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a b s t r a c t 

The fluid flow and heat and mass transfer in a supersonic separator are not understood well due to the 

complicated interaction of the supersonic flow, swirling flow, phase transition and shock waves. In the 

present study, we develop a wet steam model to investigate the flow structure inside a supersonic sepa- 

rator with the co-existence of non-equilibrium condensation and shock waves. A study of the effect of the 

inlet subcooling and inlet saturation on the condensation behaviour is conducted to evaluate the perfor- 

mance of the supersonic separation with a focus on the shock wave. The numerical result shows that the 

degree of supersaturation of the water vapour can reach a maximum value of 4.28 within the designed 

supersonic separator and generate a peak nucleation rate of approximately 10 21 kg m 

−3 s −1 . The occur- 

rence of the shock wave changes the equilibrium thermodynamic state, which leads to the re-evaporation 

of the condensed droplet. Higher inlet subcooling and inlet saturation not only shift downstream the 

position of the shock wave, but also induce an earlier condensation and higher liquid fraction. For the 

present nozzle, when the inlet subcooling and inlet saturation are about 34 K and 0.28 respectively, the 

shock wave intersects the region of the intense nucleation process, the non-equilibrium condensation 

process is terminated due to the increase of the pressure and temperature downstream the shock wave. 

Stronger swirling flow results in non-uniform distribution of the static pressure and decreases the nucle- 

ation rate of water vapour. The high swirling flow with a maximum swirl velocity of 150 m/s weakens the 

liquid fraction by 25% compared to the no swirling flow. This indicates that it is important to balance the 

swirling flow and condensation process to achieve an efficient performance of the supersonic separator. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

The supersonic separator has been introduced for natural gas

rocessing with a focus on the removal of water vapour [ 1 , 2 ]. The

oexistence of non-equilibrium condensation and a shock wave in

upersonic flows is a major feature of the separator. On the one

and, the key working principle of the supersonic separation is

on-equilibrium condensation of water vapour in supersonic flows.

n the other hand, the supersonic separation also benefits from

he shock wave [3] when supersonic flows are transformed to sub-

onic flows, which recovers the pressure to maximum improve the

nergy efficiency [4] . 

Non-equilibrium condensation in a supersonic nozzle has been

nvestigated for several decades without considering a shock wave

5–7] . Dykas & Wróblewski [8] developed the single-fluid and two-
∗ Corresponding author. 
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uid wet steam model to calculate the condensation flow in a

aval nozzle and it was found that the single-fluid model under-

stimated the droplet diameters by approximately 40% compared

o the two-fluid model. Abadi et al. [9] employed a two-fluid wet

team model to study the condensing flow inside a high-pressure

ozzle, observing a slip velocity and temperature difference be-

ween liquid and vapour phases were. Pillai & Prasad [10] evalu-

ted the influence of wall surface roughness on non-equilibrium

ondensation in a Laval nozzle using a wet steam model, and the

umerical result indicated that the boundary layer thickness in-

reased by 33% while the roughness height varied from 1 μm to

0 0 0 μm. Zhao et al. [11] numerically investigated the effect of the

onverging profile on non-equilibrium condensation processes in

 supersonic nozzle, and the results showed that a slow converg-

ng section of the supersonic nozzle delayed the occurrence of the

ondensation position. 

The wet steam in turbine blade cascades is another research fo-

us for non-equilibrium condensation in supersonic flows, in which

he shock wave exists but is not specifically investigated [12–14] .

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119109
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2019.119109&domain=pdf
mailto:yyang@mek.dtu.dk
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Nomenclature 

CFD computational fluid dynamics 

SST shear stress transport 

Symbols 

a coefficient for nozzle design 

C p constant pressure specific heat 

D diameter 

h lv latent heat 

H total specific enthalpy 

J nucleation rate 

k B Boltzmann’s constant 

Kn Knudsen number 

L 1 length of the converging part of the nozzle 

m v mass of a vapour molecule 

N droplet number per volume 

p pressure 

Pr Prandtl number 

q c condensation coefficient 

r droplet radius 

r c critical droplet radius 

R v gas constant 

S degree of supersaturation 

t time 

T temperature 

u velocity 

x Cartesian coordinates 

Y liquid fraction 

α modelling parameter 

β modelling parameter 

γ specific heat ratio 

λeff effective conductivity 

λv vapour conductivity 

λt turbulent thermal conductivity 

ν modelling correction coefficient 

ρ density 

σ surface tension 

τ viscous stress 

φ Kantrowitz’s correction factor 

Г condensation mass rate 

Subscript 

i, j Cartesian tensor notation 

in nozzle inlet 

l liquid phase 

s saturation condition 

th nozzle throat 

v vapour phase 

Wróblewski et al. [15] developed and validated a single-fluid wet

steam model for the calculation of condensation flows in turbine

cascades. They found that the calculated droplet size was smaller

than those in experiments for low inlet pressures and higher for
Fig. 1. Schematic of a supersonic separator including static vanes (not considered in the p

study) and diffuser. 
igh inlet pressures. Vatanmakan et al. [16] studied the entropy

eneration in condensing flow in turbine blades and the numer-

cal result showed that including volumetric heating to the con-

ergent section reduced the liquid fraction. Ding et al. [17] evalu-

ted the effect of surface roughness on condensing flow in turbine

lades using the single-fluid wet steam model. Their results sug-

ested that the liquid fraction at the outlet slightly decreased with

he roughness height. 

For supersonic separators, the working fluid was mainly as-

umed as a single-phase gas without considering the phase tran-

ition process [18] , while only a few studies involved the con-

ensation phenomenon. Ma et al. [19] established a two-fluid

ow model to investigate the spontaneous condensation of water

apour using an ideal gas equation of state for the calculation of

hermodynamic properties. They employed the model to evaluate

he influence of the external particle on the droplet condensation

nd their numerical results indicated that it was reasonable to add

xternal nuclei to increase the size of the condensed droplet [20] .

hooshtari and Shahsavand [ 21 , 22 ] developed a one-dimensional

ondensing flow model to calculate condensation rates in super-

onic separators, and their computational results agreed well with

rocess simulation results and experimental data. Based on the

FD model in [ 21 , 22 ], they investigated the effect of heteroge-

eous condensation processes on the removal of water vapour in-

ide a supersonic separator, and the optimization analysis showed

hat the injection of 2.4% solid particles of 2 μm diameter pro-

ided the best separation performance [23] . In the aforementioned

tudies, the nucleation and condensation of water vapour in a su-

ersonic separator was numerically calculated with the ideal gas

odel [ 19 , 20 ] or one-dimensional flow model [21–23] . 

The purpose of this study is to evaluate the fluid flow inside a

upersonic separator with the coexistence of non-equilibrium con-

ensation and shock waves. Since the aforementioned studies have

ot specifically focus on the shock wave, they did not fully cap-

ure relevant aspects of the wet steam flow. The key contribution

f this work can be summarized as a) development and valida-

ion of a computational fluid dynamics modelling that captures the

ondensation and shock wave in supersonic flows, b) effect of in-

et conditions on the condensation process considering the shock

ave, c) influence of the shock wave on the condensation process,

) investigation of the role of the swirling flow on the condensa-

ion process in supersonic flows. 

. Supersonic separators 

A supersonic separator usually consists of four parts, a set of

tatic vanes, a converging-diverging nozzle, a collector and a dif-

user, as shown in Fig. 1 . In the converging-diverging nozzle, the

uid flow is accelerated from subsonic to supersonic, in which the

mooth transition between the converging part and the diverging

art plays a significant role to avoid the disturbance by oblique

hock waves [24] . For this purpose, the profile of the converging

art of the nozzle is described by Eq. (1) , which provides a curve
resent study); converging-diverging nozzle, collector (not considered in the present 
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Table 1 

Dimensions of the designed supersonic separator. 

Geometrical parameters Value (mm) 

Inlet diameter of the converging-diverging nozzle ( D in ) 100.00 

Throat diameter of the converging-diverging nozzle ( D th ) 17.40 

Outlet diameter of the converging-diverging nozzle ( D out ) 21.40 

Length of the converging part of the nozzle ( L nc ) 186.60 

Length of the diverging part of the nozzle ( L nd ) 200.00 

Outlet diameter of the diffuser ( D di ) 60.00 

Length of the diffuser ( L di ) 300.00 

Length of the constant tube ( L ct ) 200.00 
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Fig. 3. Effect of grid resolution on the static pressure (a) and nucleation rate (b) in 

a supersonic separator. 
ontinuity to the diverging part of the nozzle. 

D − D th 

D in − D th 

= 1 − 1 

a 2 

(
x 

L 1 

)3 (
x 

L 1 
≤ a 

)

D − D th 

D in − D th 

= 

1 

( 1 − a ) 
2 

(
1 − x 

L 1 

)3 (
x 

L 1 
> a 

) (1) 

here D in , D th and D are the diameter of the nozzle at the inlet,

hroat and x , respectively. L 1 is the length of the converging part

f the nozzle. a is the design coefficient with a value of 0.5 for this

tudy. 

Two-dimensional simulations are performed neglecting the

tatic vanes as the focus of the present study is non-equilibrium

ondensation phenomenon. In this specific design, the diverging

art of the nozzle is extended with a length of 200 mm, which

imultaneously undertakes two functions of refrigeration and cy-

lonic separation. The diameters at the throat and the outlet of

he converging-diverging nozzle are 17.40 mm and 21.40 mm, re-

pectively. The lengths of the converging part of the nozzle and

he diffuser are 186.60 mm and 300 mm, respectively. In addition,

 constant pipe with a length of 200 mm is installed upstream

nd downstream of the supersonic separator. Table 1 lists the de-

ailed dimensions of the designed supersonic separator. The speci-

ed equipment size is compatible with a lab-scale unit. 

The structured mesh is generated for the designed supersonic

eparator without considering the static vanes, and the details of

he grid system are shown in Fig. 2 . The grid independence study

s carried out to analyse the effect of the grid resolution on the

rediction of non-equilibrium condensation in supersonic separa-

ors. Three different grid sizes are tested based on a coarse mesh

f 20 0 0 0 cells, a medium mesh of 55 580 cells and a fine mesh of

87 051 cells. The flow structure and condensation properties are

tilised as the characteristic parameters for the grid independence

tudy including the static pressure and the nucleation rate. 

Fig. 3 describes the effect of the grid size on the static pres-

ure and nucleation rate inside the supersonic separator. The re-

ults predicted by the coarse mesh are different from the other

wo cases both on the distributions of the static pressure and nu-
Fig. 2. Structured finite-volume mesh of a supersonic separator. 
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Fig. 4. Geometry (a) and mesh (b) for the Hedbäck’s nozzle [37] . 

Fig. 5. Mach number in the Hedbäck’s nozzle with coarse, medium and fine meshes: contours (a) and profiles (b). 
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cleation rate, in particular, the appearance of the shock wave for

the coarse mesh case. This means that the coarse mesh can hardly

capture the shock wave in supersonic flows. The medium mesh

and fine mesh, on the contrary, predict similar static pressure and

nucleation rate. Therefore, the medium mesh of 55 580 cells is em-

ployed for the numerical simulation of non-equilibrium condensa-

tion in supersonic separators considering the numerical accuracy

and computational cost. 
. Mathematical model 

.1. Wet steam model 

The compressible Navier-Stokes equations are used to describe

he non-equilibrium condensation under supersonic conditions.

he phase change model, including the nucleation and droplet

rowth processes [ 25 , 26 ], is established to predict the conden-



C. Wen, N. Karvounis and J.H. Walther et al. / International Journal of Heat and Mass Transfer 149 (2020) 119109 5 

Fig. 6. Nucleation rate in the Hedbäck’s nozzle with coarse, medium and fine meshes: contours (a) and profiles (b). 

s  

v  

e  

2

H

w  

p  

h  

t  

c  

v  

m

 

c  

c  

[

w  

v  

p

�

w  

t  

c

 

n  
ation process. The assumption of no-slip velocity between the

apour phase and the liquid phase is adopted in our CFD mod-

lling as the droplet size is small, i.e., usually less than 1 μm [ 27 ,

8 ]. The model equations are: 

Equation of continuity: 

∂ρ

∂t 
+ 

∂(ρu j ) 

∂ x j 
= −� (2) 

Equation of momentum: 

∂ 

∂t 
( ρu i ) + 

∂ 

∂ x j 

(
ρu j u i 

)
= − ∂ p 

∂ x i 
+ 

∂ τi j 

∂ x j 
− u i � (3) 

Equation of energy: 

∂ 

∂t 
(ρH) + 

∂ 

∂ x j 
(ρu j H + p) = − ∂ 

∂ x j 
( λe f f 

∂T 

∂ x j 
) + 

∂ 

∂ x j 
( u i τi j ) − h lv �

(4) 

 = C p T + 

1 

2 

u i u i (5) 

here ρ , u i , p, T and H are the density, velocity, pressure, tem-

erature and total specific enthalpy, respectively. h lv is the latent

eat. C p is the constant pressure specific heat. λeff is the effec-

ive conductivity, λeff = λv + λt , where λv and λt are the molecular
onductivity and turbulent thermal conductivity, respectively. τ ij is

iscous stress, and the source term Г describes the condensation

ass rate of the water vapour. 

Two transport equations are utilized to describe the phase

hange process during non-equilibrium condensation. These in-

lude the liquid fraction ( Y ) and droplet number per volume ( N )

29] : 

∂(ρY ) 

∂t 
+ 

∂ 

∂ x j 

(
ρY u j 

)
= � (6) 

∂(ρN) 

∂t 
+ 

∂ 

∂ x j 

(
ρN u j 

)
= ρJ (7) 

here J is the nucleation rate. N is the number of droplets per

olume. Г is the condensation mass rate per unit vapour volume

er unit time [26] : 

= 

4 π r c 
3 

3 

ρl J + 4 π r 2 ρl N 

dr 

dt 
(8) 

here ρ l is the droplet density, r is the droplet radius. dr/dt is

he growth rate of droplets, and r c is the Kelvin-Helmholtz criti-

al droplet radius. 

The nucleation rate, J , is calculated by the modified classical

ucleation theory, which uses the non-isothermal correction of
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Fig. 7. Numerical and experimental data in the Hedbäck’s nozzle: contours of static pressure for the single-phase flow (a), contours of static pressure for condensing flows 

(b), contours of droplet radius for condensing flows (c), and profiles for the single-phase flow and condensing flows (d). 
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Kantrowitz [30] as follows: 

J = 

q c 

1 + φ

ρv 
2 

ρl 

√ 

2 σ

πm v 3 
exp 

(
− 4 πσ

3 k B T v 
r c 

2 
)

(9)

where q c is the condensation coefficient ( q c = 1.0 in this study), σ
is the liquid surface tension, m v is the mass of a vapour molecule,

k B is the Boltzmann’s constant. T v is the vapour temperature,

which is obtained from Eqs. (4) and (5) . φ is a correction factor

proposed by Kantrowitz [30] : 

φ = 2 

γ − 1 

γ + 1 

h lv 
R v T v 

(
h lv 

R v T v 
− 1 

2 

)
(10)

where γ is the specific heat ratio, and R v is the gas constant. 

The growth rate of droplets due to evaporation and condensa-

tion, dr/dt , is calculated by Young’s model [31] 

dr 

dt 
= 

λv ( T s − T v ) 

ρl h lv r 

( 1 − r c /r ) (
1 

1+2 βKn 
+ 3 . 78(1 − ν) Kn 

Pr 

) (11)

where T s is the saturated temperature, Pr is the Prandtl number,

Kn is the Knudsen number and ν is the modelling correction coef-

ficient: 

ν = 

R v T s 

h lv 

(
α − 0 . 5 − 2 − q c 

2 q c 

(
γ + 1 

2 γ

)(
C p T s 

h lv 

))
(12)

where α and β are the modelling parameters ( α = 1.0 and β = 0.0

in this study). 
The ANSYS FLUENT 18 [32] is employed to solve the conti-

uity, momentum and energy conservation equations, while ad-

itional two scalar equations are embedded in FLUENT to de-

cribe the condensation and droplet growth processes using the

ser-Defined-Scalar (UDS) and User-Defined-Function (UDF) inter-

aces. The governing equations are discretized by the finite volume

ethod, while the implicit density-based solver is utilized for su-

ersonic flows. The second-order upwind scheme is adopted for an

ccurate spatial discretization. The pressure inlet and pressure out-

et conditions are used for the entrance and exit of the supersonic

eparator, while no-slip and adiabatic conditions are assumed for

he wall boundaries. The k - ω shear stress transport (SST) turbu-

ence model [33] is used due to the good accuracy to predict super-

onic flows [34] and non-equilibrium condensation phenomenon

 35 , 36 ]. 

.2. Model validation 

The case of G37-B of the 2/M nozzle in Hedbäck experiments

37] is employed to validate the developed wet steam model for

on-equilibrium condensation in supersonic flows. Fig. 4 (a) de-

cribes the geometry and main dimensions of the supersonic noz-

le. The height at the nozzle throat is 10.00 mm, while the heights

t the nozzle inlet and outlet are 19.99 and 17.91 mm, respectively.

he total pressure and total temperature at the nozzle inlet are
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Fig. 8. Static pressure and Mach number in the supersonic separator: contours (a) and profiles (b). 
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3.83 MPa and 674.42 K in the experiment, while the nozzle out is

he supersonic flow. Fig. 4 (b) describes the computational mesh in

ur numerical studies, and the grid is refined in the near-wall re-

ion to ensure that the wall y + < 1 for the k - ω SST turbulence

odel. Before the model validation, the effect of the grid reso-

ution on the flow structure and condensation process is investi-

ated based on the coarse mesh of 22400 cells, the medium mesh

f 56400 cells and the fine mesh of 122400 cells. Fig. 5 depicts

he contours and profiles of the Mach number inside the Hed-

äck’s nozzle, and Fig. 6 represents the nucleation rate in the su-

ersonic nozzle. It can be seen that these three meshes predict

lmost the same Mach number upstream the condensation pro-

ess. The coarse mesh predicts a tiny higher Mach number than

he medium and fine meshes when the steam condensation oc-

urs, while the latter two meshes compute a similar Mach num-

er with deviations less than 0.25%. The profiles of the nucleation

ate illustrate that these three different resolutions of the quadri-

ateral mesh calculate uniform condensation behaviour. However,

he medium and fine meshes describe more details of the edge of
he nucleation region due to higher grid resolution, when looking

nto the contours of the nucleation rate. Thus, the medium mesh of

6400 cells is employed for the model validation considering the

umerical accuracy and computational costs. 

For the model validation, the numerical simulation of the

ingle-phase flow without considering the phase change process is

arried out as a basis to clearly show the effect of the condensa-

ion process on the flow structure due to the heat and mass trans-

er between the vapour and liquid phases. The comparison results

etween the numerical simulation and experimental data for the

edbäck nozzle [37] are shown in Fig. 7 , including the contours

nd profiles of the static pressure and droplet radius. We can see

hat our developed wet steam model accurately captures the onset

f the condensation process and the static pressure deviates from

he isentropic flow. The droplet radius from the numerical simu-

ation also agrees well with experimental data [37] . Thus, our de-

eloped wet steam model can be applied for the prediction of the

on-equilibrium condensation in supersonic flows from the view

f the static pressure and droplet radius. 
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4. Results and discussion 

4.1. Flow structure in supersonic separators 

The flow structure and condensation phenomenon in the su-

personic separator will be evaluated and discussed based on the

geometrical model in Figs. 1 and 2 . Fig. 8 presents the static pres-

sure and Mach numbers inside the supersonic separator consid-

ering non-equilibrium condensation, and the distributions of the

condensation parameters are shown in Fig. 9 including the degree

of supersaturation, nucleation rate, liquid mass generation rate and

liquid fraction. The degree of supersaturation, S , describes the sat-

uration level of a vapour, which is defined as the ratio of vapour

pressure, p v to the equilibrium saturation pressure at the local

temperature, p s ( T ). 

S = 

p v 

p s (T ) 
(13)

It is observed that the gas accelerates in the converging part

of the nozzle, which induces the decrease of the static pressure.

After the critical condition is achieved at the nozzle throat with

a Mach number of unity, the fluid is further expanded to the su-
Fig. 9. Condensation parameters in the supersonic separator: nucleation rate and 

degree of supersaturation (a), mass generation rate and liquid fraction (b). 

Fig. 10. Degree of supersaturation (a), static pressure (b) and entropy (c) at various 

inlet subcooling values in the supersonic separator. 
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Fig. 11. Nucleation rate (a), mass generation rate (b) and liquid fraction (c) at vari- 

ous inlet subcooling values in the supersonic separator. 
ersonic flow in the diverging part of the nozzle. During this pro-

ess, the degree of supersaturation increases slowly to the satu-

ation state where the nucleation does not appear immediately.

hen the vapour phase goes into non-equilibrium state and the de-

ree of supersaturation rises sharply to a maximum value of 4.28.

on-equilibrium state of the vapour induces the occurrence of the

apour nucleation, which starts to condense at a degree of super-

aturation of 2.54. The sharp profile of the nucleation rate means

hat the condensation is accomplished in an extremely short time

ith the peak value of 10 21 kg m 

−3 s −1 and the vapour phase goes

ack to an equilibrium state. It can be noticed that the maximum

ucleation rate and degree of supersaturation occur at the same

xial location of the supersonic separator. 

The liquid mass generation rate starts to increase rapidly af-

er the nucleation process is initiated due to the extremely non-

quilibrium state. The comparison from the profiles of the nu-

leation rate and liquid mass generation rate indicates that the

eneration of the liquid phase occurs downstream of the location

here the nucleation process starts. The liquid fraction smoothly

ncreases to the maximum value of about 0.034 as a result of the

xistence of the positive liquid mass generation rate until the ap-

earance of the shock wave in the diffuser, which results in the

ncrease of the static pressure and temperature, and the subsonic

ow is achieved under this condition. The liquid fraction decreases

o zero value, which signifies that the condensed liquid goes back

o the gaseous state. 

In the numerical simulation of the wet steam in supersonic

ows without considering a shock wave, the degree of subcooling

emains around 5 K after the intense nucleation process [ 38 , 39 ].

his indicates that the vapour molecules continue to aggregate on

he surface of the nuclei, which results in the growth of the con-

ensed droplet [40] . Correspondingly, the liquid fraction increases

n the diverging part of the supersonic nozzle. On the contrary, the

ppearance of the shock wave produces the rapid increase of the

tatic pressure and temperature, which leads to the equilibrium

tate of the vapour. The re-evaporation of the condensed droplet

ccurs downstream the shock wave. This will decrease the dehy-

ration performance for the supersonic separator, and therefore,

hould be controlled during the operation. 

.2. Effect of inlet subcooling on condensation and shock waves 

The distributions of subcooling, static pressure and entropy

t the central line of the supersonic separator are described in

ig. 10 under the condition of different inlet subcooling values. One

an notice that higher subcooling values result in a higher degree

f supersaturation at the entrance of the supersonic separator. The

apour with a less inlet subcooling correspondingly needs to travel

urther into the nozzle to start non-equilibrium condensation in

upersonic flows. The increasing inlet subcooling shifts the onset of

on-equilibrium condensation towards the nozzle throat. Combin-

ng the static pressure and the entropy results, it can be observed

hat the vapour condensation occurs immediately in the highest

nlet subcooling after it reaches the critical state at the nozzle

hroat. Furthermore, the static pressure increases significantly at a

igher inlet subcooling value. This indicates that more heat and

ass transfer occur during non-equilibrium condensation process,

hich is demonstrated by the distribution of the entropy at vari-

us inlet subcooling values. 

The condensation parameters are described in Fig. 11 at var-

ous inlet subcooling values including the nucleation rate, liquid

ass generation rate and liquid fraction. For lower inlet subcool-

ng values, the vapour further expands after achieving the crit-

cal flow at the nozzle throat without experiencing an imme-

iate condensation. The lower static temperature is obtained as

he vapour goes further in the divergent part of the Laval noz-
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Fig. 12. Condensation parameters in the supersonic separator at various inlet supersaturations: degree of supersaturation (a), static pressure(b), nucleation rate (c), mass 

generation rate (d), droplet radius (e) and liquid fraction (f). 
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zle before the appearance of the nucleation. This consequently re-

sults in a higher degree of supersaturation for non-equilibrium

condensation, which induces a later onset of the nucleation rate.

Based on the aforementioned analysis, it can be concluded that

the vapour with higher inlet subcooling starts the condensation at

a lower degree of supersaturation. The generation rate of liquid

mass decreases with the lower inlet subcooling during the pro-

cesses of nucleation and condensation. After reaching the peak,
he liquid mass generation rate decreases dramatically due to

he release of the latent heat. More liquids are condensed at a

igher inlet subcooling value during non-equilibrium condensation

rocesses. 

Furthermore, the shock wave position varies significantly un-

er different inlet subcooling values as shown in Figs. 10 and 11 .

he decrease of the inlet subcooling shifts upstream the shock

ave position. For instance, the shock wave occurs at x = 382 mm
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Fig. 13. Contours (a) and profiles (b) of Mach number, degree of supersaturation and nucleation rate during the interaction between condensation process and shock waves 

in supersonic flows. 
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or the inlet subcooling of −11 K while it moves upstream to

 = 371 mm with the inlet subcooling decreasing to −26 K. This up-

tream movement will result in the occurrence of the shock wave

n the diverging part of the supersonic nozzle, in which the con-

ensed liquid will re-evaporate due to the increase of the pres-

ure and temperature downstream the shock wave. Consequently,

he water vapour will not be removed by the supersonic separator.

his indicates that the dehydration performance of the supersonic

eparator can be improved by increasing the inlet subcooling in

atural gas processing both from the view of liquid generation and

hock wave position. 
.3. Effect of inlet saturation on condensation and shock waves 

Fig. 12 presents the effect of the inlet saturation on the conden-

ation parameter of water vapour inside the supersonic separator,

ncluding the nucleation rate, liquid mass generation rate, droplet

adius and liquid fraction, degree of supersaturation and static

ressure. The numerical study shows that the higher inlet satu-

ation induces an earlier onset of non-equilibrium condensation.

he nucleation starts near the downstream of the nozzle throat

t the highest inlet saturation of 0.55. It is also observed that the

igher liquid mass generation rate and droplet radius are obtained
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Fig. 14. Swirl velocity in the supersonic separator: contours (a), profiles along the flow direction at the radial direction y = 5 mm (b) and profiles at the cross-section of 

x = 225 mm. 

Fig. 15. Static pressure in the supersonic separator: contours (a), profiles along the flow direction at y = 5 mm (b) and profiles at the cross-section of x = 225 mm. 
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Fig. 16. Contours (a) and profiles (b) of the nucleation rate in the supersonic separator under different strengthes of swirling flows. 
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ith the increase of the inlet saturation value, which leads to an

ncrease of the liquid fraction. For example, the liquid fraction is

pproximately 0.021 of the total mass with the inlet saturation of

.40. The liquid fraction increases by approximately 50% to 0.031

f the total mass, when the inlet saturation is increased to 0.55. 

The inlet saturation also influences remarkably the position

f the shock wave in the supersonic separator. The shock wave

oves downstream from x = 366 mm to x = 378 mm with the in-

rease of the inlet saturation from S = 0.40 to S = 0.55. This in-

icates that the supersonic separator can benefit from the high

nlet pressure of the vapour during the natural gas dehydration

rocesses. Based on the numerical evaluation of the inlet satu-

ation, it is suggested that the supersonic separator can replace

he Joule-Thomson valve, which is usually installed in the well-

ead to decrease the high pressure of the natural gas. Therefore,

he supersonic separator can maximise the utilisation of the pres-

ure energy to achieve the goal of energy conservation for gas

rocessing. 

.4. Effect of shock waves on condensation processes 

In this section, the effect of the shock wave on the non-

quilibrium condensation is investigated in supersonic flows at

ow inlet subcooling of −34 K and low inlet saturation of 0.28.
ig. 13 illustrates the contours and profiles of Mach number, de-

ree of supersaturation and nucleation rate, respectively. The com-

utational result shows that the low inlet subcooling and inlet sat-

ration shift non-equilibrium condensation to the entrance of the

iffuser, where a shock wave occurs. It is observed that a shock

ave intersects the region of the intense nucleation process. In

he presence of a shock wave, subsonic flows are generated down-

tream the shock wave, which induces an increase of the static

ressure and static temperature. Accordingly, the degree of super-

aturation represents a fluctuation due to the strong shock wave

nd the value is less than unity further downstream the shock

ave. This indicates that the vapour-liquid two-phase flow returns

owards thermodynamic equilibrium. Furthermore, the distribution 

f the nucleation rate is sharply decreased due to the occurrence

f the shock wave, which is similar to the distributions of Mach

umber and degree of supersaturation. This indicates that the nu-

leation process is terminated and non-equilibrium condensation

rocess is not completed. Compared to the distribution of the nu-

leation rate in Fig. 9 (a), in which the condensation process oc-

urs naturally, it demonstrates that the nucleation process ceases

t the cut-off point. Under this condition, the condensed droplets

e-evaporate and the water vapour can not be removed from the

atural gas, which should be prevented in the normal operation of

he supersonic separator. 
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Fig. 17. Contours (a) and profiles (b) of the liquid fraction in the supersonic separator under different strengthes of swirling flows. 
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4.5. Effect of swirling flows on the condensation process 

The swirling flow is one of the key features for the supersonic

separator, which generates a strong centrifugal force to remove the

condensed liquid from gas mixtures. In the ANSYS FLUENT [32] ,

the axisymmetric swirl model is used to simulate the pseudo-3D

model by implementing a tangential component of the gas ve-

locity at the inlet boundary. Thus, the axisymmetric swirl model

is employed to evaluate the effect of the swirling flow on the

non-equilibrium condensation process in the supersonic separator,

which means that we do not need to install static vanes to gener-

ate the swirling flows. The swirl number, S w 

, which can be used to

quantify the strength of a swirling flow, is defined as the ratio of

the maximum tangential velocity, w m 

, to the sound speed at the

nozzle throat, a th . 

S w 

= 

w m 

a th 

(14)

Fig. 14 illustrates the contours and profiles of the swirl velocity

inside the supersonic separator based on three different strengthes

of the swirling flow of no swirl ( S w 

= 0), medium swirl ( S w 

= 0.15)

and high swirl ( S w 

= 0.34). The case of “no swirl” is a basic simu-

lation without a tangential component of gas velocity at the in-

let of the supersonic separator. For both the medium swirl and

high swirl, the maximum swirl velocity is obtained at the nozzle

throat. This is because the swirl velocity increases due to the con-

verging profile of the supersonic nozzle, while the diverging shape
f the supersonic nozzle weakens the swirling flow. The maximum

wirl velocities for medium swirl and high swirl are approximately

6 m/s and 150 m/s, respectively. The appearance of the swirling

ow induces a nonuniform distribution of the fluid flow, which can

e demonstrated by the contours and profiles of the static pres-

ure in Fig. 15 . It can be observed that the static pressure is uni-

ormly distributed at the cross-section of the supersonic separa-

or. The stronger swirling flow represents a higher gradient of the

tatic pressure at the cross-section. 

The swirling flow also influences the non-equilibrium conden-

ation process of the water vapour in supersonic flows. Figs. 16 and

7 describe the distributions of the nucleation rate and liquid frac-

ion under three different strengthes of the swirling flow, respec-

ively. We can see that the increasing swirling flow decreases the

agnitude of the nucleation rate. For instance, the maximum nu-

leation rate can reach 1.2 × 10 22 m 

−3 s −1 without a swirling flow,

hile it is only about 1.9 × 10 21 m 

−3 s −1 for the “high swirl” case.

orrespondingly, this flow behaviour influences the distribution of

he condensed liquid. The contours and profiles in Fig. 17 illustrate

hat despite a higher maximum liquid concentration is obtained

or the high swirl case, the cross sectional average is found to de-

rease for increasing swirling flow. The maximum averaged liquid

raction is up to 0.028 of the total mass without a swirling flow

ompared to the 0.021 for the “high swirl” case. It means that the

iquid fraction is weakened by 25% due to the high strong swirling

ow. This indicates that we need carefully balance the effect of

he swirling flow and condensation process during the design and
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ptimization of the supersonic separator to achieve an efficient

erformance. 

. Conclusion 

The fluid flow in a supersonic separator is evaluated using com-

utational fluid dynamics modelling considering the co-existence

f non-equilibrium condensation and shock wave phenomena. In

he supersonic separator, water vapour reaches non-equilibrium

tate, which induces the occurrence of the nucleation process at

he degree of supersaturation of 2.54. The maximum degree of su-

ersaturation and nucleation rate are 4.28 and 10 21 kg m 

−3 s −1 , re-

pectively. The generation of the liquid phase occurs downstream

f the position at which the nucleation process takes place. The

iquid fraction achieves the maximum value of 0.034 and decreases

apidly to zero value downstream of the shock wave, which means

hat the occurrence of the re-evaporation of the condensed liquid. 

The increasing inlet subcooling and inlet saturation shift down-

tream the shock wave position, and they also induce a higher liq-

id fraction. The shock wave intersects the region of the intense

ucleation process at low inlet subcooling of −34 K and inlet satu-

ation of 0.28. This indicates that the nucleation process is termi-

ated by the shock wave and non-equilibrium condensation pro-

ess is not completed. This study suggests that the dehydration

erformance of the supersonic separator can be improved by con-

rolling the inlet pressure and inlet temperature of the gas flow

uring natural gas processing. 

The appearance of the swirling flow leads to the pressure gra-

ient at the cross-section and influence the non-equilibrium con-

ensation process in supersonic separators. The nucleation rate of

ater vapour decreases with the increase of the swirling flow. Fur-

hermore, the liquid fraction is weakened by 25% due to the strong

wirling flow with a maximum swirl velocity of 150 m/s compared

o the case without a swirling flow. It suggests that the balance be-

ween the swirling flow and condensation process plays a critical

ole in the removal of water vapour in a supersonic separator. 
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