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� A multi-fluid model is developed for condensing flow in the presence of carrier gas.
� Both the inter-phase velocity slip and temperature difference are taken into account.
� Good agreement is observed between CFD and experimental data.
� The effects of the inter-phase slip are remarkable.
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a b s t r a c t

The inter-phase slip plays an important role in simulating the condensing flow, which is, however,
generally neglected in most numerical studies. To address this, a generalized multi-fluid model is newly
developed to predict the two-phase condensing flow in the presence of a carrier gas, where both the
inter-phase velocity slip and the temperature difference are taken into account. The multi-fluid model is
performed to simulate the condensing flow in two types of supersonic nozzles. Also, the traditional no-
slip model is employed for comparing with the multi-fluid model. The simulated results obtained from
the multi-fluid model are found to agree better with the experimental data. The effects of the inter-phase
slip are revealed qualitatively by comparing the results obtained from these two models. The results
show that the effects of inter-phase slip should not be neglected in the whole condensation process. At
the initial stage of condensation, both the inter-phase velocity slip and temperature difference are
noteworthy. When the condensation finishes and the gaseliquid equilibrium achieves, the inter-phase
velocity slip and temperature difference become slight and can be neglected.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Prediction for vapor condensation in gaseous carrier flows is
scientifically interesting in various industrial and technological
areas [1e4]. It is noted that the presence of carrier gas makes the
condensation process much more complex than the wet steam
condensation. As one knows, the carrier gas has a potential effect
on the equilibrium vapor fugacity and surface tension due to the
mutual interactions between the vapor and carrier gas molecules
[5], and would affect the nucleation process by being present in the
interior of condensing droplets. Generally, such condensation
phenomenon is a complex non-equilibrium process in rapidly
expanding flow, the characteristics of which strongly depend on
the coupling between the flow field and the condensation process
itself. In order to accurately predict the two-phase condensing flow,
.
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all physical features such as turbulent gaseliquid flow, the effects of
carrier gas on condensation, inter-phase heat andmass transfer due
to vapor condensation and momentum transfer as a result of inter-
phase velocity slip should be accounted for.

The condensing flow has been experimentally [6e11] and
numerically [12e17] studied in different fields for centuries.
Generally, Eulerian representation is applied for describing the gas
phase, while the condensed phase can bemodeled by twoways, i.e.,
Lagrangian particle tracking approach [18e20] and Eulerian
schemes [21e23]. And in general, most calculations using above
schemes were performed by imposing a no-slip condition between
the phases, which is the so-called no-slip model [24]. Actually, the
inter-phase slip has a significant effect not only on the accurate
prediction of the velocity field but also on the spontaneous
condensation process due to the strong inter-phase coupling be-
tween the gas and dispersed liquid phases. However, few attempts
have been made on the effects of inter-phase slip, which is
potentially significant for simulating the condensing flow.
rights reserved.
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In recent years, only a few studies have been reported to
investigate the effects of inter-phase slip on condensing flow. Wu
et al. [25] established a two-fluid model for steam condensing flow,
taking the velocity slip and the turbulent diffusion into consider-
ation. Gerber et al. [26] developed an Eulerian multiphase model
for the prediction of steam condensation in transonic flow. Dykas
et al. [24,27] proposed a two-fluid model to predict the wet steam
losses in the low-pressure turbine stages and the model was
implemented into the in-house CFD code. It should be noted that
the above researches mainly focused on the wet steam flow. To the
authors’ best knowledge, only few published reports took the ve-
locity slip into account for the prediction of condensation in
gaseous carrier flows. Jones et al. [28] adopted a multi-phase multi-
size group (MUSIG) population balance model to predict droplet
size distributions in Laval nozzles. Prast et al. [1]employed the
multi-phase mixture model for calculations of multi-component
condensation in the Twister separator, and the inter-phase slip
was calculated with the Algebraic Slip Model (ASM). However, the
effects of velocity slip were still not clarified in the abovementioned
work, and it was found difficult to achieve robust convergence for
the multi-phase solver [29].

In this paper, we established a tractable multi-fluid model to
characterize the vapor condensation in the presence of a carrier gas.
In the newly developed model, both the inter-phase velocity slip
and temperature difference were taken into account. In order to
comprehensively investigate the effects of inter-phase velocity slip,
the present model was compared with the no-slip model and
performed to simulate the condensing flow in two supersonic
nozzles. On the basis of the numerical simulating results, the pro-
posed models were verified carefully with the existing experi-
mental data. Then the effects of the inter-phase slip were
qualitatively determined. Finally, the inertial non-equilibrium and
thermal non-equilibriumwere analyzed in detail to investigate the
interactions between the two phases.
2. Mathematical models and numerical implementation

The schematic of condensing system studied in this paper is
shown in Fig. 1, which consists of a carrier gas, a condensable vapor
and vast amounts of liquid droplets, and the volume fractions of the
vapor and droplets are very small. The basic idea of the common
multi-fluid model is treating the dispersed phase as pseudo-fluid
[30], thus both phases are described as inter-penetrating continua
in the gas-droplet two-phase flow. In the newly developed multi-
fluid model, the carrier gas and condensable vapor are described
Fig. 1. Schematic of the condensing system.
as two independent fluids for the condensing system above-
mentioned, besides treating the liquid droplets as pseudo-fluid.
Therefore, the two-phase condensing flow is considered as a
three-fluid flow, where each fluid has individual constitutive
equations solved in an Eulerian framework. One assumption is
made in this paper: the carrier gas, as a non-condensing constitu-
ent, is absent in the interior of liquid droplets.

Since the two gas fluids have the same velocity and tempera-
ture, the momentum and energy equations of condensable vapor
are unnecessary when the constitutive equations of the carrier gas
have been solved. In addition, based on the assumption of no carrier
gas existed in the interior of liquid droplets, once the mass con-
servation equation of liquid phase has been solved, the mass frac-
tion of the condensable vapor can be deduced according to
conservation of mass for the whole condensing system, so the
continuity equation of vapor can be disregarded. For further
simplification, the droplet temperature can be calculated by a high
accuracy explicit formula without solving the energy equation of
liquid phase. Finally, the multi-fluidmodel is reduced to the form of
separate continuity and momentum equations for carrier gas and
liquid droplet phase together with the energy equation for carrier
gas. The phase interactions are involved through appropriate
source terms of the equations.

As the liquid droplets occupy little volume in the condensing
flow and the droplets are sufficiently small (submicron-size and
below), it is assumed that the gas phase turbulence remains unaf-
fected by the presence of droplets. However, the gas phase turbu-
lence would affect the dispersion of the droplets. The turbulence
effects on the droplet motion are included in the liquid phase
equations. Since the methodology of non-equilibrium condensing
flow model is independent on the type of turbulence model, the
well-established standard keεmodel is adopted for the condensing
flow modeling in present study. For brevity, the equations of the
turbulence model are not listed here. Moreover, the no-slip model
is depicted in the following section for comparison.

2.1. Multi-fluid model

In the multi-fluid model, both the inter-phase slip and tem-
perature difference are taken into account, so each phase has its
own velocity and temperature. Both the gas and liquid phase have
individual governing equations, the governing equations for gas
phase are as follows:
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where the subscript g denotes carrier gas, p, rg, ui, FDi, sij, Tg and Eg
represent the local pressure, gas density, i-wise velocity compo-
nent, i-wise drag force component, viscous stress tensor, temper-
ature and total energy, respectively. hfg is the latent heat of vapor, _m
is the mass condensation rate, and b is the proportion of the latent
heat absorbed by the carrier gas.

To adequately model the liquid phase behavior, the condensa-
tion process is described by the Hill’s method [31]. Including the
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turbulence effects on the dispersion of the droplets, the governing
equations for liquid phase are given by,
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where Q0, Q1 and Q2 represent zeroth, first and second moments of
the droplet size distribution, and Q0 corresponds to the number
density of the liquid droplets. Gt is the turbulent diffusivity calcu-
lated by Gt ¼ mt/st. Y is the mass fraction of liquid phase, i.e.,
wetness. The average droplet radius is approximated by,
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The mass condensation rate is calculated as follows,

_m ¼ 4
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where rl, rc, J and dr=dt are liquid density, critical radius, nucleation
rate, and droplet growth rate, respectively.

The inter-phase drag force, which is taken account in mo-
mentum equations, is the source of inter-phase slip. The general-
ized drag force formula for the condensing droplets in the entire
range of the Knudsen number (which is a dimensionlessmeasure of
the relative magnitudes of the gas mean free path and the particle
size) is adopted [32],
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where, kB is the Boltzmann’s constant, mr ¼ mgmd/(mg þ md) is the
reduced mass, V is the velocity vector of the droplet relative to the
gas, N is the number density of the gas.
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where T* is the modified reduced temperature,

T* ¼ 3kBT
2

m
pεs3rl

(16)

and s ¼ (sg þ sd)/2, ε ¼ ffiffiffiffiffiffiffiffiffi
εgεd

p , where s are the self-collision
diameter, ε the well depth of the Lennard-Jones potential func-
tion for the constituent atom or molecule,m the mean atomic mass
of the droplet.

Without solving the energy equation of the liquid phase, the
droplet temperature can bedeterminedbyanexplicitmodel [12]. The
explicitmodel is deduce from the energy conservation for the droplet
by using the quasi-steady “wet-bulb approximation”, and the high
accuracy is proved in the whole range of relevant growth [33].
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where Td stands for the droplet temperature, the subscriptN refers
to the far field region, subscript m denotes that the physical
properties are calculated at an intermediate temperature Tm. Ke is



Fig. 2. Geometrical structures of the supersonic nozzles.
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the Kelvin factor, S the supersaturation ratio, sp the surface tension,
and Dmod is the modified diffusion coefficient.
2.2. No-slip model

In the absence of velocity slip, it is assumed that the two phases
have the same averaged velocity, thus the flow can be described by
a homogeneous two-phase model. The gas conservation equations
of mass, momentum and energy are,
Fig. 3. Comparisons between the predicted results of proposed models and experi-
mental data.
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Fig. 4. Gas Mach number along the nozzle centerline.
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Since the two phases share the same velocity, the momentum
equations of liquid phase can be ignored. The transport equations of
liquid phase also follow Hill’s method shown in Equations (4)e(7),
which are almost identical with that of the multi-fluid model
except the momentum equations. The calculations of droplet
temperature follow the explicit model shown in Equations (17)e
(25).
2.3. Nucleation and droplet growth model

Accounting for the effects of carrier gas, the nucleation rate is
calculated by the internally consistent classical theory (ICCT) [34],
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where the prefactor K and the dimensionless surface tension can be
calculated as follows:
Fig. 5. Gas and droplet temperature along the nozzle centerline.
K ¼
�

psfe
ZgkBT

�2�2spm
p

�1=2 1
rl

(30)

q ¼ ð36pÞ1=3
�
m
rl

�2=3 sp
kBT

(31)

where Zg is the compressibility of the gas, ps is the saturation vapor
pressure, sp the pressure-dependent surface tension. The presence
of the carrier gas will affect the vapor equilibrium fugacity [35], and
the increase of equilibrium fugacity with the saturated vapor
pressure is referred to as enhancement factor fe. Correlation of
enhancement factor for waterenitrogen mixture used in the
following text can be expressed by [36],

lnðfeÞ ¼ bðTÞ � ½p� psðTÞ� (32)

bðTÞ ¼ 4:42� 10�2 � 3:03� 10�4T þ 7:31� 10�7
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To estimate the effect of carrier gas adsorption on nucleation,
the pressure-dependent surface tension is used [5],

sp ¼ s0 � nakBT ln
�
pþ pL
pL

�
(34)
Fig. 6. Nucleation rate and droplet number density along the nozzle centerline.
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where s0 is surface tension of the pure liquid, na is the number of
adsorption sites per unit area, approximately 6� 1018 m�2, and pL is
the Langmuir reference pressure.

The Gyarmathy model [12] is adopted to calculate the droplet
growth rate, which gives a better description of the droplet growth
for a variety of binary mixtures [37].
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rl
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(35)

where Nutr_M is Nusselt number for mass transfer in transition
regime, peqv is the equilibrium vapor pressure. pvN and pgN are
partial pressure of the vapor and carrier gas in far field region,
respectively. More details can be found elsewhere [23].
2.4. Numerical implementations

The simulations are implemented using the ANSYS-FLUENT
software. The finite-volume method and second order upwind
scheme are employed to discretize the conservation equations. The
density-based solver is adopted for the gas equations, and the
liquid phase transport equations are added by the introduction of
User-Defined Scalars (UDS). The phase-change models, the source
terms, turbulent diffusion term and other terms abovementioned
are embedded through User-Defined Functions (UDF). Besides,
Fig. 7. Droplet growth rate and wetness fraction along the nozzle centerline.
structured grids are adopted and refined in the rapidly changing
nucleation region. As to the boundary conditions, total pressure and
temperature are imposed at the inlet boundary, and the UDS are set
to zero, with supersonic outflow as the outlet conditions. The no-
slip condition is used at the solid wall. The solution is converged
to normalized RMS residuals of the order of 10�5 or lower for all
transport equations in this paper.

3. Model validations

The experimental data for the condensing flow in transonic
nozzles conductedbyWyslouzil et al. [11] (denoted asnozzleW) and
Lamanna et al. [22] (denoted as nozzle L) have been used to validate
the proposed models. The geometrical sizes of the two nozzles are
shown inFig. 2,where thenozzle throat is locatedat x¼0. Thenozzle
W has a diverging section with the length of 9.5 cm, and the diver-
gence angle is 1.8�in the linear region. The length of diverging sec-
tion of nozzle L is 25 cm, and the divergence angle is approximately
3� near the nozzle exit, while the divergence angle is very small
before the location x ¼ 5 cm, less than 1.0�. The humid nitrogen is
Fig. 8. Droplet radius along the nozzle centerline.



Fig. 9. Contours of gas and liquid velocity predicted by the multi-fluid model.
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used as theworking gas in both experiments. The inlet conditions of
nozzle W are the total pressure 0.6 bar, the total temperature
286.7 K, and the vapor partial pressure 0.01 bar, while inlet condi-
tions of nozzle L are the total pressure 0.913 bar, the total temper-
ature 283.1 K, and the stagnation supersaturation ratio 0.613, with
supersonic outflow conditions for both cases. For comparison, both
multi-fluidmodel (MFM) and no-slip model (NSM) are tested. Fig. 3
compares the predicted results obtained from the two models
against the experimental data along the nozzle axis.

As shown in Fig. 3, the simulated results of both models agree
well with the experimental data. It is apparently seen that multi-
fluid model shows a better performance than the no-slip model.
In the multi-fluid model, the predicted results of the location and
intensity of the condensation shock agree better with the experi-
mental data, while the intensity of the condensation shock is
underestimated by the no-slip model. The analysis above indicates
that the multi-fluid model proposed in this paper shows good ac-
curacy in the prediction of condensing flow in the presence of
carrier gas.

4. Results and discussion

In order to demonstrate the typical fluid dynamic behavior and
the droplet condensation characteristics, the predictions of non-
equilibrium condensing flow in the above two nozzles are under-
taken. The inlet conditions of nozzle W are total pressure 0.6 bar,
total temperature 286.7 K, and vapor partial pressure 0.01 bar, while
the inlet conditions of nozzle L are total pressure 0.867 bar, total
temperature 296.6 K, and the stagnation supersaturation ratio 0.5.

4.1. Physical description of non-equilibrium condensation

The variation in the fluid dynamic parameters such as Mach
number, gas and droplet temperature, together with the
condensation parameters such as nucleation rate, droplet number
density, droplet growth rate, wetness fraction and droplet radius
along the nozzle axis are shown in Figs.4e8, respectively. From
these results, the important physical features of the condensation
process in supersonic nozzles have been captured. The continuing
expansion of the gas mixture in the transonic nozzles results in
reduction of pressure and temperature, which give rises to the
nucleation of the condensable vapor. The onset of nucleation can be
observed from the steep rise in the nucleation rate and droplet
number density shown in Fig. 6, while no perturbation of the flow
properties is observed. Once the droplet growth process starts, the
liquidmass fraction and droplet size increase (seen in Figs. 7 and 8),
and a large amount of latent heat is released to the flow inducing a
condensation shock. When the condensation shock emerges, the
pressure, temperature and density significantly rise, and also the
Mach number decreases, as shown in Figs. 3e5.

4.2. Effects of inter-phase slip

It should be noted that some differences arise between the
numerical results of the two models due to the effects of inter-
phase slip. For the multi-fluid model, there is no doubt that the
negative inter-phase drag force exerted on the gas phase lowers the
gas velocity in the gas-droplet flow comparing with the no-slip
flow, as seen in Fig. 4. Comparing the predicted results of the two
models, a relatively high pressure, density and temperature is ob-
tained as the consequence of relatively lowgas velocity predicted in
the multi-fluid model, shown in Figs. 3 and 5. It is clear that the
inter-phase slip also affects the condensation parameters. As can be
seen from Fig. 6, the nucleation rate and droplet number density
predicted by the multi-fluid model is a little smaller than that
predicted by the no-slip model, which is attributed to the lower
supersaturation caused by increase of gas pressure and tempera-
ture. Subsequently, the lower droplet number density results in a
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higher droplet growth rate and larger mean droplet radius,
observed in Figs. 7 and 8. Owing to the low number density, the
droplet wetness fraction predicted by the multi-fluid model is a
little lower than the no-slip model during the earlier stage of
condensation, but the difference tends to be smaller as the droplets
grow, as seen in Fig. 7. Near the exit of the nozzles, both predicted
wetness fraction are almost equal to 1.0, which indicates that all
condensable vapor has already condensed into droplets in the
sufficiently long divergent section.

Comparing the predictions in nozzles L and W, the effects of
inter-phase slip with different expansion rate have been analyzed.
The nozzle W has a shorter divergence section with a higher
expansion rate, while the nozzle L has a very low expansion rate
before the location x ¼ 5 cm and a higher expansion rate near the
nozzle exit. In nozzleW, comparedwith the results predicted by the
two models, the effects of inter-phase slip on the condensation
parameters are minor, but the effects on the flow parameters are
noteworthy. Relatively, effects of inter-phase slip in nozzle L are
significant for all parameters. It is well known that the inter-phase
velocity slip mainly depends upon the droplet size and the flow
properties of the two-phase flow. Due to the high expansion rate in
nozzle W, a rapid condensation occurs in a very short distance,
resulting in formation of small-size droplets, thus there is almost
Fig. 10. Distribution of slip velocity along the nozzle centerline.
no velocity slip at the initial stage of condensation, and obvious
inter-phase slip is observed until the droplets grow to a certain size.
Therefore, the inter-phase slip almost has no influence on the
condensation parameters, while it affects the flow parameters
significantly once the droplets size is large enough. In nozzle L, the
generated droplets are large enough to induce the inter-phase slip
during most of the condensation process, owing to its low expan-
sion rate. Consequently, both the condensation parameters and the
flow parameters are affected in the whole process.

From these results, it is concluded that the effects of inter-phase
slip should not be neglected in the condensing flow, especially in
the case of low expansion rate, which is clarified by the newly
developed multi-fluid model.

4.3. Two-phase thermal non-equilibrium

Fig. 5 illustrates the gas and droplet temperature along the
nozzle centerline. It is observed that large temperature difference
exists between the gas and liquid droplet at the initial stage of
condensation, but the inter-phase temperature difference tends to
vanish at the end of condensation process. At the initial stage of the
condensation, the inter-phase temperature difference appears at a
high value, while heat can be conducted from the droplet surface to
the surrounding gas. Meanwhile, the vapor is in highly supercooled
state, leading to the formation of substantive condensation nuclei.
The release of the condensation latent heat is not enough to perturb
the flow parameters at the initial stage of condensation, thus the
gas temperature still decreases rapidly due to the expansion.
However, the droplet temperature does not decrease significantly
due to the latent heat liberation to the liquid phase. As the droplets
grow, the mass fraction and size of the droplets increase accom-
panying with amounts of latent heat released, thereby making a
sharp increase of gas temperature at where the condensation shock
is formed. Meanwhile, the droplet temperature rises, and the inter-
phase temperature difference dramatically decreases. After the
condensation shock, the gas temperature decreases, and the
droplets are effectively cooled down by the high concentration
carrier gas in the absence of the latent heat. At the end of
condensation process, the gas and droplet temperatures relax to
near equilibrium value, and the inter-phase temperature difference
almost disappears.

4.4. Two-phase inertial non-equilibrium

Fig. 9 shows the two-phase velocity predicted by the multi-fluid
model in the divergent section of the nozzles L and W. The upper
half of this figure is the distribution of the gas phase velocity, and
the bottom half is the distribution of the liquid phase velocity. As
seen in the figure, apparent velocity differences are observed near
the location of the condensation shock, while the gas and liquid
velocities are almost the same in the downstream of the shock.
Fig. 10 presents the quantitative distribution of the slip velocity
along the nozzle centerline. It’s observed that the slip velocity
suddenly increases to a relative maximumvalue (1e2m/s) in a very
short distance, followed by a slow decrease until the equilibrium is
reached. In this study, the forces imposed on the gas phase
generally include the pressure difference and an inter-phase drag
force, of which the pressure difference is the primary factor that
leads to the change of gas phase velocity. The forces acting on the
droplet is the same as the gas phase except that the inter-phase
drag force is in the opposite direction. Since the liquid density is
far greater than the gas density, the influence of the pressure dif-
ference on the liquid droplet can be easily ignored comparing with
the gas phase, and the droplet motion is mainly driven by the
momentum of the gas molecules condensed on the droplet and the
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drag force. At the initial stage of condensation, the sudden gener-
ation of liquid droplets gives rise to a large slip velocity in a very
short distance due to the inertia. As the condensation shock
emerges, the gas phase velocity has an abrupt decrease, however,
due to the inertial effect, the slow response of liquid-phase make it
take a longer distance to adjust its velocity to the gas flow, hence
the inter-phase slip velocity decreases. In the effect of inter-phase
drag force, the inter-phase slip velocity continues to decrease af-
ter the condensation shock until the two-phase velocity equilib-
rium is established. Ultimately, the inter-phase velocity slip almost
disappears and maintains unless new flow perturbations emerge.

5. Conclusions

A mathematical multi-fluid model has been developed to study
the condensing flow in the presence of carrier gas. Different from
the traditional no-slip model, this newly developed model con-
siders both the inter-phase velocity slip and temperature difference
between two phases. It is able to reflect the two-phase thermal and
inertial non-equilibrium in the condensing flow. To determine the
effects of inter-phase slip, the numerical simulations of condensing
flow have been conducted in transonic nozzles by employing the
proposed multi-fluid model and the no-slip model for comparison.
The multi-fluid model is found to agree better with the experi-
mental data available. The results show that even though the ve-
locity slip (1e2 m/s) is much smaller than the bulk velocity (400e
500 m/s), the influence of the velocity slip on the flow parameters
and condensation parameters is considerable, especially in the case
of low expansion rate. The velocity slip and temperature difference
are significant at the initial stage of condensation. Once the gase
liquid equilibrium reaches, the inter-phase slip and temperature
difference fade out.
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Nomenclature
b correlation coefficient for enhancement factor
C1 dimensionless parameter for calculation of droplet

temperature
C2 dimensionless parameter for calculation of droplet

temperature
D diffusion coefficient, kg m�1 s�1

dr=dt droplet growth rate, m s�1

E total energy, J kg�1

fe enhancement factor
FD inter-phase drag force, N m�3

hfg latent heat, J kg�1

J nucleation rate, m�3 s�1

k thermal conductivity, W m�1 K�1

K prefactor for calculating nucleation rate, m�3 s�1

kB Boltzmann’s constant (¼1.3807 � 10�23 J K�1)
Ke Kelvin number
Kn Knudsen number
m mass, kg
_m mass condensation rate, kg m�3 s�1

na number of adsorption sites per unit area, m�2

N number density of the gas, m�3

Nu Nusselt number
p pressure, Pa
pL Langmuir reference pressure, Pa
q conductive heat flux, W m�2
Q0 zeroth moment of the droplet size distribution, kg�1

Q1 first moment of the droplet size distribution, m kg�1

Q2 second moment of the droplet size distribution, m2 kg�1

r droplet radius, m
R gas constant, J mol�1 K�1

S supersaturation ratio
T temperature, K
T* modified reduced temperature
u velocity, m s�1

V relative velocity, m s�1

x spatial dimension, m
Y mass fraction of liquid droplets, kg kg�1

Zg gas compressibility
Greek symbols
a volume fraction
b proportion of the latent heat absorbed by the carrier gas
d1 correction factor for calculation of droplet temperature
ε Lennard-Jones well depth, J
q dimensionless surface tension
qN parameter for calculation of droplet temperature, K
m viscosity, kg m�1 s�1

r density, kg$m�3

sp pressure-dependent surface tension, N m�1

s Lennard-Jones collision diameter, m
s0 surface tension of the pure liquid, N m�1

st turbulent Prandtl number
s shear stress, N m�2

Gt turbulent diffusivity, kg m�1 s�1

U reduced collision integral
Superscripts
e mean
eq equilibrium state
tr transition regime
(1,1)* reduced collision integral of diffusivity
Subscripts
avg average scattering
c critical state
d droplet
D diffuse scattering
_E energy transfer
f fluid
g gas
ij tensor notation
l liquid
m intermediate state
mod modified
_M mass transfer
r reduced
S specular scattering
s saturated state
t turbulent
v vapor
N far field region
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