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ABSTRACT
Combines theories of gas dynamics, fluid dynamics and numerical heat transfer theory, the condensing flow characteristics of water vapor in wet
natural gas within the Laval nozzle were studied. A mathematical model was developed to predict the spontaneous condensing phenomenon in the
supersonic flows using the classical nucleation and droplet growth theories. The numerical approach is validated with the experimental data by using
UDF and UDS modules in FLUENT software, which shows a good agreement between them, and showed that the mathematical model can better
predict the parameter changes in the condensation process. The condensation characteristics of water vapor in the Laval nozzle are described in
detail. The results show that the condensation process was a rapid variation of the vapor-liquid phase change both in the space and in time, the
distribution of nucleation rate is restricted to a small area. The spontaneous condensation of water vapor will not appear immediately when the steam
reaches the saturation state. Instead, it occurs downstream the nozzle throat, where the steam is in the state of supersaturation. The previous
accumulation of Supersaturation has led to a nuclear process occurring in a very short time. The degree of supercooling was also dramatically
reduced in this small area, and when it is below the supersaturation limitation, the nucleation process ceases to occur.
Keywords: Laval nozzle, Wet natural gas, Supersonic speed, Condensing flow.

1.

The condensation phenomenon of vapor plays an important role in
various industries, such as the steam flow and water vapor in nozzles,
turbines, ejectors, thermos-compressors and supersonic separators
(Wróblewski et al., 2016; Keisari et al., 2016; Patel et al., 2015; Sharifi
et al., 2013; Wen et al., 2016; Yang et al., 2017). The initial research of
gas condensation flow in the nozzle is mainly based on the
condensation of a single component. The study of multi-component
research began in the last 20 years, represented by Eindhoven in the
Netherlands and the Ohio University in the United States. They built a
perfect experimental system, the two-component and multi-component
gas condensation parameters were studied, and achieved some results
(Kalikmanov et al., 1995; Kalikmanov, 2006). Theoretical and
experimental studies have been conducted for the condensation process
in supersonic flows, focusing on the nucleation theory, droplet size,
latent heat (Moses, 1977; Girshick et al., 1990; Dykas et al., 2014; Ding
et al., 2014). Numerical simulations have been performed to predict the
condensing flow with the development of the computational fluid
dynamics (CFD) for several decades (Labetski et al., 2004; Jiang et al.,
2016). Luijten (Luijten et al., 1999) studied the carrying gascondensable and proposed the theory of carrying gas influencing factors.
The condensation and flow patterns of water vapor, nonane and pentane
were studied when helium and nitrogen were used as carriers. The
effects of gas carrying on the nucleation of condensable gas were
studied by using the classical nucleation theory and semiempirical
nucleation theory proposed by Kalikmanov and Van Dongen,
respectively. Peeters (Peeters, 2002) studied the nucleation and droplet
growth characteristics of a three-component mixture of nonane-water
vapor-methane. And the effect of carrying gas on the nucleation process
was studied, and the possibility of heterogeneous nucleation in the
three-component mixture was discussed. The flux matching method

INTRODUCTION

The main component of natural gas exploit from gas well is methane,
and a certain amount of water and heavy hydrocarbon. The presence of
water and heavy hydrocarbon will cause serious harm to gas gathering
and transportation. In order to ensure safe storage and transportation of
natural gas, dehydration treatment is required for wet gas. Natural gas is
usually produced from the wellhead with very high pressure, through
expansion to cool and depressurize at certain condition, make water
vapor condense from wet gas, and with gravity separation, cyclone
separation, filtration or other method to separate it from gas.
Supersonic cyclone separator is the device that realizes the
separation of gas and liquid by condensing with temperature decreased
when the wet natural gas flows through the Laval nozzle. The core of
supersonic hydrocyclone separation technology of wet gas is to use the
low temperature and low pressure condition to condense water and
heavy hydrocarbons. In 1942, Oswatisch (Ding et al., 2014) carried out
a one-dimensional numerical simulation of the condensation flow of the
wet steam in the Laval nozzle, and the simulated results were in good
agreement with the experimental data. However, it is relatively late to
use supersonic cyclone to separate the gas and liquid (Hill, 1966;
Holten et al., 2005; Cao et al., 2008). The wet gas is at low temperature
and low pressure condition through the expansion after getting into the
Laval nozzle, and reaches sound velocity at the throat position, which
increases supercooling and supersaturation, when the supercooling
degree reaches to a certain level, condensation occurs. To effectively
separate water vapor and heavy hydrocarbon, it must ensure that the
droplet radius of Laval nozzle at the outlet is within a certain range. If
the droplet radius is too small, the droplets will go downstream with gas,
on the contrary it will affect the cyclone effect as its large inertia force.
*
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phase and liquid phase. During the condensation flow process in the
nozzle, droplet exists in the form of dispersed phase, which can be
regarded as dispersed phase and can also be seen as continuous phase,
and the number, size and distribution of droplets are difficult to be
predicted, therefore, it is very difficult to derive liquid control equations
exactly fits reality. However, the reality is the distribution of droplet
size meets certain statistical regularity, thus the concept of average
number can be used to describe the distribution of droplet. The
researchers (Fei et al., 2008) assumed that there is no velocity slip
between liquid and vapor phases, inferred the gas phase speed control
equation and the conservative Euler equations describes droplet
distribution. In this paper, double fluid model is built to simulate the
flow condensation phenomenon of water vapor in wet gas inside the
nozzle, in the establishment and solving of equation using related
function of calculation software FLUENT to establish the mathematical
model.

was used to describe the growth of droplets after the formation of
droplets in the carrier gas. And the nucleation and droplet growth
processes of two-component and multi-component steam were
compared by using the Nucleation Pulse Expansion Tube. Robert
(McGraw et al., 2008) analyzed the condensation law of the multicomponent system, and studied the condensation law of ammonia
mixed with sulfuric acid and water vapor. Some researchers (Looijmans
et al., 1995) measured the condensation of nonane and methane mixed
gases under different pressures in the c condensation pulsating
expansion tube, and believed that the presence of methane significantly
affected the condensation process.
White and Young predicted the condensing process using
Eulerian/Lagrangian and time-marching methods (White et al., 1993).
Gerber (Gerber et al., 2002) developed the Eulerian/Lagrangian and
Eulerian/Eulerian two-phase models for predicting the condensation
flow with the classical nucleation theory. The effects of friction factor
on the condensation flows in the Laval nozzles were performed using
the single fluid model (Jiang et al., 2009). Two-dimensional simulation
of the condensing steam was calculated in converging-diverging
nozzles using a Jameson style finite volume method on an unstructured
and adaptive triangular mesh (Simpson et al., 2005). Some researches
(Xiao et al., 2007; Yang et al., 2009) described a conservative twodimensional compressible numerical model for the non-equilibrium
condensing of the steam flow based on the classical nucleation theory
and the Virial-equation of state. The effect of the expansion rate on the
steam condensing flow through a converging-diverging nozzle was
studied numerically (Nikkhahi et al., 2010). The steam condensing flow
was modeled through the Laval nozzles at low and high inlet pressures
by means of the single-fluid model (Mahpeykar et al., 2011; Shooshtari
et al., 2013; Dykas et al., 2011). The Eulerian/Eulerian approach was
adopted for modeling the condensing steam flow, and the simulation
was conducted on the commercial ANSYS FLUENT platform (Yousif
et al., 2013).
The condensation phenomenon of water vapor in supersonic flows
is still not understood very well as a result of the complex phase change
process. Especially, the numerical simulation depends on various
nucleation theories and droplet growth models. To ensure the preferable
separation effect of the separator, it is necessary to study the flow
phenomena of the gas condenses in Laval nozzle and explore affecting
factors of condensation flow parameters inside the nozzle. In this paper,
the double fluid model is developed to predict the spontaneous
condensing phenomenon in the Laval nozzle. Based on the
mathematical model of water vapor condensation flow contained in wet
gas, FLUENT software is used to simulate and verify the condensation
of water vapor in the nozzle under high pressure. The modified
internally consistent classic nucleation theory and Gyarmathy’s droplet
growth model are employed to perform the simulation cases. The
numerical approach is validated with experimental data. The
condensation process of water vapor of wet natural gas in the nozzle is
numerically analyzed in detail, including the nucleation rate,
supercooling degree, supersaturation, droplet numbers, droplet radius
and humidity in the nozzle, which have a certain guiding significance
on parameter settings of supersonic cyclone separator.

2.

2.1 Mathematical model modeling
When the two phase flow control equations of a supersonic nozzle are
determined, the following assumptions are usually adopted: (1) there is
no heat exchange between the fluid and the outside, and the system is in
an adiabatic condition; (2) the flow of gas and liquid in the nozzle can
be considered as compressible flow; (3) the thermodynamic properties
of the flow media are continuous in the process of flow; (4) the droplets
formed are incompressible small spheres, in the range of continuous
flow; (5) there is no collision between droplets in the flow process; (6)
the time required for nucleation is very short, and the number of droplet
is unchanged after spontaneous nucleation; (6) the gas contains no
foreign impurity; (7) no external electric field or magnetic field
interference.
2.1.1 Control Equations
(1) Gas phase control equations
By using software FLUENT, gas phase control equation provided in the
description of the quality of the gas phase equation, momentum
equation and energy equation, and added in the equation due to the
influences of liquid source phase.
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(2) Liquid phase control equations
The state parameters of liquid phase are described in terms of the
number of droplets and the average radius, which can be obtained
according to the general form of the control equation:
∂N b
∂
+
N b u Pj = J
(6)
∂t
∂x j

MATHEMATICAL MODEL OF SUPERSONIC
FLOW CONDENSATION WITHIN NOZZLE

(

The core problem is the coupling of the gas-liquid two-phase flow in
the description about the supersonic condensation flow in nozzle, the
condensate flow model commonly used now can be concluded to two
types: the single-fluid model and the two-fluid model (Menter,1994;
Patankar et al.,1972; Wegener et al.,1958).
The single-fluid model is a model that put the wet vapor mixture
consisted by gas and liquid phase as one kind of medium. The two-fluid
model solves the gas phase and liquid phase respectively, the source
phase is added in gas phase and liquid phase control equation set, which
represents mass transfer, momentum and energy exchange between gas

)

∂ (ρ l Y ) ∂
+
ρ l Yu pj = ρmɺ
∂t
∂x j

(

)

(7)

After calculated the number of liquid droplets and the gas
humidity, droplet radius can be calculated according to the following
relational expression:
r = 3 3Y / (4πρ l N v )

(8)

(3) Turbulence equations
Due to the failure to take into account the slip of the gas and liquid
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phases, it is considered that the liquid droplets produce no effect on the
turbulence of the liquid phase and only consider the gas phase
turbulence equation. Within several turbulence models in FLUENT, the
zero equation and the first equation has faster calculation speed, but
relatively low accuracy; Although the Reynolds stress equation has
characteristic of high calculation accuracy, its workload is huge, the
computation speed is slower. The second equation model has
advantages as high computational precision, qualified for engineering
requirements, and simultaneously meets the limits load computer could
sustain, therefore has been widely distributed in engineering
calculations. The most common in the second equation model is
standard k − ε model, which based on the assumption that the
turbulence direction is isotropic, in some region not satisfy the isotropic
condition, will the equation leads to large calculation error, such as
near-wall region and region with adverse pressure gradient. Yakhot and
Orszag proposed to RNG k − ε model (Yakhot V, Orszag S A., 1992),
solve the above disadvantages of in 1986, RNG k − ε model has a
wider adaptability and accuracy than the original standard model. For
high speed condensation inside the nozzle flow phenomena, using the
RNG k − ε model can be ideal computational accuracy and speed.
2.1.2 Gas station equations
Before condensing in the nozzle, the vapor is under saturation.
Thermodynamic equilibrium state parameters can no longer be applied
to the calculation. At relatively low temperature and low pressure
environment, the ideal gas state equation is unable to use. In this case
Young (Young, 1988) proposed Virial state equation suitable for wet
vapor, which is expressed as follows:
Pv = ρ v RvTv (1 + Bρ v + Cρ v2 + ⋅ ⋅ ⋅)
(9)
2.1.3 Surface Tension
The existence of surface tension makes the droplet surface area
decreases, equivalent to overcome the work of new molecule join and
increase the surface area. Gibbs free energy on the droplet surface has
direct relationship with the droplet surface area size and surface tension,
the exist of droplet surface tension resist the droplet surface area to
become larger, inhibit the growth of droplets, therefore in many
influencing factors the surface tension is the most important in the
condensation process. Surface Tension Model used is LD fitting model
(Labetski et al., 2004):

2.2 Implementation of the numerical simulation calculation
model
This article will use custom functions provided by the FLUENT as
UDF (User-Defined Function), UDS (User-Defined Scalars) and
UDRGM (User-Defined Real Gas Model) to achieve gas-liquid phase
control equation and nucleation and droplet growth model.
2.2.1 User-defined functions UDF and user-defined scalar UDS
UDF, User Defined Function, is computer program written by the users
themselves, must be written in C language, and must abide by certain
written rules. In this program, two macro (DEFINE-AJUST and
DEFINE-SOURCE) are used, the nucleation rate, droplet growth rate,
degree of supercooling, degree of supersaturation and droplet surface
tension parameter does not exist in the software is defined in the
DEFINE-AJUST, and is stored in UDM (User-Defined Memory), in
each iteration, the software will use these parameters, traverse each
grids and meshes to calculate. In the source phase definition macro
DEFINE-SOURCE, it defines the source phase of mass, momentum
and energy sources due to the presence of the droplets. When calculated,
these source phases are added to gas phase control equation.
In the liquid phase control equations, the droplets number and
humidity is achieved by UDS, user-defined scalar. In FLUENT, UDS is
usually used to solve similarly the convection-diffusion equation and
flow field coupling, can be used to describe phenomenon as mass
transfer, transport, etc. Convection diffusion equation usually contains
convection term, diffusion, and source stationary phase, corresponding
to different macros.
2.2.2 User-defined real gas model UDRGM
FLUENT does not provide Virial state equation, the software provides
user-defined real gas model, and it must comply with C language
programming rules. After programming completed, need to compile the
C program, and establish shared document library. After the document
library established, a specific command statement can be entered to call
Virial real gas state equation.

3.

VALIDATION AND ANALYSIS OF
MATHEMATICAL MODELS

Geometry parameters and the experimental data used in the examples
are taken from Laval nozzle experiments of Moses & Stein(Moses,
1977), the nozzle geometry is shown in Figure 1. Nozzle throat is at
0.0822m, size 0.01m×0.01m; The subsonic section is constituted by arc
of radius 53mm, while transonic and supersonic section with arc of
radius 686mm. Initial conditions of calculation model are: inlet pressure
of 43027 Pa, inlet temperature of 366 K, various physical properties of
water vapor can be solved by user-defined real gas state equation. The
degree of subcooling and supersaturation, nucleation rate, droplet radius
and other parameters concerned in the research can be calculated by
UDF adding to FLUENT.

When T ≥ 250.0 K

σ LD (T ) = (76.1 + 0.155(273.15 − T )) ×10−3 [N / m]
When T < 250.0 K

σ LD (T ) = 8.52 ×10−2 − 3.54236×10−4 T + 3.50835×10−6 T 2 [N / m]

(10)
2.1.4 Nucleation and droplet growth mode
The classical ICCT model is been chosen in some literatures (Young,
1988):
1

 4 θ3

1 ρυ2  2σ  2
exp −
+ θ 
(11)
3
2
S ρ l  πmv 
27
(
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S
)


Droplet growth model which adopted is model presented by
Gyarmathy (Gyarmathy, 1982 Lamanna, 2000) and modified by
Young(Young, 1988):
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Fig. 1 Geometry and size of Laval nozzle in Moses & Stein’s
experiment
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dropped to 294 K, follows by the evaporation release of latent heat, the
temperature fluctuates in the condensation zone, rises to 321 K, after
the nucleation stage ends, the growing stage of droplets caused
temperature changes is much smaller than that of the nozzle, so the
temperature continues dropping.

Fig. 2 Mesh of the computational domain
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Fig. 3 Experiment and simulation results of static pressure ratio at the
central line of the Laval nozzle

Fig. 4 Temperature distribution in nozzle and at the central line of
nozzle

Figure 3 shows the various status of value calculation under above
operating condition and static pressure ratio (the ratio of local static
pressure and inlet static pressure, p/p0) in the experiment along the
central line of the Laval nozzle. The pressure is gradually decreasing on
the center line of the nozzle, when condensation occurs, there is a
pressure curve first decreased then process the condensation process
releases latent heat of the heating gas stream produced condensation
wave, numerical calculation is better captured this process, and the
calculated results fit with the experimental values.

35

3.1 Grid-independent and time-step independence

30

The mesh density is one of the key factors that determine the accuracy
of the numerical simulation. In order to justify the numerical simulation
carried out, but also it is need to prove that the number of meshes and
numerical simulation model and simulation time step when there is no
relationship, which is independent of the grid to validate the model time
step and independence. Three different densities of the structural
meshes are used to test the mesh independence. The condensation
parameters, such as, nucleation rate, humidity and Droplet radius are
selected to evaluate the effect of the mesh density on the condensation
simulation. Table 1 and table 2 give a comparison respectively of the
number of droplet, nucleation rate, humidity and droplet radius which
the grid number and the time step are different.
Table 1 data were collected from the time of 10s, the number
23040 for the control grid, grid computing grid numbers increase and
decrease the number of errors when the main coagulation parameters.
When the number of changes can be found in the grid, the main
parameters of the error were relatively small. The data in Table 2 are
used in time of 15s, when the grid number 23040 in 0.00001s as control
can be found with different time steps when minimal effect on
coagulation parameters. Through the two tables well validated
numerical simulation of mesh-independent and time-step independence.
Therefore, the mesh system is used to conduct our simulations
considering the computing accuracy and efficiency.
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Fig. 5 Degree of supercooling (dT) in nozzle and at the central line of
nozzle
Figure 5 shows degree of supercooling in nozzle and the change of
the local degree of supercooling at the central line of the Laval nozzle,
We can see that the supercooling degree increases constantly along with
the vapor expansion, and it rapidly rises to the peak value of about 34.5
K in this case. The results show that the latent heat of the vapor is
released to heat into the vapor phase during the spontaneous
condensation, leading to the jump of the condensing parameters. Vapor
temperature and pressure are increased resulting in the degree of
supercooling tends to suddenly decrease from 34.5 K to 4.5 K, which
means that the condensation process has finished.
Figure 6 shows degree of supersaturation in nozzle and changes at
the central line of local over-saturation, with the expansion will be the
degree of supersaturation increases maximum 6.6 point position,
nucleation occurs at this time, the degree of supersaturation in a small
area decreased rapidly, and finally stabilized at around 1.3. Figure 7

3.2 Parametric analysis of water vapor condensation
Figure 4 shows temperature distribution in nozzle and a partial
temperature gradients at the central line of the Laval nozzle, it shows
that the temperature of the vapor is continuously decreasing after
entering the nozzle, and condensation occurs before the temperature
4
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condensation of water vapor will not appear immediately when the
steam reaches the saturation state. Supersaturation accumulated before
prompting the nucleation process in the a very short time of occurrence,
the degree of supercooling is also drastically reduced within this small
range, and when it is below the saturation limit, the nucleation process
ceases to occur. Instead, it occurs further downstream the nozzle throat,
where the steam is in the state of supersaturation. In this condition, the
steam is in an extremely non-equilibrium thermodynamic state, leading
to the occurrence of the spontaneous condensation in a very short time,
which can be observed in Figure 9.

shows humidity distribution in nozzle and a partial variation of
humidity at the central line of the Laval nozzle, humidity can see the
position of the nozzle within the scratch and supersaturation peak
positions coincide. Before a larger part of the slope of the curve,
because a large number of nucleation phase droplets in a very short
time to form, more severe changes in humidity. Subsequently growth
phase droplets were a relatively long stage and humidity changes
significantly inferior to the nucleation stage.
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Fig. 6 Degree of supersaturation in nozzle and at the central line of
nozzle
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Fig. 8 Droplet number (Nb) distribution in nozzle and at the central
line of nozzle
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Fig. 7 Humidity distribution in nozzle and at the central line of nozzle
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Fig. 9 Nucleation rate distribution in nozzle and at the central line of
nozzle

Figure 8 shows droplet number distribution in nozzle and the local
distribution of droplet number at the central line of the Laval nozzle, the
number of droplets within extremely time from zero to 3.8×1019 / m3
due to the sharp process of the vapor nucleation. Then, the steam is
almost obtained to the equilibrium state because of the decrease of the
supercooling degree. At that moment, no new condensation nucleation
appear and the droplet number remains effectively stabilized.
Figure 9 shows nucleation rate distribution in nozzle and partial
nucleation rate distribution at the central line of the Laval nozzle, it can
be seen from the figure the distribution of nucleation rate is only limited
to a small area, with a maximum of 7.2×1023/m-3s-1. The spontaneous

Figure 10 shows droplet radius distribution in nozzle and partial
change of the droplet radius at the central line of the Laval nozzle. After
a certain position over saturation limit is reached, the droplet radius has
reached the critical radius, since the number of the initial stages of
small droplets small droplet radius, releasing latent heat sufficient to
change the temperature and pressure, so the droplet radius does not
change obviously. Since then a large number of droplet formation and
growth of droplet radius gradually becomes large.
5
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Table 1 Error of parameters at different number of meshes
The number
Droplet number error Nucleation rate error
of meshes
23040
3.74×1019
-7.24×1023
-11904
3.73×1019
-0.3%
7.28×1023
0.5%
40161
3.70×1019
-1.2%
7.20×1023
-0.5%
Table 2 Error of parameters at different time step
Time Step Droplet number error Nucleation rate
0.00001s
3.74×1019
-7.24×1023
0.0001s
3.73×1019
-0.3%
7.25×1023
0.001s
3.73×1019
-0.3%
7.25×1023

error
-0.14%
-0.13%

humidity
0.0639
0.0636
0.0630
humidity
0.0639
0.0637
0.0636

error

Droplet radius
-9

--0.9%
-2.0%
error
--0.3%
-0.5%

7.38×10
7.57×10-9
7.44×10-9
Droplet radius
7.38×10-9
7.37×10-9
7.37×10-9

error
-2.6%
0.8%
error
--0.14%
-0.14%
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CONCLUSIONS

Nb

The condensation process of water vapor in wet natural gas within the
Laval nozzle is simulated numerically, the two-fluid mathematical
model of condensation flow is established with control equations of
liquid phase and gas phase, and the nucleation and droplet growth
theories. Through nucleation and droplet growth model, the mass
increase of liquid phase and the decrease of gas phase are obtained. The
mathematical model is applied to solve the related condensation
parameters, including nucleation rate, droplet growth rate, undercooling,
supersaturation and condensation droplet radius and other important
parameters. The numerical simulation is verified, and the independence
of grid and time step is verified, which proves the stability of the
mathematical model.
The obtained pressure drop curve is consistent with the curve in
the literature, which verifies the correctness of the mathematical model.
The variation rules and causes of condensation parameters are analyzed,
the results show that the latent heat is released to heat into the vapor
phase during the spontaneous condensation, leading to the jumping of
the condensing parameters. The degree of supercooling can reach a
maximum value of about 34.5K and correspondingly the spontaneous
condensation occurs in a very short time. The droplet numbers also
rapidly rise from zero to 3.8×1019 / m3 due to the sharp process of the
vapor nucleation in a very short time. Then, the droplet radius also
begin to increase continuously till the nozzle outlet as a result of the
supercooling degree at about 4.5 K. The rules for supersonic parameter
Settings and separation effect prediction of cyclone separator have a
certain guiding significance.

r
u pj

6

pressure, Pa
axial direction velocity, m/s;
the latent heat of vaporization, kJ/kg
actual temperature, K
quality transfer source phase from the gas phase to
the liquid
energy transfer source phase from the gas phase to
the liquid
momentum transfer source phase from the gas phase to
the liquid
a unit time per unit volume of condensed vapor quality,
kg / (s·m3)
the number of droplets wet vapor condensation nuclei per unit
time per unit volume formed Serve nucleation rate, m-3s-1
critical condensation radius of water vapor molecules, m
the number of small droplets along the axis of the distribution
of gas, m-3
the droplet radius, m
the average velocity in the axial direction, m/s

Y

the mass fraction of water vapor in the gas or gas humidity,
m H 2O ( g )
Y=
, dimensionless
m H 2O ( g ) + mCH 4

mɺ
Nv

the coagulated mass rate, kg/s
the unit volume of the vapor kinetic factor, dimensionless

Pv

wet vapor pressure, Pa

Rv

wet vapor gas constant, J/(kg·K);

Tv
B, C
I ICCT

wet vapor temperature, K
the Virial coefficient.
nucleate rate in classic ICCT model, m-3s-1

S

the degree of supersaturation of vapor, dimensionless;

KB

the Boltzmann constant,

V ml

liquid phase molecular volume, m3

Ts

given pressure supersaturated vapor temperature, K

Kn

namely the Kundsen number, represents the different
situations of vapor molecules collide with droplet

K B = 1.3806505 × 10 −23 , J/K

Frontiers in Heat and Mass Transfer (FHMT), 9, 6 (2017)
DOI: 10.5098/hmt.9.6

L

the mean free path of gas molecules, L =
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2 µ RvTv
pv

,m

Prv

the vapor Prandtl number, dimensionless number

qc

the condensation coefficient, qc ≈ 1

c p,v

the vapor specific heat at constant pressure, kJ/(kg·K)

Wen C, Yang Y, Walther J H, et al., 2016, “Effect of Delta Wing on the
Particle Flow in a novel gas supersonic separator,” Powder Technology,
304: 261-267.
https://doi.org/10.1016/j.powtec.2016.07.061
Yang Y, Wen C, Wang S, et al., 2014, “Numerical Simulation of Real
Gas Flows in Natural Gas Supersonic Separation Processing,” Journal
of Natural Gas Science and Engineering, 21: 829-836.
https://doi.org/10.1016/j.jngse.2014.10.010

Greek Symbols
ρg
vapor phase density, kg/m3

ρv
ρl
σ
σ
θ

LD

wet vapor density, kg/m3
the liquid density, kg/m3
the droplet surface tension in LD fitting model, N/m.
the droplet surface tension, N/m
the dimensionless surface tension, dimensionless

θ=
λv
β

µ
γ
φ

Yang Y., Wen C., 2017, “CFD Modeling of Particle Behavior in
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and Purification Technology, 174: 22-28.
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σα 0
K BT

1

2
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, α 0 = (36π )3 (Vml ) 3

vapor thermal conductivity, W/(m·K)
the relation coefficient of free collision zone radius and
droplet radius in Lamanna model, generally β = 2
the dynamic viscosity coefficient of vapor, kg/(m∙s)
the specific heat ratio of vapor
correction coefficient of droplet growth, generally φ = 9
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