
Kn = Knudsen number
M = Mach number
Mp = particle Mach number
mp = mass of a particle, kg
_mout = actual gas flow rate of the outer channel, kg · s−1

_m 0
out = gas flow rate of the outer channel on frictionless

condition, kg · s−1

_mtotal = actual total gas flow rate, kg · s−1

_m 0
total = gas total flow rate on frictionless condition, kg · s−1

Re = Reynolds number
Rep = particle Reynolds number
Rex = Reynolds number with characteristic length scale x
St = Stokes number
T = temperature of the gas, K
T∞ = temperature of thegas at the edge of theboundary layer,K
V = velocity of the gas, m · s−1

VB = velocity of the gas at the edge of the boundary layer at
point B, m · s−1

V∞ = velocity of the gas at the edge of the boundary layer,
m · s−1

ΔV = relative velocity between the particle and the fluid,
m · s−1

Δ _m = loss of the gas flow rate in the presence of friction,
kg · s−1

δ = thickness of the boundary layer, m
δ� = displacement thickness of the boundary layer, m
ζi = zero-mean unit-variance-independent Gaussian random

number
η = actual gas flow rate ratio
μ = dynamic viscosity of fluid, Pa · s
ν = kinematic viscosity of fluid, m2 · s
ρ = density of the gas, kg · m−3

ρB = density of the gas at the edge of the boundary layer at
point B, kg · m−3

ρ∞ = density of the gas at the edge of the boundary layer,
kg · m−3

I. Introduction

T HE supersonic branching flow is wall-bounded flow consisting
of the main pipe flow and two branching flows. It is widely

present in industrial processes like combined aeroengines and
supersonic separation devices. The inlet of the combined turbo/
ramjet aeroengine has two branches leading the air to the turbojet and
the ramjet. The transition between the turbojet mode and the ramjet
mode, which is vital for the performance of the engine, is closely
related to the branching flow. In the supersonic separation process,
particles (or droplets) are separated in supersonic swirling flowwhere
supersonic branching flow occurs. When the particles are introduced
into the flow, the two-phase supersonic branching flow is a complex
process involving many fundamental issues like the shock wave
motion in the tube, particle motion in wall-bounded turbulent flows,
the effects of the shockwave on particle motion, and even the particle
motion in swirling flows.
Generally speaking, the shock wave in a de Laval nozzle moves as

the ratio of the outlet pressure to the inlet pressure changes. A similar
phenomenon occurs in the supersonic branching flow. However, the
shock wave position is affected by the two outlets in the branching
flow. In addition, the study on the flow rate distribution in the two
branches has practical significance since, in real applications, the
flow rate ratio is an important parameter.
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The motion and dispersion of aerosol particles in wall-bounded
turbulent flows are essential in the supersonic branching flow. Direct
numerical simulation (DNS) works reveal that coherent structures
play a very important role in the particle entrainment and deposition
process [1–3]. Near-wall sweep and ejection events of the fluid
enable the particles tomove toward and away from thewall, resulting
in a preferential accumulation of particles below the low-speed
streaks in the viscous sublayer [4]. The particle inertia is also an
important factor. Particles with larger inertia are less likely to follow
the carrier fluid. It is found that, in isotropic turbulence, the particles
with St ≈ 1 show themost obvious preferential concentration. But, in
wall-bounded turbulence, investigation shows that maximum
segregation occurs at St ≈ 25 [5]. However, at the supersonic speed,
DNS on full-scale particle-laden turbulence is impractical. Many
alternatives are available, including large-eddy simulation (LES).
But, still, the resource the LES requires is still large.
A shock wave in the supersonic branching flow may influence the

motion of the particles. If the shock emerges in front of the branching
point, it may greatly affect the separation efficiency. The direction of
the particles changes when the particles move through an oblique
shock wave, but not if the shock is normal. And, if the droplets pass
the shock wave, they may break up when they are large enough [6,7]
or evaporate when their size is in micrometers [8]. Meanwhile, the
shock wave may cause boundary-layer separation, in which case the
turbulent boundary-layer flow structure changes and the particle
dispersion may be seriously affected. In some cases, the presence of
particles also affects the shock wave [9].
In a previous paper, Li and Bai studied the particle motion in

supersonic laminar boundary layers [10]. The objective of this paper
is to investigate the important features that influence the aerosol
particle motion in supersonic branching flow, especially the features
of the supersonic branching flow and particle motion in the turbulent
boundary layer near the wall. In this paper, a two-dimensional model
is built to investigate the aerosol particle separation in the supersonic
branching flow. The particles are tracked in a Lagrangian way, and
the flowfield is calculated in an Eulerian grid. First, we investigate the
nonswirl two-phase flowfield and the trends of both the gas flow rate
ratio and the particle flow rate ratio. Then, we examine the flowfield
in the presence of swirl and the influence of the particle diameter.
Finally, we focus our discussion on one of the four regimes in
supersonic branching flows.

II. Problem Description

The geometrical structure of the branching flow channel is shown
in Fig. 1. The main channel, outer channel, and inner channel make
up the main part of the branching structure. To establish a supersonic
flowfield in themain channel, the gas is accelerated toMach 1 at point
A (i.e., the throat) by the accelerating part, which is a converging
channel. The cross-sectional radius at point A is 4.78 mm. The
accelerating part is an annular pipe, and it is used to create a highly
swirling flow (see Sec. V.C). The annular pipe changes to a circular
one at point A. The main channel is slightly diverging, accelerating
the gas to aboutMach 1.55 at point B, i.e., the branching point. Then,
the flow is split into two streams: one into the inner channel, and the
other into the outer channel. The cross-sectional radii of the inner
channel and the main channel at point B are 4.6 and 5.45 mm,
respectively. In our study, the total pressure and total temperature are
0.7 MPa and 300 K, respectively.
The particles are injected from the throat surface at point A, and

they are uniformly distributed along the surface. The initial velocity

of the particle is the same as the velocity of the surrounding gas.
When the particles are injected into the channel, some will enter the
outer channel. As the outer channel is adjacent to the main channel
wall and the thickness of the boundary layer in the main channel is
close to the width of the outer channel, the number of the particles
entering the outer channel is seriously affected by the boundary layer.
For the dispersed phase, as the flow is supersonic and the velocity and
temperature gradient are large under some circumstances, the drag
force, lift force, and thermophoretic force on the particles are
considered. Because the particles are of the micrometer scale, the
Brownian force is also taken into consideration. In our study, the
particle-to-gas density ratio is large enough, so unsteady forces
including Basset force and added mass force are neglected. This
thinkingwas justified byBagchi andBalachandar [11] and Ling et al.
[12], who concluded that the net effects of the unsteady forces could
not be neglected when the particle-to-gas density ratiowas small, and
their effects tended to decrease as the density ratio increased and the
initial particle Reynolds number decreased. Owing to the dilute
dispersion of the particles, the particle–particle interaction was
negligible. To calculate the number of the separated particles, we
assume that all the particles reach the outlet, which means the
particles reflect from the wall once they touch the wall, and they do
not deposit. The particles are regarded as spherical and
monodispersed. In this work, the heat and mass transfer between
the dispersed phase and the continuous phase and the effect of the
particles on the carrier fluid are not taken into account.

III. Methodology

Many methods for simulating particle flows are available [13,14],
and we prefer the Eulerian–Lagrangian method in our study. Our
model is established on the basis of the FLUENT code. As the
branching flow channel is axisymmetric, the axisymmetric
formulation is applied. This formulation works well for nonswirling
flows. For swirling flows, the drawback of the axisymmetric
formulation is that the three-dimensional flowfield inside the vortex
breakdown zone cannot be accurately predicted. Outside the
breakdown zone, the swirling flowfield can be fairly simulated. The
breakdown point can also be precisely predicted [15]. It is shown in
Sec. V.C that, in this research, the three-dimensional flow features
inside the breakdown zone are not important for the particle
separation. Therefore, the axisymmetric formulation is suitable for
our research, despite its weakness in predicting the flow inside the
breakdown zone.
The supersonic flowfield ismodeledwith theEulerianmethod, and

the particles are tracked with the Lagrangian method. The Reynolds
stress turbulence model is applied to calculate the flowfield. As the
gas in this case cannot be regarded as ideal, the Redlich–Kwong
equation of state is applied. Because the particle–fluid flow is one-
way coupled, there is no source term in the continuous equations.
For the dispersed phase, the motion of particles is governed by

Newton’s second law of motion:

mp

d2x

dt2
� FD � FT � FS � FB (1)

where mp is the particle mass; FD is the drag force; FT is the
thermophoretic force; FS is the Saffman lift force; and FB is the
Brownian force.
The force models are important in deciding the particle motion.

Since the flow is compressible and the particle is small, the effects of

Fig. 1 Schematic of supersonic branching flow.

2070 BAI, LI, AND LI

D
ow

nl
oa

de
d 

by
 X

I'A
N

 J
IA

O
T

O
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
Ju

ly
 2

2,
 2

01
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
05

45
33

 



compressibility and rarefaction have to be taken into account. Loth
[16] elaborately analyzed their effects on the drag of spherical
particles and proposed drag force models for the rarefaction-
dominated regimewhenRep⩽45 and the compressibility-dominated
regime when Rep > 45. This model is proved to be in good
accordance with the experimental results [16], thus, it is applied to
calculate the drag force on particles in our research. The expressions
involved are as follows:

CD � CD;Kn;Re

1�M4
p

�M4
pCD;fm;Re

1�M4
p

for Re ≤ 45 (2)

CD � 24

Rep
�1� 0.15Re0.687p �HM � 0.42CM

1� �42; 500GM∕Re1.16p �
for Rep > 45 (3)

where CD;Kn;Re, CD;fm;Re, HM, CM, and GM are intermediate
parameters for calculatingCD. The range of Knudsen numbers in our
research is wide, from nearly 0.005 to 1.0. For the thermophoretic
force model in the transitional regime, Yamamato and Ishihara [17]
proposed a relatively more accurate expression as follows by solving
the Boltzmann equation numerically, and it is applicable for our case:

fT � 16π

5

�
AwHo − Ao

�
Hw � 5

���
π

p
4

Knk̂

���
Hw � 5

���
π

p
4

Knk̂

�−1

(4)

whereAw,Ao,Hw, andHo are functions of the Knudsen number, and
k̂ is the ratio of thermal conductivity of the particle to that of the gas.
In shear flows, the particle experiences a lift force perpendicular to

its moving direction. Saffman [18] proposed its expression
FS � 6.46μa2ΔVν−1∕2�dV∕dy�1∕2, and it has been widely used in
studies. Dandy and Dwyer [19], McLaughlin [20], Mei [21], Kurose
and Komori [22], and Bagchi and Balachandar [23] proposed
different expressions of the lift forcemodel, but Saffman’s [18]meets
our accuracy requirement and is moremanageable; thus, it is adopted
in our research. The Brownian force is modeled as a Gaussian white
noise random process:

FBi � ζi

��������
πSo
Δt

r
(5)

Turbulence is modeled in Reynolds-averaged Navier–Stokes
equations and, accordingly, the particlemotion and dispersion caused
by turbulence are modeled. The random walking model and the
particle cloud model are generally used in the particle motion model.
In our research, the cloud model is adopted.
The mesh we use in this research is structured but not uniform. To

accurately capture the flow in the near-wall region, the grid near the
wall is refined. In addition, the particle separation is also one of our
focuses, so the grid near the branching point is also refined, as shown
in Fig. 2.

IV. Validation

To check the accuracy of the simulation, a grid-dependence check
is operated. The meshes with 6000, 12,000, 26,000, and 46,000
elements are investigated. We refine the mesh as a whole, which
means only the element number increases but the local refinement

method holds for all the meshes. The particle mean trajectories

injected from the same initial position are compared. Figure 3 shows
that the simulations with meshes of more than 26,000 elements

produce almost the same result. So, the mesh with 26,000 is
preferable in the simulation.
We have also examined the vortex breakdown point in

compressible swirling flows to check the validity of the single-
phasemodel. The experiment setup is demonstrated in [15].We build

geometry that is the same as the one in the numerical investigation of
Umeh et al. [15], and we simulate the flowfield using our single-

phase model. The element number of the grid we use is a little larger
than the one used by Umeh et al. [15]. In Fig. 4, the scattered
experimental vortex breakdown points indicate the unsteady nature

of the flow. Because of the unsteadiness, the vortex breakdown point
moves back and forth and is difficult to locate. In our simulation, we

also noticed this unsteady nature. We take the average position of the
fluctuating vortex breakdown point as our numeric vortex breakdown

location. It turns out that the vortex breakdown points predicted by
our model agree well with the experimental ones, although they are

slightly nearer to the dumpplane (the axial location of the dumpplane
is 0.0) than the ones predicted by the numerical model of Umeh

et al. [15].

Fig. 2 Mesh near the branching point.

Fig. 3 Grid-dependence check.

Fig. 4 Comparison of vortex breakdown (VB) points.
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Another validation is done by comparing the simulation result with
the experimental result of the particles’ x-directional velocity

distribution after the oblique shock wave given by Tedeschi et atl.

[24]. The case of the incense smoke particles with diameters of

1.4 μm is studied in our validation. From Fig. 5, we can see that the

simulation agrees with the experiment.

V. Results

A. Four Flow Regimes in Supersonic Branching Flow

To investigate the properties of the particlemotion in the branching

flow, the single-phase gas flowfield has to be studied first. The flow in

this part is nonswirling. Among all the characteristics of the gas flow,

the one that interests us most is the change of the shockwave position
as the backpressures of the two outlets vary.
According to the aerodynamics in a de Laval nozzle, the

backpressure has a great effect on the shock position. The supersonic
flow changes abruptly into subsonic when crossing the shock wave.
As the backpressure increases, the shock position moves upstream.
However, some differences exist in the supersonic branching flow.As
we can see in Fig. 6c, there are shock waves in both of the branches
when their backpressures are relatively low. As the backpressures
increase graduallywhen the total pressure is kept constant at 0.7MPa,
the shock waves move upstream. The two backpressures can be
increased high enough for both of the shock waves to stay at the
branching point, under which condition the two shock waves tend to
merge into one, as shown in Fig. 6e. At this critical state, the critical
backpressures of the inner channel and the outer channel are 0.62 and
0.34 MPa, which account for 88.6 and 48.8% of the inlet total
pressure, respectively. This means the critical backpressure of the
inner channel is much higher than that of the outer channel at this
point. There are two reasons for it. First, the fluid adjacent to the wall
is the main stream of the source fluid in the outer channel, and a large
part of the mechanical energy of the fluid adjacent to the wall
transforms into heat due to strong friction, which causes lower total
pressure in the outer channel. Second, obvious flow separation is
observed in the outer channel, which also results in a great total
pressure loss. If the two backpressures continue to increase, it can be
inferred that the merged shock wave continues to move to the
upstream of the branching point, as shown in Fig. 6d. However, if one
of the backpressures is lower than the critical value and the other is
higher than that, the situations as presented in Figs. 6b and 6c occur.A
shockwave exists in front of the branching point in themain channel,
and the supersonic flow changes into a subsonic one after the shock.
In the branching channel with higher backpressure, the gas flow
maintains its subsonic speed. On the contrary, in the branching
channel with lower backpressure, the flow reaccelerates to be

Fig. 5 Validation of the model.

Fig. 6 Effects of the backpressures on the shock position in nonswirling flow.
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supersonic and another shockwave emerges (see the outer channel in

Fig. 6b and the inner channel in Fig. 6c).

Based on the aforementioned analysis, we conclude that there are

four flow regimes in the supersonic branching flow in terms of the

shock wave position(s), namely 1) shock in the main channel,

2) shock in themain channel and the inner branch, 3) shock in both of

the branches, and 4) shock in the main channel and the outer branch.

And, these four regimes are schematically shown in Fig. 7. The

backpressures are nondimensionalized by being divided by the inlet

pressure of 0.7 MPa. The symbols in the figure represent the study

cases, and the study cases in Figs. 6a, 6b, 6c, and 4d are demonstrated

in Fig. 7 as a, b, c, and d, respectively. The critical point in Fig. 7

represents the critical state mentioned previously. It is notable that,

unlike the borders between 1 and 2, 2 and 3, and 3 and 4, the border

between 1 and 4 is neither horizontal nor vertical. This is because the

backpressure of the inlet channel is so high that a larger part of the gas

flow is forced to go through the outer channel, which results in the

reacceleration of the flow and the emergence of the shockwave in the

outer channel. The division of the borders is determined by various

factors such as the geometry of the branching tube and the working

conditions, which can seriously affect the interaction between the

flows in the inner branch and in the outer branch.

B. Gas Flow Rate Ratio and Particle Separation Ratio

The flow and particle distribution between the two branches in

supersonic branching flow is ourmain research concern. Thegas flow

rate ratio is defined as the ratio of the gas flow rate in the outer channel

to the total flow rate, and the particle separation ratio is defined in a

similar way, except that the gas flow rate is replaced by the particle

flow rate.

Figure 8 shows the two ratios for the cases we have studied in the

flow regime scheme. In Fig. 8, next to each symbol there are two

numbers. The upper one indicates the gas flow rate ratio, and the

lower one the particle separation ratio. Our careful examination of the

two ratios for each case leads to the conclusion that they are related.

Generally speaking, when the gas flow rate ratio rises, the particle

separation ratio rises. This conclusion can be further justified by the

fact that the particle in our study here is 1.0 μm in diameter and

1000 kg∕m3 in density, and it shows a strong tendency to follow the

gas phase.

According to the value of the particle separation ratio, the space in

Fig. 8 can be divided into three regions, namely, the medium-high

region, the low region, and the high region. In the medium-high

region, identical values of the particle separation ration result for all

the cases. Thismedium-high region coincideswith regime 3 in Fig. 7.

In this regime, the shock waves occur in the two branches and the

flow in the main channel is supersonic. Thus, an undisturbed state is

formed in the main channel and, at this state, the flow and particle

separation in themain channel is free from the effects of the changing

backpressures. Therefore, in terms of the main channel, we define
this region as the steady working zone.
If either of the backpressures rises and pushes the shock wave

upstream into the main channel (i.e., the transition from regime 3 to
regime 2 or 4), a sudden drop of the two ratios occurs. The reason lies
in the shock wave/boundary-layer interaction, as shown in Fig. 9.
According to the principles of the shock wave/boundary-layer
interaction, flow separation occurs behind the shock wave in the
boundary layer. In Fig. 6, the separation due to the shock/boundary-
layer interaction is obvious. The boundary layer in the main channel
is about one-fifth of the radius, so the separation changes the
downstream flow after the shock wave to a large extent. Once the
separation occurs, the gas flow ratio decreases rapidly, which is
because the boundary-layer separation causes lower flow rate in the
outer branch. Consequently, fewer particles enter the outer branch.
Figure 4 also shows the change of the average particle trajectory
caused by the shock wave/boundary-layer interaction. In this figure,
the particle suddenly moves away from the wall at t ≈ 0.23 ms,
indicating the occurrence of the flow separation. It also can be noticed
that, in regime 2, the two ratios change little as the backpressure of the
inner channel increases, which is because, in this case, the shock
wave migration in the outer channel does not affect the flow so much
as in the main channel.
If either of the backpressures continues to increase, the shockwave

in themain channel keepsmoving upstreamand, in this case, there are
two outcomes for the shock wave/boundary-layer interaction. The
first is that this interaction becomes less obvious due to the decrease
of the shock intensity. The second is the flow gets the time to reattach
before reaching the branching point.As a result, the gas flow ratio and
the particle separation ratio start rising again, as designated by arrows
in Fig. 8. They rise slowly in the vertical direction but rapidly in the
horizontal direction. That is because the shock in the main channel is
more sensitive to the changing backpressure of the inner channel, i.e.,
when backpressure of the inner channel increases, the shock wave
moves upstream rapidly. But, it moves slowly when the backpressure
of the outer channel increases. In fact, in a de Laval nozzle the ratio of
the backpressure to the total pressure represents themotive energy for
the flow and determines the maximum Mach number the flow can
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Fig. 9 Effect of the shock/boundary-layer interaction on the particle
motion.
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reach. Similarly, in supersonic branching flow, there are two energy

sources. Apparently, the backpressure of the inner channel is the
more dominating one because the larger part of the flow goes through

the inner channel. Thus, a change in the backpressure of the inner

channel causes a stronger reaction of the shock wave in the main

channel. Besides, as mentioned previously, the critical pressures of
the inner channel and that of the outer channel are 88.6 and 48.8% of

the inlet total pressure, respectively. And, it means there is little room

for the backpressure of the inner channel, but relatively much room
for the backpressure of the outer channel to raise its percentage of the

inlet total pressure to 100%, which is also the reason why the shock

wave is more sensitive to the changing backpressure of the inner
channel. To sum up, in regimes 1, 2, and 4, the flowfield in the main

channel is disturbed by the flow conditions in the branches

downstream, resulting in a change in the two ratios as the
backpressures vary. So, the region these three regimes cover is

defined as the disturbed working zone.

C. Effects of the Swirl

To examine the effect of the swirl on the particle motion, the
supersonic swirling flow is investigated. The swirl is introduced from

the inlet with the same tangential velocity in the radial direction, i.e.,

V inθ∕V inx. As the average radius of the accelerating annular channel
decreases, the average swirling velocity increases dramatically.

Generally, it develops into aRankine vortex flow in themain channel,

as shown in Fig. 10.
There are two effects the swirl brings to the branching flow. First, the

total friction between the gas and the wall increases a little. Second,

vortex breakdown emerges behind the shock wave. Vortex breakdown
is characterized by a sudden change in the vortex structure [25].

Usually, recirculation zones or spirals emerge when it happens [26–

28]. The axisymmetric formulation can be used to obtain useful results

of the vortex breakdown [15]. In our study, the vortex breakdown is
observed inFig. 10,where the swirling intensity suddenly falls near the

branching point, especially in the vicinity of the axis. Also, Fig. 11

shows that the vortex breakdown happens downstream of the shock
wave. In Figs. 11b and 11c, it emerges right behind the shock wave. In

fact, in our study, the flow with vortex breakdown is unsteady and

oscillating. Nevertheless, the unsteadiness is mainly in the vortex
breakdown zone and the position of the shock wave is almost

unaffected. The vortex breakdown can be either beneficial or

hazardous for practical applications. For example, it helps to keep

combustion flames stable in swirling flow [29], but the lift force on a
delta wing decreases when it happens [30].
In our study case, the raise of the total pressure loss caused by the

vortex breakdown is considerable but that contributed by the friction
increase is little, which brings about two consequences for the
branching flow as the swirl increases. The first one is that the shock
wave moves upstream when the two backpressures keep constant, as
shown in Fig. 11. This is predictable when the motive energy is
consumed faster. The second one is that, in the flow regimemap, there
is a drift of the critical state (see Fig. 7). Both of the critical pressures
decrease as the swirl increases. However, the critical backpressure of
the inner channel fallsmuch faster than that of the outer channel. That
is because the pressure loss in the outer channel is primarily caused by
the friction and that in the inner channel is mainly due to the vortex
breakdown.

D. Effects of Particle Size

It is easily inferred that the particle with larger size moves toward
thewallmore quickly than the onewith smaller size in swirling flows.
In fact, as the mass of a particle is proportional to the cubic square of
its diameter, the particle’s radial velocity depends on the particle size,
as shown in Fig. 12. In this figure, the effect of the shock wave/
boundary-layer interaction is eliminated by displacing the shock
wave from the main channel. Also, it turns out that the larger particle
does not show a different reaction to the shock wave/boundary-layer
interaction in the absence of swirl. Figure 12 shows that the
separation efficiency is almost constant when the particle size varies
from 0.05 to 3.0 μm and the swirl is set zero. The reason is that the
Stokes number for 1 μm particles in the main flow is around 0.2,
which is far below one. So, we can see that the particles have a strong
tendency to flow the gas.

VI. Discussion

The discussion section focuses on the steady working zone
(regime 3) in the main channel, which has practical significance for
industrial applications. In fact, once the critical backpressures are
given, the range of the steady working zone is then determined.
However, the critical backpressures are influenced by multiple
factors, including the intensity of the shock wave, friction, separation
of the boundary layer, and even the vortex breakdown. The main
purpose of the discussion part is to provide a convenient way to
estimate the gas flow rate ratio in two simplified ideal cases.

A. Nonswirling Flow Without Friction

In nonswirling supersonic branching flow, if the branching flow
channel is large enough and the friction in the channel is neglected,
the expansion before the shock wave and the compression after the
shock wave can be assumed as isentropic. Once the structure is
established and the ratio of the backpressure to the total pressure is
determined, the critical state for this structure is determined. In this
case, the critical backpressures can be obtained by calculating the
total pressure loss due to the shock wave, and the gas flow rate ratio
for the steady working zone is determined exclusively by the ratio of
the outer channel cross-sectional area to the total cross-sectional area
at the branching point: η � _mout∕ _mtotal � Aout∕Atotal. It is worthy of
note that this inference is only valid for the nonswirling, frictionless,
perfect gas flow of certain working fluids.

B. Nonswirling Flow with Friction

Under some circumstances, friction cannot be neglected, and it
even plays an important role, like the case in this research. For the
viscous fluid, separation of the boundary layer occurs due to the
shockwave/boundary-layer separation, and our following discussion
does not include the analysis on the critical backpressures under such
conditions. We focus on the gas flow rate ratio for the steady
working zone.
The friction of the wall causes a decrease in the velocity and an

expansion of the gas adjacent to thewall that, in consequence, lowers
the gas flow rate in the outer channel. In most cases, the thickness of

Fig. 10 Swirl velocity contour near the branching point at different
swirl intensities.
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the boundary layer is less than the width of the outer channel. The
actual gas flow rate ratio in the presence of friction can be estimated
with

η � _mout

_mtotal

� _m 0
out − Δ _m

_m 0
total − Δ _m

(6)

where _mout and _mtotal are the actual gas flow rate in the outer channel
and the total gas flow rate, respectively. The gas flow rate in the outer
channel and the total gas flow rate in the absence of friction are _m 0

out

and _m 0
total, respectively. Δ _m is the decrease of the gas flow rate when

friction is taken into account. Although _m 0
out and _m 0

total can be readily
obtained, Δ _m is more complex.
The key to the expression of Δ _m is the displacement thickness of

the boundary layer δ�:

Δ _m � ρBVBCBδ
� (7)

where ρB and VB are the density and velocity of the fluid at the outer
edge of the boundary layer at branching point B, respectively. CB is
the circumference of the main channel at branching point B. We can
get the expression of δ� as

δ� �
Z

δ

0

�
1 −

�y∕δ�1∕n
1� �V2

∞∕2cpT∞��1 − �y∕δ�2∕n�
�
dy (8)

V∞, ρ∞, andT∞ are the velocity, density, and temperature at the outer
edge of the boundary layer at branching point B, respectively; and
n � 2.2Re1∕14x �1� 0.2M�1∕7 [31]. The effective radius at point B is
RB − δ�, where RB is the real radius of the main channel at point B.
Also, δ can be obtained analytically, experimentally or from
numerical simulation. Then, δ� can be calculated with a numerical
quadrature like the Newton–Cotes formulas.
For the geometrical structure and the conditions in this research,

we analyze the actual gas flow rate ratio by following the
aforementioned procedures. For example, the boundary-layer
thickness in our case is 0.85 mm at the branching point. Then, the
actual gas flow rate ratio we obtain is 22.97%. Compared with the
result from numerical simulations (that is, 22.2%), our result has a
relative error of 3.47%. If friction is neglected, the gas flow rate ratio
of 28.76% is equal to the ratio of the outer channel cross-sectional
area to the total cross-sectional area at the branching point, and it is
much higher than the real one.

VII. Conclusions

In this paper, the particle-laden supersonic branching flow is
simulatedwith the Eulerian–Lagrangianmethod. Themodel used is a
two-dimensional axisymmetric one with a pointwise approach for
particles. Although the three-dimensional structures in the vortex
breakdown zone cannot be accurately simulated, the key features of
the supersonic branching flow are revealed in this research. It is found
that there are four flow regimes in terms of the shockwave position in
supersonic branching flow, namely, 1) shock in the main channel,
2) shock in the main channel and the inner branch, 3) shock in both
branches, and 4) shock in the main channel and the outer branch.
And, the gas flow ratio and the particle separation ratio are closely
related to these four regimes. The steadyworking zone exists in terms
of the flow in the main channel, in which the gas flow rate ratio and
particle separation ratio are not affected by the backpressures. As the
particle is small, and thus follows the gas phasewell in the absence of
swirl, the particle separation ratio and the gas flow ratio show a
similar trend. If there is a swirl in the flow, the critical state for the four
regimes drifts on the regime map in the direction of the falling
backpressures, which is caused by the increasing total pressure loss

Fig. 11 Effects of the swirl intensity on the shock position.
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Fig. 12 Effects of the particle diameter on separation efficiency.
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due to the vortex breakdown and rising friction. The effects of the
particle size are also studied. The effects of the flow separation
induced by the shock wave on the particle motion are not sensitive to
the change of the particle size. However, the particle separation ratio
does increase rapidly in swirling flow if the particle is larger. The gas
flow rate ratio for the steady working zone with and without
considering friction is discussed. In the current study cases, friction is
influential and causes a dramatic decrease of the ratio.
It is necessary to point out that the current regime map is true only

for the channel of the present geometrical structure of the branching
flow and the working conditions in the current research. Under
different conditions, the regimemap can be different. For example, in
swirling flow, factors like the geometry of the channel, total pressure,
or gas properties may affect the regime map, including the critical
state drift and the borders between regimes. Also, if the geometrical
structure is large enough, the boundary-layer separation may not
influence the flowfield as remarkably as it does in the current
research. For all these uncertainties, one thing for sure about
supersonic branching flow is the four regimes. Therefore, a
preliminary research into this kind of flow becomes a reality and
provides a foundation for further research.
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