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Abstract: Supersonic ejectors are of great interest for various industries as they can
improve the quality of the low-grade heat source in an eco-friendly and sustainable way.
However, the impact of steam condensation on the supersonic ejector performances is
not fully understood and is usually neglected by using the dry gas assumptions. The
non-equilibrium condensation occurs during the expansion and mixing process and is
tightly coupled with the high turbulence, oblique and expansion waves in supersonic
flows. In this paper, we develop a wet steam model based on the computational fluid
dynamics to understand the intricate feature of the steam condensation in the supersonic
ejector. The numerical results show that the dry gas model exaggerates the expansion
characteristics of the primary nozzle by 21.95%, which predicts the Mach number of
2.00 at the nozzle exit compared to 1.64 for the wet steam model. The dry gas model

computes the static temperature lower to 196 K, whereas the wet steam model predicts



the static temperature should above the triple point due to the phase change process.
The liquid fraction can reach 7.2% of the total mass based on the prediction of the wet
steam model. The performance analysis indicates that the dry gas model over-estimates
a higher entrainment ratio by 11.71% than the wet steam model for the steam ejector.
Keywords: Steam ejector; condensation; dry gas; wet steam; entrainment ratio
1. Introduction

Steam ejectors provide an economic and eco-friendly development to consume the
energy resource in a sustainable way [1-3]. The high-pressure steam throughout a
primary nozzle inside a supersonic ejector can improve the quality of the low-grade
heat energy by entraining the low-pressure steam [4]. Moreover, a supersonic steam
ejector shows great advantages including simple structure, easy operation and high
reliability [5]. It, therefore, has been used in various industrial processes, such as
refrigeration system [6], seawater desalination [7], and solar energy utilization [8], and
steam generation system [9]. Strusnik et al. [10] investigated the effect of non-
condensable gas on the heat transfer behaviour in a steam turbine condenser and
modelling of the steam ejector pump system by controlling the gas extraction rate
through extraction tubes. An appropriate cross-section dimension of the Laval nozzle
reduced the consumption of the motive steam and improved the efficiency of the steam
ejector pump system. Strusnik et al. [11] innovatively used the supervised machine
learning modelling to evaluate the energy efficiency of a steam ejector and an electric
vacuum pump for a turbine condenser air extraction system. Their study proposed basic

guidelines for the selection of an appropriate condenser vacuum pumps system of a



steam turbine.

The structural design and optimization have been conducted by the experimental
investigations on the supersonic steam ejector [12-14]. Dong et al. [15] experimentally
investigated the impacts of the operating temperature and nozzle exit position on the
steam ejector performance. They observed that the coefficient of performance declined
with the decrease of the diameter of the constant area when fixed the nozzle exit
position. Ramesh and Sekhar [16] conducted the experimental measurements to
investigate the effect of six suction chamber angles on the entrainment ratio of a steam
ejector. They found that the increasing suction chamber angle from 0° to 12° improves
the entrainment ratio and above that the performance decreases significantly. Reddick
et al. [17] experimentally studied the steam ejector performance with the secondary
fluid of a mixture of steam and CO». The results showed that the increase in the CO»
amount improved the critical entrainment ratio without changing the critical pressure.

The computational fluid dynamics (CFD) modelling was employed to predict and
optimize the working performance of steam ejectors. However, most of the numerical
simulation still focused on the single-phase steam flow without considering the
condensation phenomenon that happened in supersonic flows. Sriveerakul et al. [18]
developed and validate the CFD modelling for steam ejectors by comparing the
numerical and experimental results of the static pressure and entrainment ratio. They
then employed CFD modelling to investigate the complicated flow phenomenon inside
the steam ejector [19]. They presented that the longer throat section increased the

critical back pressure while its influence on the entrainment ratio could be ignored in



steam ejectors. The numerical assessment was performed by Yang et al. [20] to analyze
the influence of different nozzle shapes on the mixing process inside the steam ejector
including the conical, elliptical, square, rectangular and cross-shaped nozzles. They
stated that the entrainment ratios were improved with the design of the cross-shaped
and square primary nozzles. Allouche et al. [21] used the single-phase flow and ideal
gas law to model the flow structure and mixing process inside the steam ejector
involving a spindle located in the entrance of the primary nozzle. It revealed that a
reduced recompression thanks to the two shock waves in the diffuser at low condenser
pressures influenced the entrainment ratio very slightly. Ariafar et al. [22] neglected the
condensation behaviour to numerically predict the influence of the mixing layers on the
entrainment ratio in a steam ejector based on the ideal gas law. The computational
results showed that the mixing layers impacted the entrainment ratios more
significantly at lower secondary pressure. Han et al. [23] employed the ideal gas model
to analyse the influence of the boundary layer separation on ejector performance. Their
results showed that a large throat diameter or a large nozzle exit position induced the
severe phenomenon of the boundary layer separation, which resulted in the decrease of
entrainment ratio of the steam ejector. Tang et al. [24] newly designed a steam ejector
with an auxiliary entrance and performed the numerical simulation to evaluate the
ejector performance based on the ideal gas law. They disclosed that the simultaneously
auxiliary entrances located at the throat and diffuser significantly improved the
entrainment ratios. Wang et al. [25] predicted the effect of the primary pseudo-shock

pattern on the performance of the steam ejector using CFD modelling. The numerical



results from the ideal gas assumption indicated that the pattern of primary pseudo-shock
flow was affected by the critical and sub-critical conditions.

A number of optimizations on the supersonic steam ejector have been performed
by the CFD modelling with the assumption of the single-phase flow. Varga et al. [26]
carried out the numerical simulation to obtain the effect of geometry size on the
entrainment ratio of the steam ejector mainly considering the area ratio between the
nozzle and constant area section, nozzle exit position (NXP) and constant area section
length. They observed the existence of an optimum area ratio depending on the
operating conditions. The NXP influenced both the entrainment ratio and critical back
pressure. With the assumption of single-phase flow and ideal gas model, steam ejectors
were optimized by Wu et al. [27] combining the numerical simulation and orthogonal
approaches including NXP, the diameters of the nozzle outlet, the mixing section, the
diffuser, and the length of the constant area. They found that the outlet diameter of the
primary nozzle is the most significant factor to influence the performances of the steam
ejector. Ruangtrakoon et al. [28] focused on the influence of the throat and exit sizes of
the primary nozzle on the steam ejector performance for a refrigeration cycle. They
observed the optimum size of the primary nozzle by analyzing the Mach number
contour and entrainment ratio. Fu et al. [29] also employed the ideal gas model to
investigate the effect of the primary nozzle on the entrainment ratio of the steam ejector.
The numerical results showed that there was an optimal value of the diameter of the
nozzle exit to achieve optimum performance. The effect of the mixing section on the

entrainment ratio of the steam ejector was obtained by Wu et al. [30] using the CFD



modelling. They indicated that the vortex appeared in the near wall region at a large
converging angle of the mixing part. Tang et al. [31] then used the ideal gas model to
numerically optimize the structure of the auxiliary entrance for the steam ejector. They
found that the newly designed ejector improved the entrainment ratio by 3.80%
compared to the conventional design. Tang et al. [32] optimized the axial position,
width and angle of the auxiliary entrance for the designed steam ejectors using the same
CFD modelling. The difference was that the various back pressure was considered in
[32] compared to the optimization in [31].

The above mentioned CFD simulations were performed with the assumption that
the working fluid followed the single-phase flow and the ideal gas model. However, the
fluid flow inside the steam ejector is highly supersonic and reaches low temperature,
which induces the nucleation of the steam in the non-equilibrium state. The
condensation phenomenon plays an important role in the prediction of the ejector
performance, which has been disclosed by the theoretical studies performed by Grazzini
et al. [33]. They checked the validity of the assumption of the ideal model in steam
ejectors by theoretically comparing the ideal gas law, the spinodal curve, the saturated
vapour model, metastable vapour mode and nucleation model. They pointed out that
the condensation made a marked difference in supersonic flows at the nozzle exit. Wang
et al. [34] investigated the influences of the superheating steam on the flow behaviour
inside the primary nozzle and analyzed the condensation parameters in detail including
the nucleation rate, droplet numbers, droplet radius and liquid fraction, respectively. It

showed that the increasing superheated degree of the steam delayed the onset of the



condensation and decreased the liquid fraction at the exit of the primary nozzle. In the
following study, Wang et al. [35] presented the effects of the area ratio between the
nozzle exit and nozzle throat and surface roughness on the condensation process inside
the primary nozzle. It showed that the increasing area ratio induced a higher liquid mass
fraction and high surface roughness resulted in the sharp increase of entropy generation
leading to in more energy wastes. Ariafar et al. [36] compared the effects of the ideal
gas and wet steam models on the primary nozzle for steam ejectors. The comparison
result indicated that the condensation process improved the mixing between primary
and secondary fluids to increase the entrainment ratio. These three simulations in [34-
36] focused on the condensation in the primary nozzle and ignored the other two
important phenomena of the mixing process and shock wave which could be
significantly affected by steam condensation.

Only a few studies were performed in steam ejectors involving the non-
equilibrium condensation phenomenon. Wang et al. [37] proposed the CFD modelling
to predict the condensation phenomenon in the steam ejector based on the commercial
code ANSYS FLUENT. It was found that critical back pressure was improved
compared to the ideal gas model. Then, they employed the CFD model to solve the
effect of the superheated steam on the ejector performance [38]. It was found that the
entrainment ratio was improved with the increase of the superheat degree. However,
the default wet steam model was less satisfactory to predict the condensation process
because their comparison results presented that the CFD model predicted a very earlier

Wilson point than experimental data. Ariafar et al. [39] also solved the non-equilibrium



condensation in a steam ejector using the ANSYS FLUENT. Their numerical results
showed that the entrainment ratio and critical back pressure calculated by the wet steam
model were 10% and 7% higher than that for the ideal gas law, respectively. Sharif et
al. [40] developed the condensation model to predict the flow structures inside the
supersonic steam ejectors. It showed that the condensation phenomenon induced an
extended shock wave position in the ejector's throat and the increase of the entrainment
ratio. Mazzelli et al. [41] numerically studied the non-equilibrium condensation in
steam ejectors by employing the SST k-w turbulence model. They reported that the
good agreement was obtained between the numerical and experimental results of the
mass flow rates and static pressure profiles in steam ejectors.

In this paper, the wet steam model is developed to predict and evaluate the
performance of steam ejectors considering the non-equilibrium condensation
phenomenon. The CFD model can capture the complicated interactions among the time
scale of steam condensation and complex fluid mixing, as well as shock waves in steam
ejectors. The developed numerical model is validated and verified against experimental
data of supersonic flows in Laval nozzles and steam ejectors. The wet steam model is
further compared to a conventional dry gas assumption to embody the significant role
of the condensation process on steam ejector performance. The features of condensation
parameters and fluid flow are analysed in details for steam ejectors.

2. Steam ejector
A steam ejector usually has five parts: a primary nozzle, a suction chamber, a

mixing section, a constant area and a diffuser, as shown in Fig. 1. The converging-



diverging nozzle was employed as the primary nozzle inside the steam ejector to
generate supersonic flow, which entrained the low-pressure steam from the suction
chamber. The main dimensions of the steam ejector involved in the CFD simulation
were listed in Table 1. The 2D axisymmetric geometry was employed in the CFD
modelling to evaluate the performance of the steam ejector. The computational domain
was discretized by the structured mesh to reduce the numerical diffusion, as shown in
Fig. 2. After the analysis of the mesh independent tests, approximately 63 900 cells are

employed for the numerical simulation.

Mixing
_section

Suction chamber Constant area Diffuser

Primary Discharge
— —_—
flow flow

l Secondary flow

Fig. 1 Schematic diagram of a steam ejector
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Fig. 2 Grid system of the steam ejector

Table 1. Dimensions of the steam ejector

Geometrical parameters

]

Value (mm)

Diameter of the primary nozzle inlet
Diameter of the primary nozzle throat
Diameter of the primary nozzle outlet
Converging length of the primary nozzle
Diverging length of the primary nozzle
Nozzle exit position

Diameter of mixing section inlet
Diameter of constant area

Diameter of diffuser

Length of mixing section

34.51
8.00
13.60
75.06
49.66
0
36.55
25.40
53.69
149.00



Length of constant area 75.00
Length of diffuser 209.65

3. Numerical model
The conservation equations of continuity, momentum and energy for the steam
flow are:

op o) _

ot ox )
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where p, u, p and E are the density, velocity, pressure and total energy, respectively. e
and T are the effective heat conductivity and temperature.

Two transport equations are utilized to describe the phase change process during
steam condensation in the supersonic nozzle including the liquid fraction () and droplet

number (n) [42]:
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where m andJ represent the mass generation rate and nucleation rate due to the steam

nucleation and condensation, respectively.

Arr®

M =

o) +47rp,nr2% (6)

where p; is the droplet density, 7 is the droplet radius, " is the critical radius, dr/dt is

the growth rate of droplets.



The nucleation rate, J, employs the classical nucleation theory with the non-

1sothermal correction of Kantrowitz [43]:

q. »° | 20 AG”
J=—1Y exp| —
1+¢ p \/ zm* p( KeT, j )

where ¢. is the condensation coefficient, ¢ is a correction factor, m, is the mass of a

vapour molecule, kz is the Boltzmann's constant. AG is the Gibbs free energy
The growth rate of droplets, dr/dt, in Eq. (6) is calculated by Young’s model [44-
46]:
dr  A,(T,-T,) (1-r"/r)

dt 8
a phr (1 +3.78(1—V)Knj ®)
1+26Kn Pr

where v is the modelling correction coefficient, A, is the heat conductivity coefficient
of the vapour, 7 is the saturated temperature of the steam, Pr is the Prandtl number, Kn
is the Knudsen number.

The ANSYS FLUENT version 18 [47] is employed as the computational platform
for this CFD simulation, which is based on the finite volume method. The conservation
Egs. (1) - (3) are directly solved in FLUENT, while the Egs. (4) - (8) for the liquid phase
and the phase change are integrated by the User-Defined-Scalar (UDS) and User-
Defined-Function (UDF) interfaces. The shear stress transport (SST) turbulence model
[48] is used in this CFD modelling due to the good accuracy to predict the ejector flow
and the condensation phenomenon [49]. The pressure inlet conditions are assigned for
the primary nozzle entrance and the suction chamber, while the diffuser exit employs
the pressure outlet condition. The no-slip and adiabatic walls are assumed for the steam

ejector in this simulation.



4. Results and discussion
4.1. CFD validation

4.1.1. Validation for Laval nozzles

The nozzle B in Moore’s experiments [50] is employed to validate the developed
wet steam model for supersonic flows. The heights of the entrance, throat and exit of
the supersonic nozzle are 112.7 mm, 100 mm and 144 mm, respectively. The structured
grid is generated for the computational domain with the refinement mesh in the near
wall region. The total pressure and temperature at the nozzle inlet are 25 kPa and 356.7
K, respectively. The flow at nozzle exit is supersonic. Fig. 3 presents the numerical and
experimental results of the static pressure and droplet radius inside Moore’s nozzle B.
The calculated static pressure matches experimental data very well. In particular, the
onset of the condensation process is accurately predicted, which occurs approximately
atx =0.11 m. Furthermore, the CFD modelling predicts the droplet radius of 0.053 um
atx =0.37 m, again closing to the 0.050 pm measured in the experiment. Therefore, we
can conclude that the developed CFD modelling can accurately predict the steam

condensation in supersonic flows.
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Fig. 3 Numerical and experimental results of static pressure and droplet radius inside
Moore’s nozzle B.

4.1.2. Validation for steam ejectors

In this section, the numerical model is further validated against experimental data
of steam ejectors by Al-Doori [51]. The wall pressure was measured in the experiments
and therefore, is employed to validate the developed wet steam model for steam ejectors.
The operating pressures at primary and suction inlets are 270 kPa and 1.2 kPa,
respectively. The static pressure at the ejector outlet is of 6 kPa. The numerical and
experimental results of wall pressure are compared in Fig. 4, showing a good agreement,
which demonstrates that the developed CFD model is able to well predict the

condensation phenomenon occurring in real supersonic ejectors.
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Fig. 4 Numerical and experimental results of wall pressure of a steam ejector
4.2. Steam expansion and Mach numbers

In the steam ejector, the high-pressure flow accelerates inside the primary nozzle
and reaches the choking state at the nozzle throat, which leads to the further expansion
of the steam to supersonic flows. The Mach numbers calculated by the dry gas and wet
steam models are both shown in Fig. 5, which explain the expansion and mixing
processes in detail. The shock trains appear in the downstream of the exit plane of the
primary nozzle both for the dry gas and wet steam flows, and both predict the choked
flows at the constant area. The under-expanded wave is created in supersonic flows,
which indicates that the static pressure at the exit plane of the primary nozzle is higher
than that in the mixing section. This pressure difference induces the occurrence of the
diamond wave pattern including the alternant appearances of the oblique shocks and
expansion waves inside the mixing chamber and constant area.

Although both models predict similar shock wave patterns, the discrepancy in
terms of the local Mach number magnitude is distinctively shown in Fig. 5. At the exit

plane of the primary nozzle, the Mach number is approximately 2.00 based on the dry



gas assumption, whereas it is 1.64 for the wet steam model. This indicates that the dry
gas model causes a large error in modelling the flow field in the supersonic ejector.
Therefore, the strength of the expansion wave is also overestimated by the dry gas
model. The Mach number of the dry gas flow can reach 2.28 at the second expansion
wave, while it is only approximately 1.87 for the wet steam flow. It should be noted
that the expansion waves significantly influence the steam ejector performance of the
entrainment ratio. The presence of the shock trains produces the shear stress layer
interfacing between the high-pressure primary flow and the low-pressure secondary
flow. The over-expansion due to dry gas assumption means that the dry gas model
overestimates the entrainment of secondary fluids into the mixing chamber than the real
situation.

The Mach number profile predicted by the wet steam model increases along the
primary nozzle, but it appears a decline in the downstream of the nozzle throat due to
the phase change process in supersonic flows, while it starts to diverge from the dry gas
model. When the fluid flow goes through the mixing chamber, the fluctuation of the
Mach number is observed at the central line of the steam ejector both for the dry gas
and wet steam models. Although the dry gas and wet steam models predict a similar
expansion level of the steam flow at the first under-expansion wave, the wet steam
model calculates much lower Mach numbers in the rest part of the mixing section and

constant areas compared to the dry gas model.
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Fig. 5 Mach number inside the steam ejector for dry gas and wet steam flows
4.3. Static pressure and temperature

Fig. 6 presents the static pressure calculated by the dry gas and wet steam models,
including the pressure contours inside the steam ejector and the pressure profiles at the
central line of the ejector. The alternant oblique shocks and expansion waves are
observed from the static pressure contours as a consequence of the under-expansion

phenomenon in supersonic flows, which are also reflected by the oscillations of the



static pressure profiles at the central line of the steam ejector. The amplitude of the
static pressure fluctuation predicted by the dry gas assumption is stronger than that of
the wet steam model. It indicates that a great number of the liquid droplets due to the
condensation phenomenon contribute to the heat transfer between the gaseous and
liquid phases, which mitigates the jump of the static pressure in the diamond pattern of

supersonic flows.
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Fig. 6 Static pressure along the steam ejector for dry gas and wet steam flows

Fig. 7 shows the static temperature based on the dry gas and wet steam models.
The significant differences are observed between the dry gas and wet steam simulations
both from the temperature contours and profiles at the central line. Without
consideration of the non-equilibrium condensation behaviour, the static temperature

reduces to 196 K according to the ideal gas law. In contrast, the wet steam model, which



involves the condensing heat and mass transfer in supersonic flows, predicts a jump of
the static temperature during its decrease inside the primary nozzle. Due to the latent
heat release from the condensed phase, the static temperature of the main flow could

remain above the triple point of 273.15 K.
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Fig. 7 Static temperature along the steam ejector for dry gas and wet steam flows
4.4. Condensation flow features
The degree of supersaturation, S, is employed to evaluate the thermodynamic state
of the vapour within the steam ejector, which is defined as the ratio of the local vapour
pressure (py) to the equilibrium saturation pressure (ps):
S = pups )
Fig. 8 shows the contour and profile of degree of supersaturation within the steam
ejector, while the contour of the nucleation rate in the steam ejector and the nucleation

rate profile at the central line are shown in Fig. 9, respectively. At the early entrance,



the vapour gradually reaches the equilibrium saturation state at S=1, where the
nucleation or condensation does not take place immediately due to the zero nucleation
rate. It indicates that the equilibrium saturation state of the vapour does not satisfy the
nucleation requirement in supersonic flows. Subsequently, the vapour expands in the
primary nozzle and the non-equilibrium state is achieved in supersonic flows. The
degree of supersaturation goes up to approximately 14.7 in this case, which means that
the supercooled vapour is extremely unstable, which results in an explosive nucleation
process with the nucleation rate of up to 1.65*102 m? s. During this process,
extensive heat and mass transfer occur between the vapour and liquid phases, which
retrieves the vapour towards the quasi-equilibrium state. The fluctuation of the degree
of supersaturation is observed in the mixing section and constant area of the steam
ejector due to the diamond wave pattern. The vapour will be superheated again when
the shock wave occurs in the diffuser, while the degree of supersaturation gradually
reduces as the flow proceeds downstream.

The contours and profiles of the droplet radius and liquid fraction inside the steam
ejector are described in Fig. 10 and Fig. 11, respectively. When a nucleus is beyond the
critical size, it will survive and vapour molecules will continue to condense on the
surface of the nucleus, which leads to the growth of the condensed droplets. The mean
diameter of the condensed droplets is approximately 15 nm in this simulation. When
the shock wave occurs, the diameter of the droplet is zero. It indicates that the
superheated vapour in the downstream of the shock wave results in the re-evaporation

of the condensed droplets.



The aggregation of the condensed droplets forms the liquid fraction, therefore, the
contour and profile of the liquid fraction follow with the droplet radius. For this
simulation, the maximum liquid fraction is about 0.072. The liquid fraction decreases

to zero in the downstream of the shock wave in the diffuser, which also demonstrates

that the condensed liquid re-evaporates to the vapour phase due to the superheated state.
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4.5. Steam ejector performance
In this section, both the dry gas assumption and the wet steam model are employed
to evaluate the performance of the steam ejector, which is expected to see the
differences between these two models. One of the popular parameters to represent the
ejector performance is the entrainment ratio, which is defined as the ratio of the
entrained mass flow from the suction chamber to the motive mass flow from the

primary nozzle:

= (10)

p

where 7 is the entrainment ratio, m; is the mass flow from the suction chamber, m,
is the mass flow from the primary nozzle.
The mass flow rates of the motivate inlet, suction inlet and ejector outlet are

presented in Table 2, predicted by the dry gas assumption and wet steam model. It can



be seen that the dry gas assumption entrains more fluids from the suction chamber
although it predicts less mass flow from the primary nozzle compared to the wet steam
model. This can be explained that the dry gas assumption predicts much higher
expansion characteristics of lower pressure and temperature than that of the wet steam
model in the downstream of the exit plane of the primary nozzle. Correspondingly, the
entrainment ratio predicted by the dry gas assumption is higher than that of the wet
steam model. The computation error reaches 11.71% without considering the
condensation process inside the steam ejector.

It should be noted that our conclusion on the entrainment ratio calculated by the
dry gas assumption and wet steam model is exactly the opposite of the previous results
reported by Wang et al. [37], [38] and Sharif et al. [40]. The reason is that the flow
structures in the downstream of the exit plane of the primary nozzle are over-expansion
in their cases. On the contrary, we focus on the under-expansion flow behaviour as
discussed in Section 4.2 and Section 4.3. This also demonstrates that the condensation
phenomenon should be involved in the CFD simulation for the steam ejector both under
the under-expansion and over-expansion conditions.

Table 2. Mass flow rates and entrainment ratio for the steam ejector

Models Primary Suction Discharge  Error of inlet Entrainment
flow (kg/s) flow (kg/s) flow (kg/s) and outlet ratio (-)

flow (%)

Dry gas 0.004097 0.002857 0.007093 -0.020 0.6973

Wet steam  0.004252 0.002654 0.006903 0.043 0.6242




4.6. Discussion

The wet steam model, which integrates the nucleation model and droplet growth
model, is developed to assess the performance of a steam ejector. Complicated
interactions involved in this simulation include supersonic flows, expansion waves,
non-equilibrium condensation, shock waves, and heat and mass transfer during the
phase changes inside the steam ejector. The developed wet steam model shows
advantages over the conventional dry gas model in predicting the flow structures and
entrainment ratios for supersonic ejectors.

Yang et al. [20] numerically investigated the mixing process in a steam ejector
with circle, cross-shaped, square, rectangular and elliptical primary nozzles. The results
of the ideal gas model show that the Standard, RNG and Realizable k-¢ models
predicted lower critical back pressures. Han et al. [23] evaluated the separation of the
boundary layer on the pumping performance of a steam ejector based on the assumption
of the dry gas model. The CFD predictions of the entrainment ratio were smaller than
the experimental data under all the operating temperatures. Tang et al. [24] proposed a
newly designed steam ejector with auxiliary entrainment and evaluated the performance
using CFD modelling based on the ideal gas law. Their results showed that the ideal
gas model predicted a lower critical back pressure. These studies indicate that the ideal
gas model could not well tackle the critical back pressure and entrainment ratios of a
steam ejector. By involving the non-equilibrium condensation, the wet steam model
provides an efficient approach to evaluate the performance of the steam ejectors.

Furthermore, the development and validation of the wet steam model are



challenging for steam condensation in supersonic flows. Two cases of nozzle flows are
usually employed to validate the wet steam model, which were carried out by Moore et
al. [50], Moses and Stein [52]. In Moses and Stein [52] experiments, the static pressure
and the liquid fraction were measured in the supersonic nozzle. Dykas and Wroblewski
[53], Pillai and Prasad [54], Mirhoseini and Boroomand [55] employed the
experimental data of Moses and Stein [52] to validate their wet steam model. Moore et
al. [50] measured both the distributions of the static pressure and droplet dimension in
their experiments. Although only one droplet size was obtained, it is by far the most
relevant data for the validation of the wet steam model, which has been widely used in
the studies of Sharif et al. [40], Wang et al. [34], Ahmadpour et al. [56], and Ding et al.
[57]. Therefore, by using these two sets of data as the benchmarks, the present wet
steam model has been verified to be trusty and better than others in tackle the supersonic

flow with phase changes in a real supersonic ejector.

5. Conclusions

A wet steam based computational fluid dynamics model is developed to evaluate
the performance of the steam ejector taking the condensation phenomenon into account.
The heat and mass transfers associated with the vapour condensation are formulated as
sources terms, injected into the energy and momentum equations, respectively. The
comparisons between the dry gas approach and the developed wet steam model show
that the dry gas approach, without considering the condensation, dramatically
overestimates the expansion performance of supersonic flows inside the steam ejector.

The maximum Mach number predicted by the dry gas approach is approximately 21.95%



higher than that of the wet steam model. Due to the ideal gas law being used for the dry
gas model, the expansion of the flow results in an unrealistic static temperature field.
In contrast, the wet steam model accounts the released latent heat from the condensed
fluid, which suggests that the static temperature remains above the triple point inside
the supersonic ejector.

The condensation flow predicted by the wet steam model shows that the non-
equilibrium steam can acquire a high degree of supersaturation in the primary nozzle,
which induces the explosive nucleation and condensation process. The liquid fraction
reaches 7.2% of the total mass for the present study. The disappearance of the liquid
fraction and droplet radius indicates that the evaporation occurs in the diffuser of the
steam ejector. The numerical results also suggest that the neglect of the condensation
phenomenon causes 11.71% over-prediction of the entrainment ratio. Overall, we
conclude that the phase change in steam supersonic ejector should be considered in the
numerical models in order to correctly predict the thermal and hydraulic performance.
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