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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.
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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
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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.

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:

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

∂
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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:
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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.

Fig. 1. Schematic diagram of the supersonic separator with a delta wing.

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
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