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The presentwork presents numerical simulations of the complex particlemotion in a supersonic separatorwith a
delta wing located in the supersonic flow. The effect of the delta wing on the strong swirling flow is analysed
using the Discrete Particle Method. The results show that the delta wings re-compress the upstream flow and
the gas Mach number decreases correspondingly. However, the Mach number does not vary significantly from
the small, medium and large delta wing configurations. The small delta wing generates a swirl near its surface,
but has minor influences on the flow above it. On the contrary, the use of the large delta wing produces a strong
swirling flow in the whole downstream region. For the large delta wing, the collection efficiency reaches 70%
with 2 μm particles, indicating a good separation performance of the proposed supersonic separator.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Particle flow
Supersonic separator
Discrete Particle Method
Delta wing
1. Introduction

The separation of the water vapor and heavy hydrocarbons is an es-
sential procedure in natural gas processing. The supersonic separation is
a newly designed device for this purpose by using the cryogenic effect
due to the gas expansion in a supersonic flow [1–4]. The supersonic sep-
arator has several advantages compared to the conventional gas separa-
tion technologies. For example, it is a relatively compact device without
rotating parts. It does not need chemicals to prevent the formation of
the hydrate, which can eliminate pollution of the environment.

A number of studies have been focused on this novel supersonic sep-
aration technology. In particular, computational fluid dynamics (CFD)
simulations were carried out to investigate the complex flow under su-
personic conditions. Studies of single phase flow include the work of
Jassim et al. [5,6] and Karimi and Abdi [7], who considered the flow of
natural gas through a Laval nozzle under a high pressure condition.
The effect of the geometrical structure and operating parameters on
natural gas was analysed in detail but without considering a swirling
flow. On the other hand, Malyshkina [8,9] took account of a strong
swirl in the numerical simulation of the natural gas field in a supersonic
separator, in which a swirling device was installed in the upstream of a
Laval nozzle. Yang et al. [10–12] performed simulations to study a single
phase flow in supersonic separators with and without swirls.
).
Some efforts have also beenmade to study the condensation process
ofwater vapor in a supersonic separator. Based on the ideal gas assump-
tion,Ma et al. [13] developed a two-fluidmodel to simulate the conden-
sation flow without a swirl in a Laval nozzle. Their CFD model was
validated using the experimental nozzle data from the literature. The
same mathematical model was subsequently used to calculate the nu-
cleation and condensation processes in a supersonic separator with a
strong swirl flow [14]. Shooshtari and Shahsavand [15,16] numerically
studied the nucleation and particle growth behavior in a supersonic
nozzle without considering a swirling flow. Castier [17] carried out nu-
merical simulations of natural gas flow within a Laval nozzle both in
consideration of the single phase flow and the phase equilibrium. How-
ever, the swirling flow was not included in the numerical work.

It is noteworthy that the above mentioned studies focused on the
single phase flow or condensation flow in a supersonic separator, but
very little attention has been paid to the particle flow. In this paper,
we focus on the particle flow in the supersonic separator with the
swirling device located at the downstream of the Laval nozzle. The Dis-
crete ParticleMethod (DPM) is employed to study the particle behavior.
The effects of the delta wing height on the particle flow are then inves-
tigated in our newly designed supersonic separator.

2. Supersonic separators

This paper considers a supersonic separator using a delta wing. The
primary structure includes a Laval nozzle, a delta wing, a cyclonic sepa-
ration part, and a diffuser. These are illustrated in Fig. 1. The delta wing

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2016.07.061&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2016.07.061
mailto:yyan-petroleum@cczu.edu.cn
Journal logo
http://dx.doi.org/10.1016/j.powtec.2016.07.061
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec


Fig. 1. Schematic diagram of the supersonic separator with a delta wing.
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is installed at the downstream of the Laval nozzle. The cyclonic separa-
tion part is a straight tube, where there is a strong swirling flow to sep-
arate the particles from the gas liquid mixtures. One of the major
components is the Laval nozzle that is specifically designed to form a
stable supersonic flow. The converging part of the nozzle is described
by the cubic polynomia in Eq. (1), while the Foelsch's analytical method
is used to curve the diverging contour [18].
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Here D1 and Dcr are the inlet and throat diameters, respectively. x is
the distance from the nozzle inlet.D(x) is the diameter at x. Lastly, L rep-
resents the length of the convergent region.

The swirling device is another key part for the supersonic separator
located at the downstream of the Laval nozzle. Several requirements
have to be fulfilled by the design. Firstly, the geometric volume should
be small to reduce its occupied space in the straight pipe. Secondly,
the front edge of the delta wing (Fig. 1) needs to be sufficiently small
to prevent the formation of shockwaves, which can lead to the changes
of the flow from supersonic to subsonic. Thirdly, the sides (Fig. 1) are
designed to have smooth surface for reducing theflow resistance. Lastly,
the back edge should be high and curved to generate the swirling flow
for the removal of the particles. The delta wing is designed according
to the above mentioned requirements. In addition to these, the wing
bottom (Fig. 1) is designed such that the cylindrical surface transitions
smoothly to the pipe wall. It also ensures that the front edge starts
from the surface. The profiles are paraboloid and smoothly transit to
the back edge. Three different wings are used to evaluate the effects
on the particle flow, including the small, medium and large wings
with different bottom lengths.

The length of the entire supersonic separator is 709.5 mm. The crit-
ical diameter at nozzle throat is 12.4 mm. The diameters of the nozzle
inlet and outlet are 80.0mmand 16.8mm, respectively. The detailed di-
mensions of the designed supersonic separator are shown in Table 1.
Table 1
Dimensions of the designed supersonic separator.

Parameter Value (mm)

Nozzle inlet diameter 80.0
Nozzle throat diameter 12.4
Nozzle outlet diameter 16.8
Diffuser outlet diameter 40.0
Nozzle converging length 149.0
Nozzle diverging length 37.1
Straight tube length 159.9
Cyclonic separation length 141.7
Diffuser length 221.8
3. Mathematical model

3.1. Continuous phase

The conservation equations describing the natural gas flow in a su-
personic separator involve the continuity,momentumand energy equa-
tions. Their general forms can be described as:

Continuity equation:

∂ρ
∂t

þ ∇ � ρuð Þ ¼ 0 ð2Þ

Momentum equation:

∂
∂t

ρuð Þ þ ∇ � ρuuð Þ ¼ ‐∇pþ ∇ � τ
� �

þ F ð3Þ

where ρ, u and p are the density, velocity and, pressure respectively. F is
the external body forces. τ is the stress tensor and given by

τ ¼ μ ∇uþ ∇uT� �
−

2
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where I is the unit tensor, u′ is the fluctuating velocity component.
Energy equation:

∂
∂t

ρEð Þ þ ∇ � ρuEð Þ ¼ −p∇ � u−∇ � qþ ∇ � uτ
� �
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where E is the total energy; q is the heat flux.
The Redlich-Kwong, Soave-Redlich-Kwong, and Peng-Robinson

equations of state arewidely used in oil and gas industry. The advantage
of these equations is that they often accurately represent the relation
between temperature, pressure, and phase compositions in binary and
multicomponent systems. These real gas equations of state predicted al-
most similar results [19,20]. Therefore, the Redlich-Kwong [21] equa-
tion of state model is adopted to calculate the real gas flow in high
pressure and low temperature in a supersonic separator as follows:

p ¼ RT
Vm−b

−
affiffiffi

T
p

Vm Vm þ bð Þ ð6Þ

a ¼ 0:4275R2T2:5
c

pc
ð7Þ

b ¼ 0:08664RTc

pc
ð8Þ

where Vm and T are the molar volume and temperature, respectively. R
is the gas constant. The coefficients a and b are given for the equation of
state as functions of the critical temperature, Tc and critical pressure, Pc.



Table 2
Boundary conditions for computational simulation.

Computational boundary Boundary conditions

Gas phase Discrete phase
Wet gas inlet Pressure inlet Escape
Dry gas outlet Pressure outlet Escape
Liquid outlet Pressure outlet Trap
Walls No-slip Trap for cyclonic separation section

Adiabatic Reflect for all other walls
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3.2. Discrete phase

The governing equation for particles in an Eulerian-Lagrangian
method is:

dul

dt
¼ FD u−ulð Þ þ g ρl−ρð Þ

ρl
þ F ð9Þ

where ul and ρl are the particle velocity and density, respectively. g is
the acceleration of gravity. The drag force coefficient, FD is:

FD ¼ 18μ
ρld

2
l

CDRe

24
ð10Þ

where dl is the particle diameter. The drag coefficient, CD, for spherical
smooth particles is given by

CD ¼ a1 þ a2
Re

þ a3
Re2

ð11Þ

where a1, a2 and a3 are constants. Re is the relative Reynolds number:

Re ¼ ρdl ul−uj j
μ

ð12Þ

Integration of time in Eq. (9) yields the velocity of theparticle at each
point along the trajectory, with the trajectory itself predicted by

dx
dt

¼ ul ð13Þ

In a supersonic separator, the centrifugal force plays a much more
significant role than the gravity force. Therefore, the gravity force is
neglected. The last term, F, is an additional acceleration term, which in-
cludes the virtual mass force, pressure gradient force, thermophoretic
force, and Saffman's lift force [22–24]. The virtual mass and pressure
gradient forces are also ignored because the gas density is much lower
than the density of the particles. The temperature gradient does not
exist at the walls of the supersonic separator since the adiabatic wall
condition is used in our cases. The thermophoretic force, hence, is not
considered in the simulation.

However, the Saffman's lift force, FS, is expected to significantly af-
fect the particle motion because the strong shear and swirling flow
exist in the supersonic separator. Hence, the Saffman's lift force is con-
sidered in the simulation to predict the particle behavior. The Saffman's
lift force, FS, is described as in [25]:

FS ¼ 2Ks
ffiffiffiffiffiffi
νg

p
ρdij

ρldl dlkdklð Þ0:25
u−ulð Þ ð14Þ

where FS is the Saffman's lift force, Ks=2.594, νg is the gas dynamic vis-
cosity, dij is the deformation tensor of the fluid.

3.3. Turbulence model

In the supersonic separator, a deltawing is installed downstream the
Laval nozzle to generate a swirling flow, which is expected to be very
strong since the change of the gas velocity occurs at supersonic speed.
The flow is strongly turbulent at the downstream of the delta wing. In
the current work, the Reynolds stress model is adopted to predict the
flow behavior, because it can capture the characteristics of anisotropic
turbulence. A detailed description of the Reynolds stress model can be
found in [26].
3.4. Numerical schemes

The finite volume method is adopted to solve the governing equa-
tions, and the velocity and pressure fields are coupled by the SIMPLE al-
gorithm [27]. The second-order upwind scheme is used for an accurate
prediction. The convergence criterion is 10−6 for the energy equation
and 10−3 for all other equations. When the total mass error of the
inlet/outlet mass flow rates is simultaneously below 1 × 10−4, the solu-
tions are considered converged. The detailed boundary conditions are
described in Table 2.

The inert particle of water-liquid is employed to model the con-
densed droplet in a supersonic separator. The particle density is set to
998.2 kg/m3. The present model assumes the particle has a constant di-
ameter, hence neglecting the evaporation and condensation in the sim-
ulation. For the particlemotion, the Euler discretization is applied for Eq.
(9). The surfacemethod is employed as the injection type, whichmeans
that the particles are released and tracked at the nozzle outlet. The total
mass flow rate of the particles is set to 3.35 kg/s.

4. Results and discussion

Themodel validation has been conducted in our previous study [28]
to predict the particle flow in a different supersonic separator, in which
the swirling device locates at the upstream of the Laval nozzle. Both of
these two separators work based on the cyclonic separation in the su-
personic speed, although the specific structures are different. Themath-
ematical model was validated with experimental data. The comparison
results showed that the DPM model performed good accuracy for the
prediction of the particle flow in the supersonic swirling flows. The de-
tailed information can be found in [28].

4.1. Mesh sensitivity analysis

The quality and density of the grid system have a significant influ-
ence on the numerical accuracy. In this supersonic separator, both the
structured and tetrahedral grids are chosen for the mesh generation.
The complicated delta wing part is generated with tetrahedral grids,
and the structured grid system is employed for other parts. Three differ-
ent grid densities are employed to examine the mesh independence
study including the cell numbers of 192,523, 386,876 and 813,836.
The Mach number of the gas flow at the Laval nozzle exit is employed
as the characteristic parameter to evaluate themesh sensitivity. The re-
sults are shown in Table 3.

The Mach number computed with 192,523 cells, severely deviates
from the other two cases. However, the grid density almost has no influ-
ence to the Mach number at the nozzle exit as the cell number reaches
386,876. The Mach number between the two larger grid densities has a
relative error of less than 2%. Therefore, the computational grid with
386,876 is concluded to achieve a compromise between accuracy and
computational efficiency. This mesh is henceforth used to perform the
consequent simulations.

4.2. Effects of delta wings on its upstream gas flow

The height of the delta wing, h, is employed to evaluate its effect on
the supersonic and particle flow by selecting three different height-to-



Table 3
Mach number at nozzle exit for grid independence tests.

Cell numbers Mach number (/) Error (%)

192, 523 1.87 7.43
386, 876 1.98 1.98
813, 836 2.02 0
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pipe diameter (d) ratios, h/d, including the large delta wing (h/d =
0.67), the medium (h/d = 0.51) and the small one (h/d = 0.32). The
gas expansion process is affected after the installation of a delta wing
into the supersonic flow because it reduces the space for the gas flow.
The under-expansion of gas flow may cause the changes of the flow
structure in the high speed regions. Therefore, it is necessary to study
the effects of the height of the delta wing on the supersonic flow.

Fig. 2 shows the Mach number at different positions upstream the
delta wing. It is observed that the delta wing induces the re-compres-
sion of their upstream supersonic flow because it reduces the effective
flow area after installing the delta wing in the straight tube. The insuffi-
cient expansion of gas flow is more apparent for the large delta wing
since it occupies more space. Yet, the difference of Mach number is neg-
ligible. TheMach number is up to 1.96 at the upstreamof the small delta
wing, while it only reaches 1.88 for the large one. The re-compression of
natural gas flow correspondingly increases the gas pressure and tem-
perature, which is expected to lead to the re-evaporation of the con-
densed droplets and the reduction of the separation efficiency.
4.3. Effects of delta wings on its downstream gas flow

The purpose of the delta wing is to generate a swirling flow, which
determines the capacity to separate the particles from the mixtures. In
this section, the effects of the height of the delta wing are considered
Fig. 2.Mach numbers upstream the delta wings.
to show the flow structures in detail at the downstream of the delta
wings. The gas tangential velocities downstream the delta wings are
shown in Figs. 3 and 4. The gas tangential velocity is very nonuniform,
demonstrating that the delta wing disturbs the supersonic flow signifi-
cantly. The maximum tangential velocity appears just behind the tail of
the delta wing and then declines slowly along the axis, as shown in
Fig. 3. When the height of the delta wing is h/d = 0.32, it just affects
the downstream flow and almost has negligible effect on the flow
above it. With this configuration, the strong swirling flow only exists
in a very short area, although the deltawing can generate a high tangen-
tial velocity of 200 m/s. On the contrary, the strong swirl is present in
the whole area of the cyclonic separation section, when the height-to-
diameter is set to be 0.67. The gas tangential velocity still reaches
160–180 m/s at the end of the large delta wing.

Fig. 4 shows the tangential velocity at the cross section downstream
the delta wings. It can be seen that the strong swirling flow just appears
in the near wall region for the small delta wing, and small tangential ve-
locity is present in the rest of the area of the cross section. For the large
delta wing, the strong swirling flow can appear at the entire cross sec-
tion except the central zone, although it reduces along the axis.

Therefore, it can be concluded that the large delta wing provides a
stronger centrifugal force to remove the condensable components
from the gas-liquid mixtures.
4.4. Effects of delta wings on particle trajectories

In this section, the particle trajectories are studied using the DPM
model to understand the motion process under supersonic flow with a
strong swirl. Fig. 5 displays the particle trajectories past these three
delta wings in the newly designed supersonic separator. The wall of
the cyclonic separation section is assigned to be a trap boundary condi-
tion, and correspondingly the particle trajectories are terminated at
these walls, as shown in Fig. 5.

We can see that only a slight curvature of the particle trajectories ap-
pears just behind the small delta wing, and the trajectories nearly pres-
ent the approximate straight lines above the wing space. It means that
the drag force plays a much more significant role than the centrifugal
force. Therefore, these particles pass through the diffuser together
with the gas flow. On the contrary, most of the particle trajectories
show a large curvature at the large delta wing. This indicates that the
high rate of acceleration generates a strong helical motion to remove
the particles from gas liquid mixtures.
4.5. Effects of delta wings on collection efficiency

The collection efficiency is one of the most important technical pa-
rameters of a supersonic separator. In this section, the DPM model is
employed to track the particle motion. The effects of the particle size
on the collection efficiency are analysed with three different delta
wings. We assume that the particles are trapped when they reach the
wall of the cyclonic separation section. The collection efficiency is eval-
uated as the ratio of the trapped particles to total released ones.

Fig. 6 shows that the collection efficiency is only about 15% for the
particle diameters with the ranges from 0.2 μm to 4 μm, when the
small delta wing is used in a supersonic separator. In other words, the
small wing only induces a local separation in the vicinity of the wing.
For the medium and large delta wings, the collection efficiency in-
creases with the increase of the particle size. When the particle diame-
ter is less than 1 μm, the collection efficiency is lower than 50% for the
large delta wing. It indicates that the smaller size particles follow the
gas flow more easily instead of being separated by the centrifugal
force. The collection efficiency reaches over 70% with the particle diam-
eter of about 2 μm. This demonstrates a good separation performance of
the proposed supersonic separator.

Image of Fig. 2


Fig. 3. Tangential velocity downstream the delta wings.
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5. Conclusions

A CFDmodel has been developed to evaluate the effect of delta wing
height on the supersonic gas flow and particle motion in a novel gas su-
personic separator. The large delta wing can generate a strong swirling
Fig. 4. Tangential velocity at cross-sect
flow to separate the particles from the gas liquid mixtures. Although it
simultaneously causes the re-compression of its upstream supersonic
flow, comparison of the Mach number shows that it does not differ sig-
nificantly from that in the small deltawing configuration. At a given par-
ticle size, the collection efficiency increases with the increase of the
ions downstream the delta wings.

Image of Fig. 3
Image of Fig. 4


Fig. 5. Particle trajectories at different delta wings.
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delta wing height. The collection efficiency is only about 15% in the
whole range of particle diameters from 0.2 μm to 4 μm for the small
delta wing, h/d = 0.32; while for the medium (h/d = 0.51) and large
(h/d = 0.67) delta wing cases, the collection efficiency increases as
the particle size increases. The proposed supersonic separator presents
a good separation performance with the collection efficiency of more
than 70% for 2 μmparticles at the large delta wing configuration. There-
fore, based on our current studies, the large delta wing, h/d = 0.67, is
recommended for the supersonic separatorwith a swirling device locat-
ed downstream the Laval nozzle.

Nomenclature
a constant for attractive potential of molecules
a1 constant
a2 constant
a3 constant
b constant for volume
Cc Cunningham correction coefficient
CD drag coefficient
dij deformation tensor of the fluid
dkl Einstein notation
dl particle diameter
D(x) diameter
E total energy
F additional force
Fd drag force coefficient
Fs Saffman's lift force
Fig. 6. Collection efficiencies by different delta wings.
g acceleration of gravity
I unit tensor
Ks constant
l particle phase
L convergent length
p pressure
pc critical pressure
qj heat flux
R gas constant
Re relative Reynolds number
t time
T temperature
Tc critical temperature
u gas velocity
u′ fluctuating velocity component
ul particle velocity
Vm gas molar volume
x axis
μ gas viscosity
νg gas dynamic viscosity
ρ gas density
ρl particle density
τ stress tensor
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