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This paper addresses the non-equilibrium condensation (NEC) in supersonic steam 
ejector under the assumptions of no slip velocity between the droplets and vapor 
phase and homogenous nucleation. The experimental data carried out by Moore 
has been used to verify the numerical results. It is illustrated that the maximum 
value of the flow mach number of the NEC model is lower than that of the equi-
librium condensation model, and NEC model increases the ejector’s entrainment 
ratio in comparison equilibrium condesation model. When using the NEC model, 
the nucleation characteristics such as subcooling degree, nucleation rate could be 
obtained in ejector flow field.
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Introduction

The supersonic steam ejector is widely used in the field of steam power, oil, thermo-
electric, steam power ship, refrigeration and so on. For the capacity of extracting large volumes 
of vapor within a relatively small space and at a low cost, supersonic steam ejector is wide-
ly used on condensing steam turbine to hold the vacuum of the condenser, also to pump the 
non-condensable air, thereby indirectly enhancing the efficiency of the Rankine cycle.

The theory of ejectors was first developed through 1-D aerodynamic design and ex-
perimental method [1], the ejector performance curve using in refrigeration system was intro-
duced by Huang et al. [2] . Recent years, with the development of computer and CFD, many 
scholars use CFD method to study the ejector performance, lots of studies show that CFD 
method could save lots of test costs, especially in researching optimization of ejector structural 
parameters. Sriveerakul et al. [3] used a commercial CFD package to predict the performance 
of a steam ejector the effects of the primary nozzle, throat diameter, and throat length on en-
trainment ratio (ER) are discussed based on numerical results. Zang et al. [4] and Cai et al. [5] 
carried out the ejector nozzle parameters optimization work, and the total length of the ejector 
had been reduced 23.4% while ER increased 58.8%. Except the studies on ejector performance, 
many works have been done on the numerical model of CFD method, such as turbulence mode 
and equations of state.
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The real physical property of water vapor is more complex than that of ideal gas, on 
the other hand, phase transition and liquid droplet nucleation phenomena caused by supersonic 
expansion are neglected when using the ideal gas model, there by yielding different calculation 
results that differ from the factual data, which had been discussed in our previous study [4, 5], 
other scholars’ work on ejector numerical calculations with the comparison of experimental 
also illustrate the importance of physical properties or condensation. The phase changed phe-
nomenon of high speed steam flow in Laval nozzle or ejector is very complicated. According to 
the theory of steam nucleation, when the steam flow past the nozzle throat with high speed, the 
temperature and pressure fall sharply, the rate of cooling is greater than the reduction in satu-
ration temperature, and therefore, the fluid turns into a sub-cooled state, but condensation will 
not happened immediately, when steam temperature is lower than saturation-line, it will con-
tinue expand as superheat steam state, which is called thermodynamic non-equilibrium state, 
as the flow developed, the non-equilibrium flow reaches its extreme point, and water vapor is 
condensed into small droplets with latent heat releasing, then the steam return to equilibrium 
state. Oswatitsch first applied the classic nucleation theory to moist gas-flow problem in Laval 
nozzle (see in Bakhtar et al. [6]). Gyarmathy [7] used the classic nucleation theory to solve the 
wet steam field in steam turbine, Young and Yan [8] fixed the droplet growth rate model on the 
basis of Gyarmathy’s work, and the 1-D numerical results agreed with experiment data well. 
Gyarmathy and Young’s droplet growth rate model is still widely used in wet steam flow prob-
lems such as Laval nozzle, cascades, steam turbine until now.

The recent listed studies have shown that steam condensation needs to be considered 
in ejector flow filed problem. In this paper, on the basis of a study done before, the focus is 
drop nucleation in supersonic steam ejector. Two condensation model NEC and EC model have 
been compared on the assumption of homogeneously flow using CFX 15.0. The NEC model is 
firstly validated through the experimental data reported for a single nozzle and then applied to 
the computational domain of the ejector, the differences of mach number, static pressure, static 
temperature and ER between two condensation models have been discussed.

Mathematical models

Basic equations

As the liquid droplet diameter is very small, and the steam velocity is high, the 
non-NEC models used in this paper are based on the assumption of no slip velocity be-
tween vapor phase and the liquid droplets, so the basic equations for NEC and EC model 
are given [9]:
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and ρ and H are functions of mixture phase related to mass fraction β of liquid phase. 
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Nucleation and droplet growth equations for NEC model

In the NEC model, the classical nucleation theory is adopted, liquid phase appears in 
small drop form through the process of nucleation. The classical nucleation theory holds that as 
the level of subcooling degree is large enough to overcome a free-energy barrier, a large num-
ber of small spherical droplets will be generated, after that, the heat and mass transfer between 
the released droplets and vapor phase brings the flow back to near equilibrium condition. The 
number of small droplets generated is given [9]:
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where qc, σ, m, ρv, ρl, K, and Tc are the condensation coefficient, the surface tension of droplets, 
mass of a water molecule, the density of the vapor and water liquid, the Boltzmann’s constant, 
and the temperature of vapor, respectively. The Kantrowitz’s non-isothermal correction factor, 
denoted by η, is given:
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where γ is the specific heat capacity of vapor, L – the latent heat, and R – gas specific constant.
The critical droplet radius, denoted by r*, is defined by: 
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where ΔGc is the bulk Gibbs free energy change of vapor phase depending on the physical pa-
rameters of water vapor (IAPWS-IF97). 

Based on the droplet heat transfer energy balance, the droplet radius growth or de-
crease can be expressed: 
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where Kn is the Knudsen number, kc – the thermal conductivity of the vapor, c = 3.81 – the an 
empirical factor, and Td – the droplet temperature, given: 
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Turbulent and numerical model

The SST k-ω turbulence model are adopted for turbulence closed, which is the same 
with our previous works. The turbulence model is applied homogeneously to all phases, the 
details of SST k-ω turbulence model could be found [10]. 

In this work, the CFD software ANSYS CFX 15.0 is used for solving the governing 
equations. Both NEC and EC model have already been implemented within the commercial 
implicit solver ANSYS CFX. In NEC model, the single phase flow field is provided for initial-
ization in order to reduce the calculation time. 

The primary fluid pressure of the ejector studied in this paper is 1.4M Pa and the 
temperature is 200 ℃. The secondary fluid is saturation steam and its pressure is 0.06 Mpa. the 
back pressure of the ejector outlet is 0.1 MPa. A professional mesh generation software ICEM-
CFD is used to generate full-hexahedral grid, in order to improve the analysis efficiency and 
reduce the calculation time, the periodic geometry and boundary condition are used, after grid 
depended learning, the total number of cells is about 250000.
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Numerical validation for NEC model

The 3-D experimental data in nozzle carried out in [11] has been used for numerical 
validation, the nozzle width between nozzle side walls is 152 mm, the centerline pressure dis-
tribution of side wall has been given in [11] for test A ~ E. Because the No. E is working with 
wet steam and the inlet humidity is not known, the tests of No. B is chosen. The nucleation 
bulk tension factor (NBTF) has a great influence on the nucleation rate in eqs. (3) and (8). The 
surface tension coefficient σ can be written: 
 bulk NBTFσ σ= ⋅

So it could be seen that the NBTF is very 
sensitive to the calculation results of nucleation 
rate, in this paper, 0.85 is selected for the nozzle 
flow field, and the default value 1.0 is selected 
for the ejector flow field calculation. Compari-
sons of calculation results and experiment data 
are shown in fig. 1. It is shown that the static 
pressure ratio distributions along the center line 
are in good agreement with the experimental 
data, the pressure jumps due to condensation 
are also well captured. Figure 3 gives the re-
sults of different condensation model, it could be 
seen that the pressure distribution of two model 
both agree with experiment data well in front of 
throat, but for the sub-cooled effect of real high 
speed steam flow, the vapor will expand as su-
perheat steam state until it crosses the Wilson 
zone.

Results and discussion

Figure 2 shows the Mach number dis-
tribution of two model. It could be seen that, 
there is a shock train (about three obvious 
oblique shock waves) in mix-chamber, the lo-
cations of the shock wave are almost the same 
of two model, but its maximum number are dif-
ferent, for the EC model the maximum mach 
number is 2.85, while for the NEC model, the 
maximum mach number is 2.4, the difference 
in the number of Maher is probably caused by 

two reasons: the temperature distribution is different, especially in condensation zones, another 
reason is that, there is a slightly different in velocity of two models, because the expansive de-
gree in condensation zone is different. Figure 4 also shows that the maximum values of Mach 
number occur on the axis of the ejector flow field, the cross points of oblique shock waves could 
be seen clearly, moreover, it could be seen that main shock wave is formed as a weak oblique 
shock with the development of the flow along the axis, for both NEC model and EC model. Un-
like other scholars’ research [12] results that there is a strong normal shock in mixing chamber 
before the diffuser outlet, in fact, the strength of the shock is determined by the geometrical 
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Figure 2. Mach number distribution along the 
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structure and working parameters, if the ejector is working at design conditions, the chock flow 
is easily formed in mixing chamber throat, but in this paper, the calculation condition is not at 
the design point, the primary pressure is lower than the design pressure 0.2 MPa.

Figure 3 gives the static pressure distribution along the center line of two model, the static 
pressure is the most important parameter in ejector field, because it determines the distribution 
of shock in the ejector and the entrainment per-
formance. It could be seen that, the difference 
of pressure distribution between the two mod-
els at the front of the first shock is not obvious, 
and it also shows that, the shock distribution is 
similar of the two models, the pressure jump 
is mainly because primary fluid is compressed 
when it expanding into the mixing chamber, 
and the steam flows in mixing chamber with 
high and low supersonic flow, formed like dia-
mond mesh. The first large pressure oscillation 
of the NEC model is larger than EC model, 
but after the first shock, the static pressure of 
the NEC model is lower than EC model at the 
same location, moreover, the first shock wave 
location of the NEC model is slightly more 
than the EC model about 10 cm, this is main-
ly caused by the effect of supersaturation of 
the NEC model, the expansion of the working 
fluid in primary nozzle is higher than that of 
EC model. For the effect of supersaturation, 
the temperature distribution of NEC model is 
lower than EC model at the same location, as 
shown in fig. 4. It also could be seen that the 
location of static temperature jump of NEC 
model is more than that of EC model, in the 
authors’ view, this phenomenon is caused by 
supersaturated liquid droplet nucleation effect, 
which cannot be simulated through EC model, 
as the droplet generated in high speed steam 
field, the droplet flows to outlet with high 
speed, but when the temperature is higher than 
liquid saturation temperature, the droplet will 
not immediately evaporate, this is thermody-
namic non-equilibrium state, which makes the 
temperature jump is behind the location of the 
EC model, and also makes the wetness distri-
bution along the center line in mixing chamber 
much longer than EC model.

As the NEC model could consider the 
non-equilibrium property of high speed steam, 
the vapor subcooling degree is obtained as 

Figure 3. Static pressure distribution along the 
center line of two models

Figure 4. Static temperature distribution along 
the center line of two models
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shown in fig. 5, the maximum subcooling degree in ejector is about 18 K, the subcooling phe-
nomenon occurs at the back of the primary nozzle throat zone, and it begin to go down in the 
diffuser zone of the primary nozzle, it can be seen from fig. 5 that at the location about X = 0.02 
(after the inlet of the mixing chamber), the subcooling degree curve has extreme points, this 
may be caused by steam mixing, while the secondary steam enthalpy is lower, which makes the 
steam in mixing chamber subcooling degree increasing. 

Conclusion

The non-equilibrium condensation model had been used to calculate the flow field of 
supersonic ejector, compared to the EC model under the same boundary condition. To ensure the 
accuracy of NEC model calculation, the experiment data reported by Moore were adopted, and 
the static pressure ratio distributions of nozzle A to D are in good agreement with the experimental 
values. The non-equilibrium effect could been considered using NEC model, the present model 
based on the combination of classical nucleation theory and Navier-Stokes equation could predict 
the condensation nucleation in the supersonic steam ejector. The numerical results of Moore’s 
nozzle shows that the NEC model agrees with experimental data better than EC model, especially 
for the pressure jump due to condensation, but the NBTF is different for each nozzle. When using 
the NEC model, the ER value of the ejector is higher than that of EC model under the same bound-
ary conditions, it seems that as the droplets generated in supersonic zones, the volume fraction of 
NEC model is much lower than that of EC mode, which enhance the ejector performance. The 
volume fraction distribution of two models are remarkably different, the wetness zone along the 
axial direction of NEC model is longer than that of the EC model.

Nomenclature

ΔGc  – bulk Gibbs free energy change, [–]
H  – total enthalpy, [Jkg–1]
J  – nucleation rate, [–]
K  – Boltzmann’s constant (=1.3807 ⋅ 10−23 J/K), [–]
Kn  – Knudsen number, [–]
L  – latent heat, [–]
p  – pressure, [Nm–2]
qc  – condensation coefficient, [–]
R  – gas specific constant, [–]
r  – droplet radius, [m]
T – temperature, [K]
u  – velocity, [ms–1]

Greek symbols

Γt  – effective thermal conductivity, [Wm–1K–1)]
γ  – vapor specific heat ratio, [–]
µt  – effective dynamic viscosity, [kgm–1s–1]
ρ  – density, [kgm–³]
σ  – surface tension, [Nm–1]
χ – spatial dimension, [m]

Subscripts

i, j  – tensor notation, [–]
l  – liquid phase, [–]
s  – saturation state, [–]
v  – vapor phase, [–]
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