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Abstract: When water vapor in moist air reaches supersaturation in a transonic flow system, non-
equilibrium condensation forms a large number of droplets which may adversely affect the operation
of some thermal-hydraulic equipment. For a better understanding of this non-equilibrium condensing
phenomenon, a numerical model is applied to analyze moist air condensation in a transonic flow
system by using the theory of nucleation and droplet growth. The Benson model is adopted to correct
the liquid-plane surface tension equation for realistic results. The results show that the distributions
of pressure, temperature and Mach number in moist air are significantly different from those in
dry air. The dry air model exaggerates the Mach number by 19% and reduces both the pressure
and the temperature by 34% at the nozzle exit as compared with the moist air model. At a Laval
nozzle, for example, the nucleation rate, droplet number and condensation rate increase significantly
with increasing relative humidity. The results also reveal the fact that the number of condensate
droplets increases rapidly when moist air reaches 60% relative humidity. These findings provide a
fundamental approach to account for the effect of condensate droplet formation on moist gas in a
transonic flow system.

Keywords: moist air; non-equilibrium condensation; relative humidity; transonic flow; Laval nozzle

1. Introduction

Non-equilibrium condensation of moist air has industrial applications in various fields
such as aerospace engine intakes, high-speed rotating engine blades, Laval nozzles, as well
as high-speed wind tunnels and turbines, etc. Condensate droplets can adversely affect the
operational efficiency, promote separation of the constituent phases, and negatively impact
the environment. In this section, we provide a review of non-equilibrium condensation
phenomena in transonic flows.

During the last half century, a number of experimental studies [1–6] have analyzed
vapor/gas condensation in a transonic flow condition. Schnerr [1] studied condensation
events for transonic moist air flow in nozzles. Additionally, a theoretical model was
proposed under the guidance of kinetic energy nucleation theory. The non-equilibrium
condensation model proposed by Hill [2] applied a nucleation equation to calculate the
homogeneous nucleation number of water vapor in transonic flow. In the formulation,
both the critical radius of the droplet and the nucleation rate were influenced by the Gibbs
free energy changes. Anisimov [3] reviewed and summarized a number of experimental
results on transonic condensation. The author is strongly believed that, for the vast majority
of cases, the non-condensable gas in the dominant gas phase acted as an inert medium
and absorbed the heat generated by the vapor due to the phase change during supersonic
condensation of vapor-gas fluids. The Laval nozzle has been employed in many previous
experiments, while the pressure measurement has often served as the main method. The
condensation process can be reflected by measuring the parameters of different positions
of the nozzle centerline. The measurements of pressure distribution in a Laval nozzle
condensation zone were presented by Moore et al. [4] and the experimental data have been
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widely used in the literature to validate numerical results. The condensation phenomenon
under various expansion processes was tested on transonic moist air flows in nozzles by
Pouring [5]. Peter [6] employed a nozzle to test droplet growth and the results showed that
the release of latent heat could certainly produce a sudden pressure jump.

When moist air or pure steam expands in a nozzle, the point at which condensation
occurs is thermodynamically referred to as the “Wilson point”. Sharifi [7] explored the
Wilson point as well as the size and number of condensed droplets by varying the geometry
of a nozzle with the aim of adjusting the vapor expansion rate; for rapid expansion in
supersaturated vapor, the mass fraction of liquid phase produced by condensation ranged
from 3.5 to 5% when re-equilibrating. Ding et al. [8] carried out theoretical analyses and
numerical simulations of homogeneous nucleation of pure steam and other humid gases in
rapid expansion, focusing on the changes of the Wilson point at low pressure in a Laval
nozzle.

Accurate computational fluid dynamics (CFD) modeling of non-equilibrium conden-
sation in a two-phase transonic flow system is quite challenging because of concurrent
heat and mass transfer. A number of studies have simplified the transonic flow of water
vapor to a single-phase flow where condensation does not occur. By assuming an ideal
gas and single-phase flow, the literature [9–11] reported the performance of a transonic
steam ejector, mainly focusing on the study of the entrainment ratio. Yang et al. [12,13]
compared the dry gas isentropic expansion model with the non-equilibrium condensation
model, and then summarized the physical characteristics of a condensation shock in a Laval
nozzle. The numerical results showed that the dry gas model exaggerated the expansion
characteristics of the nozzle by 22%. Liquid-plane surface tension is an important factor in
droplet nucleation. In recent years, the Benson model [14] has been adopted to correct the
liquid-plane surface tension equation and obtained realistic results [15,16]. According to a
modified model, numerical simulation methods have been widely applied in studies to
optimize the design of turbine blades [17], a steam ejector [18], the Laval nozzle [19], etc.

The relative humidity of moist air has a significant effect on the transonic non-
equilibrium condensation. Several studies [20–24] have compared their investigations on
the effect of relative humidity versus practical operation in a transonic flow system. Dykas
et al. [20] found that modeling of the weak shock waves by using a dry air model would
ultimately yield an unreasonable result when the relative humidity condition was over
70%. The irreversible loss caused by non-equilibrium conditions and phase change had an
impact on the efficiency of the low-pressure section of the steam turbine. Patchell et al. [21]
confirmed that the efficiency of a steam turbine decreased with increasing humidity pro-
portionally, and corrosion occurred on the turbine blades. The relative air humidity has
been shown to have a strong effect on the position and loss of condensation shocks in
nozzles [22]. Under the condition of transonic flow, relative air humidity can affect the
characteristics and performance of the airfoil [23]. Experimental equipment [24] equipped
with high-precision sensors have been used to test the transonic flow of moist air conden-
sation characteristics in a nozzle, which can ensure homogenous moist air with the same
properties.

In this study, a non-equilibrium condensation model of moist air is developed for a
transonic flow system by using a numerical approach. The theory of the nucleation and
droplet growth is used to couple a non-equilibrium condensation model with the gas-liquid
phase conservation equations. The Benson model is applied to correct the liquid-plane
surface tension equation for realistic results. The heat and mass transfer associated with
condensation are formulated as source terms in the energy and momentum equations.
Relative humidity, nucleation mechanism, and other factors influencing the condensation
process are introduced in the model, which can well predict the non-equilibrium condensa-
tion in the transonic flow of moist air. The results show that the distribution of pressure,
temperature, and the Mach number of moist air are significantly different from those of dry
air. At a Laval nozzle, for example, the nucleation rate, droplet number, and condensation
rate increase significantly with increasing relative humidity. It is believed that findings
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of this study can provide theoretical guidance for the structural design and optimization
of a transonic flow system in an atmospheric environment. This paper is comprised of
four sections. In Section 1, we introduce the application of moist air non-equilibrium
condensation, related research results, and the purpose of the study; in Section 2, we
present the methodology; in Section 3, we validate the numerical results and compare the
performances of dry air and moist air in transonic flow, in terms of temperature, pressure,
and Mach number, additionally, the effects of relative air humidity on the condensation
characteristics of moist air are also discussed; in Section 4, the conclusions are summarized.

2. Numerical Models
2.1. Conservation Equations

The radii of common condensate droplets mostly range from 10−10 m to 10−8 m, and
the droplet mass fraction is relatively small, thus, the droplets are assumed to be evenly
distributed in the flow field. The numerical simulation method requires the following
assumptions:

(a) Interactions between the droplets are negligible.
(b) The volume of the droplets is negligible.
(c) The droplets and the gas have the same velocity, i.e., the slip ratio is one.
(d) Dalton’s law of partial pressure is applicable to the gas mixture of air and water vapor:

p = pa + pv (1)

where p is the total pressure of the water vapor and air mixture, pa is the air partial pressure,
and pv is the water vapor partial pressure.

(e) The heat capacity of the droplet is negligible.

The equations of continuity, momentum and energy for the moist air flow are:
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where ρ is the density; u is the velocity of the gas mixture;
.

m is the mass flow rate per
unit volume; p is the pressure of the gas mixture; E is the total specific energy; λeff is the
effective thermal conductivity; T and hlg are the temperature and the latent heat of the
droplets respectively. YA is the mass fraction of the water vapor and D is the mass diffusion
coefficient of the water vapor.

The equations of the liquid phase consist of two transport equations, which are used
to calculate the droplet number (N) and the liquid fraction (Y), respectively:

∂(ρY)
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(
ρYuj

)
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=
.

m (6)

∂(ρN)
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∂
(
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= ρJ (7)

where Y is the liquid fraction, N is the droplet number, and J is the nucleation rate.
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The
.

m is the mass generation rate, and can be written as [25]:

.
m =

4πr∗3

3
ρl J + 4πρl Nr2 dr

dt
(8)

where r* is the critical radius, ρl is the density of the droplet; r is the droplet radius, and
dr/dt is the growth rate of droplets.

2.2. Nucleation and Droplet Gowth Model

The r* is the Kelvin–Helmholtz critical droplet radius [25]:

r∗ = 2σ

ρl RvT ln(S)
(9)

where σ is the liquid-plane of the water, Rv is the gas constant of water vapor, and S is the
supersaturation ratio defined as the ratio of vapor pressure to the equilibrium saturation
pressure.

The nucleation rate, J, is defined as the number of supercritical droplets produced
per unit mass of vapor at per unit time based on the classical nucleation theory [26]. J is
expressed as:

J =

√
2
π

σml
−3/2 ρ2

v
ρl

exp
(
−∆G∗

kT

)
(10)

The Gibbs free energy ∆G* is given by:

∆G∗ = 16
3

π

[
mv

ρl ln(S)kT

]2
σ3 (11)

where mv is the mass of vapor molecules; ρv is the vapor density; and k is the Boltzmann
constant, 1.380649 × 10−23 J·K−1.

The liquid-plane surface tension equation [27] is:

σ0 = 0.2358
(

1− T
647.3

)1.256[
1− 0.625

(
1− T

647.3

)]
(12)

According to the Gibbs surface tension theory, a high error will emerge when the
surface tension is calculated for transonic condensation flows. For a more realistic result,
the Benson model [13] is used to correct the liquid-plane surface tension equation, and is
expressed as follows:

σ = σ0

(
1−

3
√

ρl/m
4.863r

)
(13)

The Hertz–Knudsen equation [28] is used for the determination of droplet growth
rate, dr/dt, which is expressed as follows:

dr
dt

=
α

ρl

pv − psr√
2πRvT

(14)

where α is droplet growth rate correction factor and psr is the saturation pressure of the
droplet surface.

2.3. CFD Solution Methodology

The ANSYS FLUENT platform is used for this simulation. The continuity, momentum
and energy Equations (2)–(4) can be solved directly, while Equations (5)–(14) for the
nucleation behavior are coded in C and incorporated as a user-defined function (UDF) in
FLUENT. Turbulence is modeled via the standard k-ε model in this simulation. The double
precision solver is used to solve the multiphase flow. The absolute convergence criterion
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for all equations is 10−6. In addition, pressure boundary conditions are adopted at the inlet
and outlet boundaries. At the wall of the nozzle, a no-slip adiabatic wall condition is used.

3. Results and Discussions
3.1. CFD Validation

Moore et al.’s experiment [4] was conducted in a wet steam tunnel. Superheated
steam from a small impulse turbine was guided through a test section, where nozzles
were formed by upper and lower liners between parallel Perspex side walls. There are
few experiments about non-equilibrium condensation in nozzles reported in the literature.
Therefore, Moore’s nozzle geometry “B” [4], as shown in Figure 1, has been employed to
study the condensation of moist air in transonic flows. Due to the symmetry of the nozzle,
half of the nozzle was selected as the calculation area. The results of the two-dimensional
model and three-dimensional model were quite similar [29]. All the simulations conducted
in the present research were two-dimensional with consideration of simulation efficiency.
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Figure 1. Diagram of the Moore type “B” Laval nozzle.

Structured mesh was used to divide the computational domain. The X by Y high-
quality mesh was further refined in the boundary layer of the nozzle wall, as shown in
Figure 2. According to the analysis of mesh independent tests, approximately 15,000 cells
were used for the numerical simulation.
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To validate the performance of the numerical model for the Laval nozzle, the condi-
tions of Moore et al.’s experimental data were selected: 25 kPa inlet pressure, 2.5 kPa outlet
pressure, and 357.6 K inlet temperature. Figure 3 shows that the numerical results are in
excellent agreement with the experimental data taken along the nozzle centerline. The
validation provides a foundation for using the numerical model to study non-equilibrium
condensation of the moist air in transonic flow.
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3.2. Performance of Dry Air and Moist Air in a Transonic Flow System

Figure 4 presents the comparison results of pressure, temperature, and Mach number
of dry air and moist air (100% relative humidity) along the Laval nozzle centerline under
an inlet pressure of 25 kPa and an inlet temperature of 357.6 K.

According to the vapor transonic non-equilibrium condensation theory [11] applied
to the Laval nozzle, condensation occurs at the location behind the nozzle throat. When
superheated moist air enters the nozzle at subsonic speed and is expanded, the pressure
and temperature decrease rapidly, the Mach number increases dramatically, and then
reaches the sonic speed at the throat. Under the condition of rapid expansion, moist air
reaches the Wilson point and non-equilibrium condensation occurs. Downstream, the flow
state gradually returns to the thermodynamic equilibrium state, and the two-phase flow
continues to expand without condensation occurring.

Pressure is an important flow property in the nozzle, which can reflect the position
and intensity change of condensation shock by an abrupt jump in pressure along the axis.
Figure 4 shows that the pressure for dry air is 2.56 kPa at the nozzle exit, while that for the
moist air is 3.90 kPa. The outlet pressure predicted by the dry air model is 34% smaller
than that predicted by the moist air model. This differential pressure comes from the
sudden condensation that occurs when the supersaturation limit point is reached due to
rapid expansion. A large amount of latent heat released by condensation increases the
temperature of the surrounding fluid, consequently leading to condensation shock waves
and increased pressure.
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Figure 4. Pressure, temperature and Mach number distribution along the Moore type “B” nozzle
centerline.

As shown in Figure 4, a large temperature difference is observed between the two
models after the throat. The temperature after condensing is much higher than that of
non-condensing flow. At the exit of the nozzle, the temperature of the dry air case is 186.1 K,
while that of moist air case is 281.4 K—significantly above the triple point of 273.15 K. The
outlet temperature of the dry air case is 34% lower than that of the moist air case. This is due
to the fact that after condensation of the water vapor, the droplets release a large amount of
latent heat, which heats the mainstream mixture phase, resulting in a higher temperature in
the nozzle. In addition, the temperature plot in Figure 4 demonstrates that the condensation
of water vapor occurs instantaneously. After the condensation shock wave, the temperature
still decreases monotonically along the flow direction, which indicates that the contribution
of condensation latent heat released during droplet growth is not enough to meet the
energy requirement of the expansion along the nozzle. Nevertheless the temperature
reduction of moist air is obviously smaller than that of dry air. The difference ∆T between
the calculated temperatures of the two models becomes greater and greater. Accordingly,
the influence of vapor condensation on the temperature change in a transonic flow system
cannot be ignored.

As shown in Figure 4, the Mach number distributions predicted by the two models
both reach sonic speed at the nozzle throat. The largest slope of the Mach number curve is
found at the throat of the nozzle where the largest velocity change rate is reached and the
pressure decreases rapidly. The instantaneous release of condensation latent heat result
increases the Mach number rapidly in a short period of time. The two Mach number curves
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increase gradually after the throat of the nozzle. The Mach number of dry air case is 19%
higher than that of moist air case at the exit of the nozzle.

These data show that the moist air condensation process releases a lot of latent heat,
which maintains the pressure, increases the temperature, and reduces the Mach number of
the flow.

3.3. Effect of Relative Air Humidity on the Condensation Characteristic of Moist Air

With an inlet pressure of 101.325 kPa and an inlet temperature of 313.75 K with the
supersonic outlet condition, Figures 5–10, show the predicted profiles of pressure, Mach
number, temperature, liquid mass fraction, nucleation rate, and droplets per unit volume,
respectively, for different relative humidity values of the inlet moist air along the Laval
nozzle centerline.
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humidity levels.
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Figure 8. Nucleation rate distribution for several relative air humidity ratios along the Moore type
“B” nozzle centerline.
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Figure 9. Droplets per unit volume distribution along the Moore type “B” nozzle centerline for
several relative air humidity levels.
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Figure 10. Liquid mass fraction distribution along the Moore type “B” nozzle centerline for several
relative air humidity levels.

The pressure at the exit of the nozzle increases with increasing relative humidity of
the inlet moist air, as shown in Figure 5. The 100% humidity case has an exit pressure about
3 kPa higher than that of the 20% humidity case. The position of the Wilson point keeps
good consistency for different relative humidity levels, which is located at x = 0.045 m.
The effect of the relative humidity ratio on the Mach number profiles through the nozzle
is shown in Figure 6. As the relative air humidity increases from 20% to 100%, the Mach
number of the nozzle exit decreases from 2.00 to 1.83. Figure 7 shows that, while there
is little change in temperature before the nozzle throat, an abrupt change occurs after
the nozzle throat, due to the condensation shock waves. The temperature of nozzle exit
gradually decreases from 246.1 to 206.9 K as the relative air humidity decreases from 100%
to 20%.

In summary, an increase in relative humidity can cause an increase in the intensity of
the condensation shock, which changes the properties at the Laval nozzle exit. The position
of the Wilson point keeps good consistency for different relative humidity levels.

The nucleation phenomenon occurs with a small nucleation rate, both droplet number
and liquid mass fraction have subtle changes. As the moist air supercooling increases, the
nucleation rate increases rapidly until the moist air supercooling reaches its maximum,
meanwhile, the nucleation rate reaches its maximum at the Wilson point. After the Wilson
point, although the number of droplets remains constant, the droplet radius increases
rapidly to restore moist air to an equilibrium state.

Figure 8 illustrates the nucleation rate distribution for different relative humidity
levels. As seen from Figure 8, the zone of droplet nucleation is stretched, and the peak
of nucleation rate is considerably increased with an increase in relative humidity. The
maximum nucleation rate of 9.17 × 1022 m−3·s−1 is obtained at the relative air humidity
of 100%, while at 20%, the maximum nucleation rate is an order of magnitude smaller,
i.e., 1.36 × 1021 m−3·s−1.

The trend of droplets per unit volume versus relative humidity is shown in Figure 9.
The plots show that relative air humidity has a strong impact on the condensate droplet
number. In fact, the droplet number increases by a factor of 200 between the 20% and 100%
relative humidity cases. Meanwhile, the positions of droplet generation keep pushing
forward with an increase in relative humidity. Therefore, reducing relative humidity at
the inlet of the nozzle can reduce the droplet number at the exit, especially when the inlet
relative air humidity is greater than 60%.

The profiles of liquid mass fraction versus the different relative humidity levels are
given in Figure 10. The liquid mass fraction increases with the increasing relative humidity
of moist air. The maximum liquid mass fraction at the nozzle exit is 4.10%, when the
relative air humidity is 100%; there is about an 80% decrease when the relative air humidity
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drops to 20%. Therefore, the difference in the relative air humidity at the Laval nozzle inlet
can lead to significant differences in the properties at the Laval nozzle exit.

4. Conclusions

The phenomena and the mechanism of non-equilibrium condensation of moist air
in a transonic flow system are analyzed using a CFD model of the flow with UDFs for
the nucleation. On the basis of the numerical results and analytical data, the following
conclusions can be drawn:

(1) The predicted pressure profile matches the measured data reasonably well.
(2) The comparison between the dry air model and the moist air model shows that the

expansion performance of the transonic flow of moist air is greatly overpredicted by
the dry air model. Compared with the moist air model, the dry air model exaggerates
the Mach number by 19% and reduces both the pressure and the temperature by
34% at the nozzle exit. Therefore, condensation of moist air with non-equilibrium
phenomenon in transonic flow should be considered in the design.

(3) Different relative air humidity levels, at the Laval nozzle inlet, lead to significant
differences in the properties at the Laval nozzle exit. At the same time, the position of
the Wilson point keeps good consistency for different relative humidity levels.

(4) An increase in the relative humidity value causes an increase in the intensity of the
condensation shock. In the process of condensation, the nucleation rate of droplets
increases rapidly. At the Wilson point, when the relative air humidity is 100%, the
nucleation rate reaches the maximum value of 9.17 × 1022 m−3·s−1, which is 67 times
that when the relative humidity is 20%.

(5) The results show that the number of condensate droplets increases rapidly when the
air reaches 60% relative humidity. The condensation of moist gas in a transonic flow
needs to be fully considered when the relative humidity is greater than 60%.

(6) These findings provide theoretical guidance for the structural design and optimization
of a transonic flow system in an atmospheric environment.
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