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Abstract: In this study, a mathematical model for the supersonic condensate flow of natural gas to
understand its condensation process in a supersonic separator has been proposed. The effects of
export back pressure, inlet temperature, and inlet pressure on the condensation parameters were
investigated. The results indicate that the condensation position moves forward with the increase in
the inlet pressure and the decrease in the inlet temperature. A method for determining the optimal
range of operating parameters (export back pressure, inlet temperature, and inlet pressure) for the
supersonic separator is proposed. Within the optimal back pressure range, the region of extreme Mach
number in the device should be at the inlet of the straight pipe section after the separation gap, and
extreme value distribution areas of low temperature, condensation nucleation, and humidity should
be between the nozzle expansion section and the inlet of the straight pipe section. It is important to
choose a higher temperature among the optimal values as the inlet temperature and also ensure that
the optimal inlet pressure is not higher than the pressure corresponding to the humidity inflection
point. At the optimal inlet pressure, the maximum humidity distribution area should be behind the
supersonic nozzle expansion section and in front of the inlet of the straight pipe section.

Keywords: natural gas; liquefaction; condensation; supersonic separator

1. Introduction

Liquefied natural gas (LNG) is a clean energy source that is widely used in cryogenic
engineering, industrial applications, power generation, and city gas distribution [1]. Tradi-
tional technologies for the liquefaction of natural gas include cascade liquefaction, mixed
refrigerant liquefaction, and expansion liquefaction [2,3]. When compared with traditional
natural gas liquefaction technologies, the recently developed supersonic liquefaction tech-
nology has several advantages, including minimal investment, a lower operational cost, a
lighter structure, and easier operational methods [4,5]. Therefore, supersonic liquefaction
technology has great application prospects.

As natural gas reaches a certain temperature and pressure, LNG may be obtained using
a supersonic separator, which operates based on supersonic liquefaction technology [6].
The technology is based on the processes of condensation and cyclonic separation [7–9].
When saturated natural gas enters the Laval nozzle, the temperature of the gas decreases
and its velocity becomes supersonic. As a result, condensed droplets are formed. The liquid
droplets flowing through the cyclone separator are separated from the gas using a strong
centrifugal force [10,11]. LNG is thus obtained.

The condensation process in the Laval nozzle plays an important role. A number of
efforts have been made to investigate the supersonic condensation characteristics. The
classical nucleation theory (CNT) model [12], internal consistent classical nucleation theory
(ICCT) model [13], and improved ICCT model [14] have been carried out to predict the
nucleation rate. In addition, many models, such as the Gyarmathy model [15] and Young
model [16], have been used to describe the droplet growth process. The above-mentioned
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models are beneficial to characterize the nucleation and growth processes. However, the
effect of swirling flow on the condensation process was not considered.

With the advancement in computational fluid dynamics (CFD) simulations, numerous
studies have been conducted using CFD technology with a condensation model to under-
stand the characteristics of gas condensation in Laval nozzles. Ma et al. [17,18] established
a turbulent Eulerian multifluid model to simulate supersonic gas flow in three dimensions
and obtained the distribution of gas flow and condensation parameters. Cao and Yang [19]
investigated the flowfield characteristics in a Laval nozzle under cyclonic flow conditions.
They studied the effects of the nozzle structure and cyclonic intensity on the cooling and sep-
aration performance of the cyclone separator. Halama [20,21] used three Eulerian models to
simulate a two-phase flow of steam through nonequilibrium condensation. Bian et al. [22]
investigated the condensation of the CH4–CO2 gas mixture in the supersonic nozzle. They
studied the effects of the inlet CO2 fraction, inlet temperature, and inlet pressure on the
flow and condensation parameters. Sun et al. [23] studied the homogeneous condensation
process of sulfur dioxide on natural gas. Ding et al. [24] established a multiphase flow
model considering droplet condensation and interphase forces to study the dewatering
performance of supersonic separators. Shoghl et al. [25] used numerical methods to inves-
tigate the effects of structural and operational parameters on the separation efficiency of
supersonic separators. In this study, the swirling flow on the separation of hydrocarbon
droplets was considered.

Research on supersonic condensation characteristics is mainly studied under non-
supersonic swirling flow conditions. In actual production, according to different work-
ing principles, supersonic separators can be divided into two categories. There is a su-
personic separator whose cyclone section is installed behind the Laval nozzle, such as
“Twister I” [26]. There is another supersonic separator whose cyclone section is installed in
front of the Laval nozzle, such as “Twister II” [27]. For such devices, the effect of swirling
flow on gas condensation should be considered. However, there is only a little literature on
the liquefaction characteristics under swirling conditions. Therefore, this work discusses
the effects of inlet pressure, inlet temperature, and export back pressure on the flow and
condensation parameters. The key condensation parameters under supersonic swirling
flow conditions were numerically calculated.

2. Physical Model

The supersonic separator comprises four components—the cyclone section, supersonic
nozzle, straight pipe section-, and diffuser section, as shown in Figure 1. The natural gas
enters the supersonic nozzle tangentially. The high centrifugal force is generated by the
cyclone section, which is a swirler with six vanes. The natural gas expands to supersonic
velocities and liquid droplets are formed. Finally, the condensed droplets are removed
from the dry gas by centrifugal force. Figure 1 presents the schematic of the supersonic
separator along with the dimension of each of its parts. In the supersonic separator, the
supersonic nozzle plays a vital role in gas condensation. The supersonic nozzle consists
of four components: inlet stable section, subsonic contraction section, throat expansion
section, and supersonic expansion section.
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3. Simulation Methodology
3.1. Governing Equations

It is assumed that the condensation nuclei are evenly distributed in the gas phase and
that the collision probability is very small. Therefore, the collision between droplets is
ignored in this study. The gas and liquid two-phase control equations of the supersonic
condensate flow are established based on the Euler–Euler method [28].

The governing equations of the gas phase are as follows:
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where t is the time, x is Cartesian coordinate, ρl is the liquid-phase density, ρg is the gas-
phase density, p is the pressure, T is the temperature, u is the velocity, E is the total energy,
τeff is the effective stress tensor, keff is the effective thermal conductivity, and subscripts
i and j represent x and y-axis, respectively.

The governing equations of the liquid phase are as follows:

∂
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∂
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= SYS (4)
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+
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√
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where ρ is the density, Ys is the humidity, Ns is the droplet number, rd is the droplet mean
radius. Sm, Su, Sh, and SYS are the source terms of mass, momentum, energy, and gas–liquid
transport equations, as presented in Equations (7)–(10):

Sm = −mS (7)

Su = −mSui (8)

Sh = mS

(
hlg − h

)
(9)

SYS = mS (10)

where h is the vapor total enthalpy, hlg is the latent heat of phase change, and ms is the
liquid mass per unit volume condensation in unit time, which may be derived as follows:

mS = JSρl
4πr3

c
3

+ 4πr2
dNSρgρl

drd
dt

(11)

where rc is the critical radius, Js is the droplet nucleation rate, and drd
dt is the droplet growth rate.

3.2. Condensation Model

The classical nucleation theory (CNT) model is employed to calculate the droplet
nucleation rate, which is described as follows:

JS(x) =
ρ2

g

ρl

√
2σ

πm3
s

exp

(
16πσ3

3kρ2
l R2

gT3 ln2 S

)
(12)
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σ =

1− 1

3r
(

4
3 π

ρl
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)
σ∞ (13)

σ∞ = 0.2358(1− Tr)
1.256[1− 0.625(1− Tr)] (14)

where Rg is the gas constant, S is the degree of supersaturation, k is the Boltzmann constant,
σ is the droplet surface tension, σ∞ is the liquid plane surface tension.

In this work, the Gyarmathy model [23] is employed to calculate the droplet growth
rate, which is derived as follows:

drd
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(
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)
ρlhlg

(
r +

√
8π

1.5Prg
k

k+1
2u
√

RTg
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) (15)

r =
2σ

ρl RgTg ln S
(16)

where λg is the vapor-phase thermal conductivity, Prg is the vapor-phase Prandtl num-
ber, Ts is the droplet temperature, Tg is the gas-phase temperature, and Pg is the-gas
phase pressure.

3.3. Turbulence Model

In this work, the Reynolds stress model (RSM) was chosen as the turbulence model to
present the characteristics of anisotropic turbulence. The RSM model has been reported to
be an accurate model for defining highly anisotropic flows, such as the supersonic swirling
flow [24]. The equations of the RSM model are not mentioned here for brevity but are well
documented in other papers [29].

3.4. Real Gas Equation of State

Under the condition of low temperature and high pressure, the properties of gas
deviate from those of ideal gas. Therefore, the real gas equation of state should be used. In
this study, the BWRS equation [30] was selected for calculating the properties of natural
gas. The mole composition of natural gas is as follows: 90.8% CH4, 7.1% C2H6, 0.1% C3H8.

4. Numerical Illustration

The simulations in this study for the two-phase flow of steam in the supersonic sepa-
rator were performed using the ANSYS Workbench 16.0 (ANSYS, Canonsburg, PA, USA)
software package. The calculation flow of the simulation model is shown in Figure 2.
User-defined scalar (UDS) flux functions were used to establish the governing equations of
the liquid phase. User-defined functions (UDFs) were used to add the source terms caused
by condensation to the governing equations.

The SIMPLE algorithm [31] was adopted for the coupling of the velocity and pressure
fields. The governing equations of gas-liquid flow, turbulent kinetic energy equation, and
dissipation rate equation were discretized by a second-order upwind scheme [6]. The
pressure was employed at the inlet and outlet boundary surfaces. The specified pressure,
total temperature, turbulence parameters, and gas mole fraction should be fixed for the
inlet pressure. No-slip and adiabatic boundary conditions [32] were applied to the walls.
In this study, a convergence criterion of 10−5 was assigned for all the equations, and the
relative error of the inlet and outlet mass flows was maintained below 1%. The specific
settings for the numerical simulation are shown in Table 1.
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Table 1. Numerical schemes for this simulation.

Items Settings

Computational platform ANSYS Workbench 16.0
Solver type Density-Based
Algorithm SIMPLE algorithm
Discretization Second-order upwind scheme

Inlet boundary conditions Pressure inlet with specified pressure, total temperature,
turbulence parameters, and gas mole fraction

Outlet boundary conditions Pressure outlet
Wall boundary conditions No-slip and adiabatic
Convergence criterion 10−5

As the flow and geometry of the supersonic separator were complex, three unstruc-
tured meshes with grid densities of 35,000, 70,241, and 100,000, respectively, were used to
account for the mesh independence of the supersonic separator. The variation in the liquid
generation rate with different cell numbers is shown in Figure 3 (the inlet pressure and
the outlet pressure are 2 MPa and 0.4 MPa, respectively). The simulation results showed
that the mesh with a grid density of 70,241 was the optimal one in terms of accuracy and
computational cost. This mesh was used for all simulations. The three-dimensional grid
system of the supersonic separator is shown in Figure 4.
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5. Model Verification

An experimental system was set up to study the supersonic condensation characteris-
tics; the flowchart of the supersonic condensation process and experimental flow system is
shown in Figure 5. The dimensions of the experimental nozzle are shown in Figure 1.
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Figure 6 shows the experimental and simulation data of the variation in the liquid
generation rate with the change in inlet temperature when the inlet pressure was 2 MPa
and outlet pressure was 0.4 MPa. Figure 7 illustrates the comparison results between the
experimental and simulation data of the variation in the liquid generation rate with the
change in inlet pressure and back pressure. The experimental conditions were as follows:
the inlet temperature was kept at 288 K, and the inlet pressure was 1 MPa, 1.5 MPa, 2 MPa,
and 2.5 MPa, respectively. The ratio of export back pressure to inlet pressure varied from
0.1 to 0.6. It can be seen from Figures 6 and 7 that the numerical results agree with the
experimental results well, and the predication error of the theoretical model is less than 10%.
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6. Results and Discussion
6.1. Effect of Export Back Pressure on the Condensation Parameters

The effect of export back pressure on the condensation parameters was calculated
numerically. The distribution pattern of the condensation parameters in the supersonic
separator for different export back pressure values was obtained by keeping the inlet
pressure at 4 MPa and inlet temperature at 240 K.

The Mach number distribution along the axial cross-section of the supersonic separator
is shown in Figure 8. When the export back pressure was increased from 1.6 to 2.2 MPa,
the maximum Mach number decreased from 1.72 to 1.64. The maximum Mach number in
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this range of export back pressure was found to be mainly distributed in the straight pipe
section. As only a very small number of liquid droplets were able to be obtained at the
separation gap, the liquefaction of natural gas was almost unattainable. When the export
back pressure was increased to 2.3 MPa, the maximum Mach number further decreased
to 1.59, and the position of the maximum Mach number was found to move toward the
inlet of the straight pipe section beyond the separation gap. As a result, a large number of
liquid droplets could be effectively separated out from the separation gap by the cyclone
separator. When the export back pressure was further increased to 2.4 MPa, the distribution
of the maximum Mach number was found to have entered the expansion section of the
supersonic nozzle, which was expected to lead to premature condensation of the liquid
and low liquefaction efficiency. It can be seen that the export back pressure at this point
is neither as low as possible nor as high as possible and that there is an optimal range
of export back pressure. One of the bases for determining the optimal range is that the
maximum Mach number region in the device should be at the inlet of the straight pipe
section beyond the separation gap. In this work, the optimal export back pressure was
found to be 2.3 MPa.

Energies 2022, 15, x FOR PEER REVIEW 9 of 18 
 

 

creased to 1.59, and the position of the maximum Mach number was found to move to-

ward the inlet of the straight pipe section beyond the separation gap. As a result, a large 

number of liquid droplets could be effectively separated out from the separation gap by 

the cyclone separator. When the export back pressure was further increased to 2.4 MPa, 

the distribution of the maximum Mach number was found to have entered the expansion 

section of the supersonic nozzle, which was expected to lead to premature condensation 

of the liquid and low liquefaction efficiency. It can be seen that the export back pressure 

at this point is neither as low as possible nor as high as possible and that there is an optimal 

range of export back pressure. One of the bases for determining the optimal range is that 

the maximum Mach number region in the device should be at the inlet of the straight pipe 

section beyond the separation gap. In this work, the optimal export back pressure was 

found to be 2.3 MPa. 

 

Figure 8. Mach number distribution along the axial cross-section of the supersonic separator at ex-

port back pressure values (a) 1.6 MPa; (b) 1.8 MPa; (c) 2.2 MPa; (d) 2.3 MPa, and (e) 2.4 MPa. 

The simulation results of the nucleation rates in the supersonic separator are shown 

in Figure 9. The change in the export back pressure has only a minor effect on the nuclea-

tion rates. However, the length of the condensation nucleation zone is affected signifi-
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The simulation results of the nucleation rates in the supersonic separator are shown in
Figure 9. The change in the export back pressure has only a minor effect on the nucleation
rates. However, the length of the condensation nucleation zone is affected significantly
due to the variation in the export back pressure. It may be observed that the condensation
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nucleation region is the longest when the export back pressure is 1.8 MPa. However,
the length of the condensation nucleation zone remains almost the same even when the
pressure is varied from 2.2 to 2.4 MPa. In addition, in this pressure range, the formation of
the condensation nucleation zone is in the supersonic nozzle expansion section between
the exit and the inlet of the straight pipe section. Therefore, when the effect of the export
back pressure on the distribution of the nucleation rate is considered, the first step is to
determine whether the condensation nucleation region is in the region where effective
separation can be achieved.
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Figure 9. Nucleation rate curves along the axial cross-section of the supersonic separator.

Figure 10 illustrates the humidity distribution curves along the axial cross-section of
the supersonic separator. The humidity inside the device increases with the increase in
the export back pressure. The observation is evident for the increase in the export back
pressure from 1.6 to 2.3 MPa. However, when the export back pressure becomes 2.4 MPa,
the humidity inside the device starts decreasing. This is mainly because the static pressure
in the device increases with the increase in the back pressure. The gas viscosity increases
with the increase in the pressure. In addition, the increased heat generated due to the
friction between molecules vaporizes part of the condensation core. It can be seen that
there is an optimal range of export back pressure. The maximum humidity distribution
regions under different export back pressure conditions are shown in Figure 11. As seen in
the figure, with the increase in the back pressure, the maximum humidity distribution area
gradually moves from the straight pipe section to the nozzle expansion section. When the
value of export back pressure reaches 2.3 MPa, the maximum humidity distribution region
is located between the nozzle expansion section and the straight section of the entrance. In
this case, the droplets can flow out of the separation gap due to the swirling flow.
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6.2. Effect of Inlet Temperature on the Condensation Parameters

The effects of inlet temperature on the condensation parameters are numerically at the inlet
pressure of 4 MPa and the export back pressure of 2.3 MPa. The Mach number distribution
along the axial cross-section of the supersonic separator under different inlet temperature
conditions are shown in Figure 12. The figure indicates that the Mach number distribution is
consistent in the supersonic separator for different inlet temperatures, which demonstrates that
the change range of heat ratio is small in the investigated temperature range.

Figure 13 shows the nucleation rate curves along the axial cross-section of the super-
sonic separator for inlet temperatures 220, 230, 240, 250, 260, 265, and 270 K. It can be
observed that, as the temperature decreases, the location of gas condensation nucleation
moves toward the expansion section of the nozzle and the distribution interval becomes
narrower. Increasing the inlet temperature leads to a decrease in the rate of subcooling.
Spontaneous condensation occurs at a delayed time and further away from the nozzle
expansion section, which is not conducive to gas liquefaction. In addition, it can be seen
in Figure 13 that the nucleation rates are consistent when the temperature is between 220
and 250 K.
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Figure 14 shows the humidity distribution curves along the axial cross-section of the
supersonic separator for inlet temperatures 220, 230, 240, 250, 260, 265, and 270 K. Humidity
decreases with the increase in temperature. However, there is not much difference in
the humidity for temperatures between 220 and 250 K. It can be seen that the humidity
decreases rapidly when the temperature rises to 260 K. Therefore, there is an optimal
range of inlet temperature. Considering the energy consumption of the system, a higher
temperature should be selected as the inlet temperature in the optimal interval. In this
study, 240 K was chosen as the optimal inlet temperature. If 250 K is to be considered as
the inlet temperature, it is possible that a slight increase in the temperature will lead to a
rapid decrease in humidity in the event of production fluctuations.
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6.3. Effect of Inlet Pressure on the Condensation Parameters

The effect of inlet pressure on the condensation parameters is numerically calculated,
keeping the pressure ratio at 0.575 and inlet temperature at 240 K. The Mach number
distribution curves along the axial cross-section of the supersonic separator under different
inlet pressure conditions are shown in Figure 15. It can be observed that an increase in the
inlet pressure has a lesser effect on the location of the surge generation and a higher effect
on the Mach number, which is in accordance with the basic principles of gas dynamics.
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Figure 16 shows the nucleation rate curves along the axial cross-section of the su-
personic separator for inlet pressures 2, 3.5, 4, 5, and 5.5 MPa. The maximum nucleation
rate decreases with the increase in the inlet pressure. In addition, it was observed that the
position of condensation appears earlier with the increase in the inlet pressure.
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Figure 16. Nucleation rate curves along the axial cross-section of the supersonic separator at inlet
pressure values 2, 3.5, 4, 5, and 5.5 MPa.

Figure 17 shows the humidity distribution curves along the axial section of the super-
sonic separator for inlet pressure values of 2, 3.5, 4, 5, and 5.5 MPa. When the inlet pressure
is between 2 and 5 MPa, both humidity and its distribution area increase with the increase
in the pressure value. However, when the inlet pressure is 5.5 MPa, the humidity decreases
rapidly. As the inlet pressure increases, the humidity distribution area will extend into the
straight pipe section, resulting in some droplets not being separated out effectively and
vaporized again during the flow into the straight pipe section. It can be seen that the inlet
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pressure of 5 MPa is the inflection point for humidity reduction and the inlet pressure of
4 MPa is the optimal value.
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Figure 17. Humidity distribution curves along the axial cross-section of the supersonic separator at
internal pressure values 2, 3.5, 4, 5, and 5.5 MPa.

6.4. Liquefaction Performance of Three-Dimensional Full Flowfield Simulation Device

Based on the above analysis, for a supersonic separator (see Figure 1) with an identified
size and processing capacity, the optimum operating parameters were found to be as
follows: inlet pressure, 4 MPa; inlet temperature, 240 K, and export back pressure, 2.3 MPa.
Figures 18 and 19 show the Mach number and humidity distribution inside the supersonic
cyclonic separation device at the optimal parameter conditions, respectively.
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Figure 18. Internal Mach number distribution along the axial cross-section of the supersonic separator.

Figure 18 presents Mach number distribution along the axial cross-section of the
supersonic separator under the optimal parameter conditions. The excitation wave is
generated just to the right of the separation gap, at the entrance of the straight pipe section.
Figure 19 shows that the separation gap has a high humidity distribution and harvests the
droplets well. The flow characteristics of the device under three-dimensional, full-scale
simulation with spin flow illustrate that the selected operating parameters are reasonable.
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7. Conclusions

To study the condensation process in a supersonic separator, a mathematical model
for the supersonic condensate flow of natural gas was given out. Experimental results
demonstrate that the model has good results with a predication error of less than 10%. The
effects of export back pressure, inlet temperature, and inlet pressure on the condensation
parameters were investigated. Based on our study, the following conclusions were drawn.
It is important to identify the optimal value of export back pressure. The export back
pressure in the optimal range can make the extreme Mach number region in the device
to be at the inlet of the straight pipe section after the separation gap. The condensation
nucleation pole area and the maximum humidity distribution area should be between the
nozzle expansion section and the inlet of the straight pipe section.

Variations in the inlet temperature were found to have only a small effect on the Mach
number and the location of the surge generation. With the decrease in the inlet temperature,
the condensation position moved forward. Continuing to lower the temperature beyond a
certain level did not significantly increase the humidity. Therefore, it is important to select
a higher temperature as the inlet temperature in the optimal interval to reduce the energy
consumption of the system.

With the increase in the inlet pressure, the condensation position moves forward. The
set inlet pressure should not be higher than the pressure corresponding to the humidity
inflection point value. At this pressure, the humidity distribution area should be behind
the supersonic nozzle expansion section and before the inlet of the straight pipe section to
ensure the maximum liquefaction rate and best separation efficiency.
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Nomenclature

dr/dt [-] droplet growth rate
E [J kg−1] total energy
h [J kg−1] vapor total enthalpy
hlg [J kg−1] latent heat of phase change
Js [m−3 s−1] droplet nucleation rate
k [-] Boltzmann constant
keff [W m −1 K−1] effective thermal conductivity
ms [kg m−3 s−1] liquid mass per unit volume condensation in unit time
Ns [kg−1] droplet number
p [Pa] pressure
Pg [Pa] gas-phase pressure
Prg [-] vapor-phase Prandtl number
Rg [-] gas constant
rc [m] critical radius
rd [m] droplet mean radius
S [-] degree of supersaturation
Sm [kg m−3 s−1] source term of mass
Su [kg m−2 s−2] source term of momentum
Sh [J m−3 s−1] source term of energy
SYS [kg m−3 s−1] source terms of gas–liquid transport equations
T [K] temperature
Ts [K] droplet temperature
Tg [K] gas-phase temperature
t [s] time
u [m s−1] velocity
x [-] Cartesian coordinate
Greek symbols
λg [W m−1 K−1] vapor-phase thermal conductivity
ρ [kg m−3] density
ρl [kg m−3] liquid-phase density
ρg [kg m−3] gas-phase density
σ [N m −1] droplet surface tension
σ∞ [N m−1] liquid plane surface tension
τeff [-] effective stress tensor
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