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a b s t r a c t

The formation and evaporation of nanodroplets in steam ejectors is neglected in many numerical sim-
ulations. We analyse the influence of a primary nozzle on steam ejector performances considering phase
change processes. The numerical model is validated in detail against experimental data of supersonic
nozzles and steam ejectors available in the literature. The results show that the first nonequilibrium
condensation is observed within the primary nozzle, while under-expanded supersonic flow causes a
second nucleation-condensation process to achieve a large liquid fraction of 0.26 in the steam ejector.
The compression process of the supersonic flow results in a steep decrease of the degree of subcooling
leading to droplet evaporations. The condensation and evaporation processes repeat alternatively
depending on the flow behaviour in the mixing section. The increasing area ratio leads to the transition
of the flow structure from under-expanded flows to over-expanded flows in the mixing section. The
droplet diameter is about 7 nm in the constant section and the entrainment ratio can reach approxi-
mately 0.75 for an area ratio of 8, which achieves a good performance of the steam ejector.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A supersonic ejector is a static fluid device designed to achieve
high energy efficiency in thermal engineering systems. The main
advantage of an ejector is to use the expansion characteristics of
high-pressure fluids to entrain low-pressure streams to upgrade
low-grade energies [1,2]. Therefore, the supersonic ejector is widely
used in many industries, such as refrigeration system [3], seawater
desalination [4], renewable energy utilisation [5] and hydrogen
energy system [6].

Steam ejectors have attracted extensive attention from theo-
retical [7], experimental [8] and numerical [9] studies. Computa-
tional fluid dynamics (CFD) is powerful to comprehensively
evaluate and optimise steam ejectors. The dry gas model can
simplify the mathematical model for the prediction of the complex
flow behaviour, which is widely used in the numerical evaluation of
iversity of Nottingham, Not-
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a steam ejector. Ramesh and Joseph Sekhar [10] ignored the phase
change process to evaluate the influence of suction chamber angles
on ejector performances utilising the k-u shear stress transport
(SST) model. Wang et al. [11] optimised the primary nozzle profile
in steam ejectors using the dry steam assumption and realizable k-ε
turbulence model. Ariafar et al. [12] discussed the mixing layer
inside steam ejectors ignoring nonequilibrium condensations in
supersonic flows employing the k-u SST model. Tang et al. [13]
numerically studied the relationship between the mixing process
and entrainment characteristics in steam ejectors based on the dry
gas model and realizable k-ε turbulence model. Suvarnakuta et al.
[14] employed the dry gas assumption and k-u SST model to carry
out numerical studies on two-stage ejectors. Liu et al. [15] evalu-
ated the effect of an area ratio on entrainment ratios in a steam
ejector using the dry gas model and realizable k-ε turbulence
model. In these studies, the dry gas assumption was used in steam
ejectors by ignoring the phase change process, whose importance
has been emphasized in the thermodynamic analysis [16] and
experimental observations [17].

The phase change behaviour is complicated in steam ejectors as
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

CFD computational fluid dynamics
RNG Re-Normalisation Group
SST shear stress transport
A cross-section area of a primary nozzle
d droplet diameter
E total energy
hfg latent heat
I turbulent intensity
J nucleation rate
kB Boltzmann constant
Kn Knudsen number
l0 characteristic dimension
mv mass of a vapour molecule
mp primary mass flow rate
ms secondary mass flow rate
N droplet number per volume
p pressure
Pr Prandtl number
qc condensation coefficient
qjeff effective heat flux
r droplet radius
rc critical droplet radius
Re Reynolds number
Spr area ratio of a primary nozzle
Stk Stokes number
t time

T temperature
u velocity
u’ root-mean-square of turbulent velocity fluctuations
uavg mean velocity
x Cartesian coordinates
Y liquid fraction
b modelling parameter
G mass generation rate due to condensation process
DT subcooling
lv vapour conductivity
n modelling correction coefficient
x entrainment ratio
r density
mg gas dynamic viscosity
s surface tension
tij viscous stress
4 temperature correction coefficient

Subscript
c critical condition
i, j Cartesian tensor notation
l liquid phase
out outlet of a primary nozzle
p droplet
pr primary nozzle
s saturation condition
th throat of a primary nozzle
v vapour phase
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the formation and evaporation of the massive nanodroplets
intensely interact with the violent turbulent flow, mixing process,
flow separation and shock waves. Ariafar et al. [18] and Wang et al.
[19] carried out numerical simulations on the steam condensation
in a primary nozzle (not a whole steam ejector) using realizable k-ε
and Re-Normalisation Group (RNG) k-ε models, respectively. Mar-
ynowski et al. [20] employed the standard k-ε model to compute
the phase changes within a steam ejector using the build-in
nonequilibrium condensation model in the commercial software
ANSYS Fluent. Sharifi et al. [21], Zhang et al. [22] andWen et al. [23]
employed realizable k-ε, RNG k-ε and k-u SST turbulence models,
respectively, to compare the dry gas and condensing flowmodels in
evaluating ejector performances. The impact of the back pressure
on fluid flows inside a steam ejector was numerically studied using
a condensing flow model and k-u SST model [24]. Zhang et al. [25]
optimised the primary nozzle profile considering nonequilibrium
condensations with the k-u SST turbulence model. Faghih Aliabadi
and Bahiraei [26] numerically investigated the influence of an in-
jection of water nanodroplets from the primary nozzle inlet on
ejector performances and found that an injection of 0.4% wetness
nanodroplet could decrease 2.6% entrainment ratios. These studies
demonstrated the significance of the phase change behaviour for
ejector performance evaluations.

Regarding the optimisation of the primary nozzle in steam
ejectors, most numerical studies were carried out based on the dry
steam assumption. Yang et al. [27] employed the dry steam model
to investigate the effect of the primary nozzle structure on the
steam ejector performance using five shapes of conical, elliptical,
square, rectangular and cross-shaped nozzles. Sharifi & Sharifi [28]
numerically studied the impact of the primary nozzle, namely, the
lengths of the converging and diverging parts, outlet diameter, on
the steam ejector performance based on the dry steam model.
Similarly, Fu et al. [29] and Wu et al. [30] assumed the dry steam
2

model to predict the influence of the outlet diameter of the primary
nozzle on the performance of steam ejectors. Wang et al. [19]
investigated the effect of the outlet diameter of the nozzle on the
condensation parameters in a supersonic nozzle, which can hardly
be extended to a steam ejector as the flow behaviour in the mixing
section and the entrainment performance are not discussed in their
numerical simulations. Hence, the geometrical optimisation of the
primary nozzle needs to be further investigated considering the
phase change to better understand the flow behaviour and
entrainment performance for the design and application of steam
ejectors.

It can be summarised that the challenge of the numerical
simulation in steam ejectors is to interact the nonequilibrium
condensation with the turbulent flow, mixing process, and shock
waves. On the one hand, many numerical simulations assumed the
dry gas model to simplify the numerical modelling by ignoring the
phase change in steam ejectors. On the other hand, various tur-
bulence models are used for flow behaviour predictions in steam
ejectors, such as k-ε family (standard, realizable and RNG) and k-u
SST. A validation of turbulence models is required to establish an
accurate prediction of the complex flow structure considering the
phase change process in steam ejectors.

In the present study, a nonequilibrium condensing flowmodel is
first developed to assess the turbulence modelling for the numer-
ical simulation of steam ejectors. Then, the complicated flow
behaviour, including the supersonic flow, nonequilibrium conden-
sation, mixing process and shock waves, are validated in detail
against experimental data from both nozzle and ejector cases. The
effect of the area ratio of the primary nozzle on the flow behaviour
and entrainment ratios are further investigated using the wet
steam model to describe the heat and mass transfer in the phase
change process. The transition of the flow structures from under-
expanded flows to over-expanded flows is reported due to the



Table 1
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increase of the area ratio of the primary nozzle in the steam ejector.

Dimension of the steam ejector.

Steam ejector dimension Size (mm)

Inlet diameter of the primary nozzle 10.00
Throat diameter of the primary nozzle 4.00
Outlet diameter of the primary nozzle 7.00
Length of the converging part of the primary nozzle 17.00
Length of the diverging part of the primary nozzle 28.62
Inlet diameter of the mixing chamber 16.00
Length of the mixing chamber 45.79
Diameter of the constant section 14.60
Length of the constant section 54.00
Outlet diameter of the diffuser 24.00
Length of the diffuser 134.59
2. Steam ejector

Fig. 1 illustrates the principle of a steam ejector, which includes
a primary nozzle, a suction chamber, mixing and constant sections,
and a diffuser [31,32]. The two-dimensional (2D) axisymmetry [33]
and three-dimensional (3D) [34] geometries were employed to
model steam ejectors. Pianthong et al. [35] carried out 2D-
axisymmetry and 3D simulations for steam ejectors, and showed
that the 2D and 3D models predicted similar static pressures at the
central line. Sharifi [36] performed a detailed comparison between
2D and 3D simulations for steam ejectors. It was found that similar
flow parameters were obtained along the ejector central line
including the steamvelocity, static pressure, static temperature and
Mach number. Meanwhile, both the 2D and 3D numerical
entrainment ratios agreed well with experimental data. Therefore,
the 2D-axisymmetry model of steam ejectors is employed in this
study. The primary nozzle throat diameter is 4.00 mm and the
diameter of the constant section of steam ejectors is 14.60 mm. The
detailed dimension is shown in Table 1. The quadrilateral mesh is
generated for the numerical simulation, as shown in Fig. 2.
3. Mathematical model

Navier-Stokes equations are used to govern the steam ejector
flows. The Stokes number, Stk, is a dimensionless number charac-
terising the behaviour of droplets suspended in fluid flows:

Stk¼ rpdp
2u

18ml0
(1)

where rp and dp are the droplet density and diameter, m is the dy-
namic viscosity, u is the fluid velocity and l0 is the characteristic
dimension.

The droplet diameter of water in the supersonic condensation is
very small, i.e., usually less than 0.1 mm under low-pressure con-
ditions [37,38], thus we use 0.1 mm to evaluate the Stokes number
here. It is assumed that the maximum velocity of the steam is
1420 m/s, the water density is 1000 kg m�3, the steam dynamic
viscosity is 0.01 � 10�3 Pa s, and the characteristic dimension is the
diameter of the constant section of steam ejectors, 14.60 mm. The
Stokes number is subsequently 0.0054, which illustrates that the
droplets follow fluid streamlines very closely. Thus, the no-slip
phase velocities are used in this numerical simulation. The liquid
fraction and droplet number equations are governing phase change
processes within steam ejectors [39,40]:

Continuity equation:

vr

vt
þ v

�
ruj

�
vxj

¼ �G (2)

Momentum equation:
Fig. 1. Steam ejector schematic.
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Energy equation:

vðrEÞ
vt

þ v

vxi
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�
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Liquid fraction transport equation:

vðrYÞ
vt

þ v

vxj

�
rYuj

�¼G (5)

Droplet number transport equation:

vðrNÞ
vt

þ v

vxj

�
rNuj

�¼ rJ (6)

where G presents the mass generation rate due to the condensation
process [41]:

G¼4prc3

3
rlJ þ 4pr2rlN

dr
dt

(7)

The nucleation rate, J, adopts modified classical nucleation
theory [42]:

J¼ qc
1þ 4

rv
2

rl

ffiffiffiffiffiffiffiffiffiffiffiffi
2s

pmv
3

s
exp

�
� 4ps
3kBTv

rc2
�

(8)

The droplet growth rates are predicted by Young's model [43]:

dr
dt

¼ lvðTs � TvÞ
rlhfgr

ð1� rc=rÞ�
1

1þ2bKnþ 3:78ð1� nÞ KnPr
� (9)

DT ¼ Ts � Tv (10)

where DT is the degree of subcooling, and other definitions of the
variables can be found in the nomenclature (qc ¼ 1.0, b ¼ 0.0 in this
study [44]).

The computations are carried out by ANSYS Fluent 18 [45]. The
liquid fraction and droplet number equations are added into Fluent
using C programming [46]. The inlet boundaries at nozzle and
suction entrances are assumed to the pressure inlet, and pressure
outlet boundaries are set to the ejector outlet. The quadrilateral
meshes are used for all the nozzles and steam ejectors in this study
based on the grid independent tests. The k-u SST model is
considered for the turbulent flow within steam ejectors, and the
turbulent intensity is presented as follows [47]:



Fig. 2. Computational grid for the steam ejector.
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I¼ u0

uavg
¼ 0:16Re�1=8 (11)

where Re is the Reynolds number, I is the turbulent intensity.
4. Results and discussion

4.1. Roles of turbulence models in predicting steam ejector
performances

4.1.1. Nonequilibrium condensation in supersonic flows without
shock waves

The numerical validations are performed for evaluating the in-
fluence of turbulence models on supersonic condensations without
shock waves. The supersonic nozzle and operating conditions are
obtained from the experimental test conducted by Gyarmathy [48].
The operating parameters include the total pressure of 89 bar and
total temperature of 619.96 K at the nozzle inlet. The back pressure
is assumed at 100 Pa to achieve a supersonic flow condition. Fig. 3
shows the wall pressure and droplet numbers in the supersonic
flow based on k-ε Standard, RNG, Realizable and k-u SST models, as
well as a case of laminar flow. It can be found that all of the
Fig. 3. Effect of turbulence model on the nonequilibrium condensation within the
supersonic flow without shock waves [48].

4

turbulence models from k-ε families to k-u SST predict similar
pressure and droplet radius. The numerical calculations agree well
with experimental data. This indicates that the turbulence models
from k-ε family to k-u SST show very similar performance in pre-
dicting steam condensations in supersonic flows without shock
waves.
4.1.2. Nonequilibrium condensation in supersonic flows with shock
waves

The shock wave is a key flow structure inside a supersonic
ejector, which is expected to be affected by the turbulence
modelling. Thus, we employ the experimental test presented by
Binnie and Green in a Laval nozzle [49] to assess the influence of
turbulence modelling on condensations and shock waves in su-
personic flows. Fig. 4 illustrates the static pressure profile along
with the Laval nozzle showing the occurrence of shock waves in
supersonic flows. By comparing the numerical and experimental
results, all four models capture almost the same onset of steam
condensations. However, the position of the shock wave differs
significantly from the four turbulence models. The shock waves
Fig. 4. Pressure profiles at the central line in the Binnie and Green's Laval nozzle [49].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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appear within nozzle diverging parts at around x ¼ 0.19 m for k-u
SST model. The k-ε turbulence models predict shock wave positions
further downstream at around x ¼ 0.21 m for the standard k-ε
model, and x ¼ 0.20 m for RNG and realizable k-ε models. For this
case, standard k-ε and k-u SST models capture theWilson point and
shock position against experimental data.

4.1.3. Shock waves in supersonic flows without nonequilibrium
condensations

Based on the aforementioned validation and discussion of the
four turbulence models for nonequilibrium condensations in su-
personic flows, Hunter's experiments [50] are employed to further
investigate the capability of standard k-ε and k-u SST models in
shock predictions in supersonic flows without condensation be-
haviours. The comparisons between the computed and experi-
mental pressure profiles along with the convergent-divergent
nozzle are depicted in Fig. 5 (a). The k-u SST model agrees well with
the experimental measurements to predict the onset of shock
waves, while the standard k-ε modelling computes later shock
positions. Hence, the standard k-ε modelling is slow to respond to
the flow separation in supersonic flows, as shown in Fig. 5 (b)e(c).
Fig. 5. The Hunter's nozzle [50] results: pressure comparison between the simulations
and experiments (a), Mach number contours using k-u SST model (b) and k-ε standard
model (c).

5

For this case, the k-u SST turbulence model represents a good
prediction of the shock structure in a supersonic flow.

In general, based on the validation of the numerical results with
experimental data from Gyarmathy's [48], Binnie and Green's [49]
and Hunter's nozzles [50], the k-u SST turbulence model shows a
good performance in predicting nonequilibrium condensations and
shock waves in the supersonic flow.

4.1.4. Model validation for the steam ejector
Following the aforementioned solid validations of the turbu-

lence model, the k-u SST modelling and wet steam model are used
to investigate ejector performances. The entrainment ratio, x, is
defined as the ratio of the mass flow rate of the secondary flow,ms,
to the mass flow rate of the primary flow, mp.

x¼ms

mp
(12)

The entrainment ratio determines the mass flow that can be
entrained from the suction chamber. Fig. 6 illustrates the compar-
ison between experimental [51] and numerical results [33]. The
numerical pressure agrees well with experimental data. The nu-
merical model also gives an entrainment ratio of 0.294 compared to
the experimental value of 0.31 within the steam ejector, which
demonstrates that the simulation agrees well with experimental
data. This indicates that the wet steam model considering
nonequilibrium condensation processes can accurately evaluate the
performance of steam ejectors.

4.2. Nonequilibrium condensations in steam ejectors

The structure and dimensions of the steam ejector used in the
numerical simulation are described in Fig. 1 and Table 1 in Section
2. The flow structures within steam ejectors are described in
Figs. 7e11. The Mach numbers in Fig. 7 demonstrate that the steam
expands to supersonic flows within the diverging part of the pri-
mary nozzle. The under-expanded supersonic flows are achieved in
the mixing section with a maximum Mach number of 3.99 in this
case, which induces the low pressure to entrain secondary steams
from the suction entrance. Themotive and secondary steamsmix in
the mixing and constant sections, and finally discharge from the
outlet of the ejector.

During the expansion within the primary nozzle, the steam
reaches a nonequilibrium state inside the diverging part, where the
degree of subcooling can reach 32 K as shown in Fig. 8. This gen-
erates the first nonequilibrium condensation process and the
maximum nucleation rate is 4 � 1024 m�3 s�1 as shown in Fig. 9.
The under-expanded supersonic flow causes a further nonequilib-
rium state, where the second nonequilibrium condensation occurs
in the mixing section. However, the degree of subcooling declines
steeply to �60 K due to the compression process of the supersonic
flow. The evaporation occurs in this compression process. The
condensation and evaporation processes will repeat alternatively
inside the mixing section depending on the expansion and
compression of the supersonic flow. The condensed droplet diam-
eter can reach approximately 20 nm in the primary nozzle. The size
of the condensed nanodroplets varies due to the evaporation-
condensation processes in the mixing section, which stay at
around 8 nm in the constant section as seen in Fig. 10. Fig. 11 il-
lustrates that the liquid fractions appear inside the nozzle diverging
portion. The under-expanded flow induces an increased liquid
phase with the maximum value of 0.26 at the first expansion pro-
cess in the mixing section. The following compression process of
the supersonic flow induces a sharp decrease of the liquid fraction
to 0.16, which also demonstrates the occurrence of the evaporation



Fig. 6. Wall pressure and entrainment ratio within the steam ejector [51].

Fig. 7. Mach numbers within a steam ejector.

Fig. 8. Degree of subcooling within a steam ejector.

Fig. 9. Nucleation rate within a steam ejector.

Fig. 10. Droplet diameter within a steam ejector.
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Fig. 12. Mach numbers in steam ejectors with dif

Fig. 11. Liquid fraction within a steam ejector.
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process of the condensed droplets. After multiple condensation-
evaporation processes, the liquid fraction finally remains at
approximately 0.17 inside the constant section. This illustrates that
the flow structure within steam ejectors is a gas-liquid two-phase
flow within the nozzle diverging part, mixing and constant sec-
tions, and diffusers.
4.3. Effect of the primary nozzle on steam ejector performances

The primary nozzle plays a significant role in a steam ejector, in
which the steam expands to the supersonic flow in the divergent
portion. Meanwhile, the exit of the primary nozzle is connected to
the mixing section of the steam ejector, where the high-pressure
primary fluid strongly interacts with the low-pressure secondary
fluid from the suction chamber, which will not only determine the
entrainment performance but also influence the flow structure in
steam ejectors. The effect of the area ratio of the primary nozzle on
the flow structure and entrainment performance of the steam
ejector is investigated considering the phase change process. The
ferent area ratios (Spr) of the primary nozzle.



Table 2
Computational boundary conditions of a steam ejector.

Boundary conditions Inlet of a primary nozzle Inlet of the suction chamber Outlet of the steam ejector

Total pressure 270,000 Pa 1600 Pa 3000 Pa
Total temperature 403.15 K 287.20 K 297.25 K

Fig. 13. Static pressure (Pa) in steam ejectors with different area ratios (Spr) of the
primary nozzle.
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area ratio, Spr, is defined as:

Spr ¼Aout

Ath
(13)

where Aout and Ath are the area of the exit cross-section and throat
cross-section of the primary nozzle, respectively.

The different primary nozzles with an area ratio of Spr ¼ 8, 16, 26
and 40 are employed to conduct the comparison studies, while the
other parts of the steam ejector remain unchanged. The Mach
number and static pressure at Spr ¼ 8,16, 26 and 40 are described in
Figs. 12e13. Table 2 gives the details about the computational
boundary conditions. The higher area ratio results in stronger ex-
pansions and higher Mach numbers in primary nozzles. For
instance, theMach number at the nozzle outlet can reach 2.49, 2.80,
3.00 and 3.16 for Spr ¼ 8, 16, 26 and 40, respectively. The increasing
area ratio of the primary nozzle from 8 to 40 leads to the transition
of the flow structure from under-expanded flows to over-expanded
flows in the mixing section. This can be further illustrated by the
pressure contours in the nozzle divergent part and mixing section
in Fig. 13. For the area ratio of Spr ¼ 8, the static pressure at the
nozzle exit of about 6657 Pa is higher than surrounding pressures.
The steam expands in the mixing section and the maximum Mach
number can reach approximately 4, where the divergence angle of
the under-expanded flow is about 58�. When the area ratio in-
creases to Spr ¼ 16, the static pressure at the nozzle outlet is
3012 Pa, which still induces a moderate under-expanded flow with
a divergence angle of 32�. For the area ratio of Spr ¼ 26, the high
expansion capacity of the primary nozzle achieves a static pressure
of 1615 Pa at the nozzle exit which is very close to the surrounding
pressure of 1582 Pa. The steam subsequently presents a slight
expansion in the mixing section and the peak value of the Mach
number is only around 3 with a divergence angle of 8� under this
condition. The static pressure is about 1011 Pa at the nozzle exit,
which is much lower than surrounding pressures at Spr ¼ 40. The
steam is compressed when it reaches the mixing section, which
presents an over-expanded flow with a convergence angle of 6�.
This indicates that the increasing area ratio from Spr¼ 26 to Spr¼ 40
results in the transition of the flow structure from under-expanded
flows to over-expanded flows in the mixing section. This flow
structure transition also slightly decreases the Mach number in
mixing and constant sections.

The different flow structures due to the various area ratio of the
primary nozzle further affect the formation and evaporation pro-
cesses of the nanodroplets inside steam ejectors. The condensation
parameters in the steam ejector under the four different area ratios
of the primary nozzle are illustrated in Fig. 14. The homogenous
nucleation process is achieved in the primary nozzle for all cases,
although there are slight differences among the nucleating region
as shown in Fig. 14 (a). However, the different flow structures in the
mixing section induce various nucleation behaviours of the steam.
The stronger under-expanded flow for the area ratio of Spr ¼ 8 in-
duces another two homogeneous nucleation processes in the
mixing section. The moderate under-expanded flow for the area
ratio of Spr ¼ 16 generates another one nucleation process in the
mixing section, while nonequilibrium condensations do not appear
inside the mixing section at Spr ¼ 26 and Spr ¼ 40. Fig. 14 (b) shows
8
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that the nanodroplets are generated due to the nonequilibrium
condensation in the steam ejector. For instance, the area ratio of
Spr ¼ 8 produces a maximum diameter of the condensed droplet of
approximately 22 nm in the primary nozzle. The stronger under-
expanded flow in the mixing section for the area ratio of Spr ¼ 8
results in a more remarkable decrease of the diameters of the
condensed droplet compared to the other three cases. The droplet
diameters are around 7 nm inside the constant section for the area
ratio of Spr ¼ 8 compared to the 10 nm droplets for the area ratio of
Spr ¼ 26. Subsequently, the liquid fraction in the constant section
increases from 0.13 for the area ratio of Spr ¼ 8 to more than 0.20 for
the other three cases. It also can be seen that the transition of the
flow structures from under-expanded flows at Spr ¼ 26 to over-
Fig. 14. Condensation parameters in steam ejectors with different area ratios (Spr) of th

9

expanded flows at Spr ¼ 40 reduces the droplet size and liquid
fraction in mixing and constant sections in the steam ejector.

Fig. 15 illustrates the impact of the area ratio of the primary
nozzle on the entrainment ratio and averaged liquid fraction. The
entrainment ratio decreases from 0.75 for Spr¼ 8 to 0.70 for Spr¼ 26
with a reduction of about 6.7%. The averaged liquid fraction in-
creases from 0.0069 for Spr ¼ 8 to 0.010 for Spr ¼ 26, which repre-
sents an increase of approximately 45%. The averaged liquid
fraction slightly decreases to 0.097 for Spr ¼ 40. This indicates that a
larger area ratio of the primary nozzle not only reduces the
entrainment capacity from the suction chamber but also leads to
more liquid fractions in the steam ejector.
e primary nozzle: nucleation rate (a), droplet diameters (b) and liquid fraction (c).



Fig. 15. Entrainment ratio and averaged liquid fraction steam ejectors with different
area ratios (Spr) of the primary nozzle.

Y. Yang, N. Karvounis, J.H. Walther et al. Energy 237 (2021) 121483
4.4. Effect of dry and wet steam models on steam ejector
performances at different area ratios of the primary nozzle

The impact of the wet steam and dry steam models on steam
ejector performances is evaluated at different area ratios of the
Fig. 17. Effect of wet steam and dry steam models on the static temperature in th

Fig. 16. Effect of wet steam and dry steam models on the static pressure in the
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primary nozzle. In the dry steam model, the phase change of the
steam is neglected and subsequently, the heat and mass transfer is
not considered in numerical modellings. The flow parameters are
compared at different area ratios of the primary nozzle Spr ¼ 8 and
Spr ¼ 40, as shown in Figs. 16e18. It can be seen that the dry steam
model predicts lower pressure and temperature than wet steam
simulation in the primary nozzle, which means that the dry steam
model over-predicts the steam expansion in the ejector. From the
static temperature distributions in Fig. 17, we can see that there is a
steep temperature jump in the primary nozzle in wet steam sim-
ulations. This is because that the latent heat released from the
phase change process heats the vapour phase, which demonstrates
the significance of supersonic condensations in modelling the flow
behaviour in steam ejectors.

The difference between dry and wet steam models can be
further illustrated in the contours and profiles of Mach numbers in
Fig. 18. For Spr ¼ 8, the wet steam model calculates a maximum
Mach number of 4.02, which is exaggeratedly up to 6.12 in the dry
steam model. Similar results are observed for Spr ¼ 40 that the wet
and dry steammodels calculate the peak value of theMach number
of 3.27 and 5.05, respectively. This also demonstrates that the dry
steam assumption over-predicts the steam expansion in steam
ejectors due to the neglect of the heat and mass transfer in the
phase change process. The dry and wet steam models also show
differences in flow structures in themixing section and diffuser. For
instance, the dry steam model predicts an earlier position of the
e steam ejector at the area ratios of the primary nozzle, Spr ¼ 8 and Spr ¼ 40.

steam ejector at the area ratios of the primary nozzle, Spr ¼ 8 and Spr ¼ 40.



Fig. 18. Effect of wet steam and dry steam models on the Mach number in the steam ejector at the area ratios of the primary nozzle, Spr ¼ 8 and Spr ¼ 40.

Fig. 19. Effect of wet steam and dry steam models on entrainment ratios in the steam
ejector at different area ratios of the primary nozzle (Spr).
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shock wave than wet steam simulations in the diffuser.
Fig. 19 represents the entrainment ratio predicted by the two

models in the steam ejector at different area ratios of the primary
nozzle. It can be found that the over-prediction of the steam
expansion results in higher entrainment performance for the area
ratio of the primary nozzle of Spr ¼ 8e40. In general, the dry steam
model both over-predicts the steam expansion and entrainment
ratio in steam ejectors due to the neglect of the phase change
behaviour. The wet steammodel is suggested to evaluate the steam
ejector performance considering the advantage of involving the
heat and mass transfer in nonequilibrium condensation processes.

5. Conclusions

We test four different RANS turbulence models for the CFD
modelling of steam ejectors, and our results show that the k-u SST
model produces the most accurate results when compared to
experimental results. The wet steam model shows that the degree
of subcooling can reach 50 K to generate a maximum liquid fraction
of 0.26 in the steam ejector. However, the following compression
process of the supersonic flow results in a steep decrease of the
degree of subcooling to �60 K, which induce the evaporation of the
condensed droplets. The condensation-evaporation processes may
repeat alternatively in the mixing section depending on expansion-
compression supersonic flows in the steam ejector.

When the area ratio of the primary nozzle increases from 8 to
26, the entrainment ratio decreases by 6.7% from 0.75 to 0.70 and
11
the averaged liquid fraction increases by 45% from 0.0069 to 0.010
in the steam ejector. Increasing the area ratio from 26 to 40 leads to
the transition of the flow structure from under-expanded flows to
over-expanded flows in the mixing section. The droplet diameter is
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about 7 nm in the constant section and the entrainment ratio can
reach approximately 0.75 for the area ratio of the primary nozzle of
8, which achieves a satisfactory performance. The dry steam cal-
culates a maximum Mach number of 6.12, while the wet steam
model calculates the peak value of 4.02 for the area ratio of the
primary nozzle of 8. This shows that the dry steam model over-
predicts the steam expansion in the steam ejector owing to
ignoring the phase change process.

The numerical simulation demonstrates that the wet steam
model significantly influences the flow prediction in steam ejec-
tors, which is not fully understood by assuming a dry steam flow.
The interaction between the condensation process and the mixing
process needs to be further investigated using a wet steam model.
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