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Supersonic steam ejector is widely used in steam energy systems such as refrigeration, wood drying equipment, papermaking
machine, and steam turbine. In this paper the Computational Fluids Dynamics (CFD) method was employed to simulate a
supersonic steam ejector, SST k-w turbulence model was adopted, and both real gas model and ideal gas model for fluid property
were considered and compared. The mixing chamber angle, throat length, and nozzle exit position (NXP) primary pressure and
temperature effects on entrainment ratio were investigated. The results show that performance of the ejector is underestimated
using ideal gas model, and the entrainment ratio is 20%-40% lower than that when using real gas model. There is an optimum
mixing chamber angel and NXP makes the entrainment ratio achieve its maximum,; as throat length is decreased within a range,
the entrainment ratio remains unchanged. Primary fluid pressure has a critical value, and the entrainment ratio reaches its peak at

working critical pressure; when working steam superheat degree increases, the entrainment ratio is increased.

1. Introduction

The supersonic steam ejector (SSE) is widely used in many
industry fields which are steam powered such as oil, ther-
moelectric, and refrigeration [1-3]. A steam jet refrigeration
can be considered as one of the most suitable refrigeration
systems for the present energy and environment situations,
because of simple mode of function, lack of moving parts, and
capability of driving a refrigeration device primarily through
the use of waste heat or solar energy making them particularly
attractive in this energy-conscious era. In addition, using
waste heat or solar energy to power a refrigeration system
will reduce the electrical energy consumption used to power
vapour-compression refrigeration systems, potentially reduc-
ing the emissions of greenhouse gasses that are associated
with the production of electricity from fossil fuel burning
power plants. In view of the numerous publications available
on this subject, it is perhaps one of the most important
application areas for ejectors. A good overview of the different
applications in this field may be found in the review article
by Sun and Eames (1995) [4]. So a lot of studies of SSE per-
formance with various types of working fluid in refrigeration

field could be found; for example, Eames et al. [5] provided
the results of 1D model theoretical and experimental study
of a steam jet refrigerator. Huang [6] carried out a 1D model
on ejector performance at critical-mode operation; Ouzzane
and Aidoun (2003) [7] proposed a 1D model allowing to
track flow conditions along the ejector. In their study, fluid
properties were evaluated by using NIST (1980) subroutines
for equations of state of refrigerants. CFD tools have been
proved to be valuable tools for understanding and solving
complex fluid flow problems, such as the entrainment and
mixing processes in ejectors. Bartosiewicz et al. [8] compared
the pressure distribution by using different turbulence mod-
els for the simulation of an ejector with experimental data. It
was concluded that, for certain conditions, simulated results
were in excellent agreement with measured data. However,
the choice of air as a working fluid and other test conditions
was not very fortunate, especially when a cooling cycle is
concerned. Later they extended their work using R142b as
the working fluid. Rusly et al. [9] presented CFD results
compared to published experimental data and 1D model
predictions, using R141b. The effect of ejector geometry on the
flow field was investigated. It was pointed out that according
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TABLE 1: Summary of ejector research using CFD software compared with experimental results.
Auto Working fluids State equation Numerical method Inli; fg;z;ure Error range
Eames et al. [5] Water steam Ideal gas model 1D model 0.3615 MPa 22.6~32.25%
Huang et al. [6] R141b Ideal gas model 1D model 0.4-0.6 MPa 0.56~22.9%
Rusly et al. [9] R141b Ideal gas model FLUENT 0.4-0.6 MPa —5.82~5.11%
Pletrowicz and Water steam IAPWS-IF97 CFX 0.474 KPa 13~8.2%
Kasperski [10]
Sriveerakul et al. [11] Water steam Ideal gas model FLUENT 0.27 Mpa -1.89~12.9%
Pianthong et al. [12] Water steam Ideal gas model FLUENT 0.3615 MPa 1% ~13.4%
Scott et al. [13] R245fa NIST PHOENICS 0.4-0.6 MPa -4.9~10.6%

to CFD model results, 1D model assumptions were not met
under test conditions. In this work, evaporator temperatures
were very high for a simple ejector cooling cycle. T. Pietrowicz
and Kasperski [10] used a commercial CFD package to predict
performance of a steam ejector, and the maximum errors of
many different working conditions such as effect of primary
nozzle, throat diameter, and throat length are 12.9%. A pithy
review is listed in Table 1.

In this paper, the SSE used in steam turbine system
has been calculated using CFD package CFX 11.0; applying
the SSE to steam turbine system could hold the vacuum; it
could also pump the noncondensable gas and enhance the
efficiency of Rankine cycle indirectly [3]. According to the
review of ejector studies above, it could be found that the
ejector working pressure is less than 1 MPa; water vapour,
used as the working fluid of the model, was treated as the
assumption of an ideal gas, for the ejector application where
the operating pressure is relatively low; it was proved by
some researchers [10] that it provided similar results to a
real gas model, but the SSE investigated in this paper is
working at 1.6 MPa or even higher, so the ideal gas model
does not apply at all to water vapour; on the other hand,
it can be found from Table1 that, in the literature review,
the CFD and experiment works of SSE primary pressure are
almost lower than 1MPa, so the SSE working at a higher
primary pressure should be investigated in order to learn the
performance of the SSE used in steam turbine system and
provide some theoretical foundations for designing the SSE
with high primary pressure. The previous part of this paper,
both Laval nozzle and ejector results of different equations of
state have been compared; then the geometry and operation
condition effects on SSE entrainment ratio (EM = mass flow
rate of secondary inlet/mass flow rate of primary inlet) are
discussed. This paper could provide the theory basis for the
high primary SSE design.

2. Ejector Geometry

The ejector simulated in this paper is shown in Figurel
and the original geometry detail is shown in Table 2. The
mixing chamber angle «, throat length L, and nozzle exit
position (NXP) effects on ejector entrainment ratio have been
considered, « is changed from 4.5° to 13.25°, which means
that the mixing chamber length is changed from 75 mm to

225mm, and the throat length is changed from 2D to 6D.
When considering one parameter effect, the other remains
unchanged at original or optimal value.

3. CFD Model

The calculation area is meshed with structural mesh
hexahedral-type elements using ICEM 11.0 (Figure 2); 1/4
model is considered for saving calculation time; if the apex
angle between two symmetry faces is small, the mesh quality
becomes very poor, so a 1/4 geometry model with apex angle
90° was used. CFD software CFX 11.0 is used to solve the
governing equations. The pressure inlet type is taken into
primary and secondary inlet, for primary inlets; the total
pressure 1.6 MPa and total temperature 556.85K are given;
for secondary inlet, the total pressure 0.01MPa and total
temperature 315K are given. The pressure outlet boundary
with a known mean value of absolute pressure at 33170 Pa
is adopted for ejector outlet. No-slip and adiabatic wall type
have been used on the ejector wall. Automatic near-wall
treatment has been applied. The SST k-w model is utilized for
simulating turbulence flow.

The gird-dependent learning is done using d = 40 mm
geometry as shown in Table 1, and four options are considered
as shown in Table 3; it can be seen that the entrainment ratio
is changed within 3.88%; the scheme 3 is used in this paper.

The fluid property is important for simulation steam flow
problem, especially when the steam is far away from critical
region, so the IAPWS IF97 model is used as equation of state.
The IAPWS-IF97 database represents an accurate equation of
state for water and steam properties. The IAPWS-IF97 [15]
database uses formulations for five distinct thermodynamic
regions (Figure 3) for water and steam, namely, (1) subcooled
water, (2) supercritical water/steam, (3) superheated steam,
(4) saturation data, and (5) high temperature steam. When
developing the IAPWS database for ANSYS CFX, therefore,
properties must be evaluated as functions of pressure and
temperature. For the most part, this involves a straight-
forward implementation of the equations described in the
IAPWS theory. Region 4 involves saturation data that uses
only pressure or temperature information. However, when
evaluating the properties around Region 3 (near the critical
point), where the EOS is defined explicitly in terms of
density and temperature. In this region, the density must be
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FIGURE 1: Schematic diagram of steam ejector (not in scale).

TABLE 2: The original geometry details of the ejector.

Mixing chamber angle a(’) 9.55
Throat length L (mm) 485
Diffuser length L, (mm) 305
Diameter of throat D, (mm) 77
Diameter of diffuser outlet D, (mm) 141.5
Distance between primary nozzle d (mm) 10

and mixing chamber

TABLE 3: Grid-dependent results.

Scheme Total elements L L, E,

1 124136 63 51 0.670
2 332668 90 72 0.691
3 519486 104 84 0.693
4 608685 155 94 0.697

evaluated using Newton-Raphson iteration. This algorithm
is further complicated in that the EOS is applicable on both
the subcooled liquid and superheated vapor side leading up
to critical conditions. Therefore, depending on the pressure-
temperature state, one may be evaluating a subcooled liq-
uid or a superheated vapor with the same EOS. To apply
the Newton-Raphson scheme in a reliable way, one must
detect on which side of the saturation dome the pressure-
temperature state applies, and apply an appropriate initial
guess. Such an iteration scheme, including logic for an initial
guess, has been implemented in ANSYS CFX so that table
generation around the critical region is possible.

4. Numerical Results

4.1. Numerical Validation. In order to verify the reliability
of the theoretical model, a converging-diverging nozzle flow
field has been calculated. The geometry and inlet conditions
of the nozzle were taken to be the same as the Nozzle B used in
the experiment of Moore and Walters (1973) [14], which was

FIGURE 2: Mesh of flow region.
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FIGURE 3: Regions of IAPWS-IF97.

very classic and had been quoted by other scholars [16, 17];
also a quarter of the geometry with symmetry boundary
conditions was used. At the nozzle inflow, subsonic flow
was specified using total pressure (25 KPa), total temperature
(354.6 K), and the outflow is supersonic. With comparison to
the IAWPS-IF97 model and the experiment value as Figure 4
shows, it can be seen that IF97 model has a good agreement
with the experimental values and is better than ideal gas
model.
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FIGURE 5: Mass flow rate of nozzle B at different inlet pressure.

4.2. Comparison Results of Different Equations of State. The
mass flow rate results of nozzle B at different inlet pressures
have been obtained, in order to see how much difference there
is between ideal gas model and real gas model. From Figures
5 and 6 it can be seen clearly that when the inlet pressure is
lower, for example 0.025 MPa, the mass flow rate of real gas
model is about 4% higher than that of ideal gas model, but as
the inlet pressure is increased, the difference becomes higher;
for example, when inlet pressure is 1.6 MPa, the difference is
increased to 8.9%, which cannot be ignored.

Figures 7-12 show comparison results of SSE using
different EOS. Entrainment ratio is highly underestimated
while using ideal gas model, as shown in Figure7; the
entrainment ratio is 40% lower than real gas model at
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FIGURE 7: Entrainment ratio of the steam ejector at different NXP.

d = 40 mm; this means that when calculating steam ejector
flow field, the performance of ejector (entrainment ratio)
will be underestimated if using ideal gas model. As Figure 8
shows, the static pressure in mixing chamber is different;
when using ideal gas model, static pressure is higher than real
gas model.

The working mechanism of the steam ejector could be
understood at two aspects: one is viscous drag effect between
working and secondary fluid; the other is that with the
supersonic expansion of primary fluid, the static pressure
in mixing chamber decreases lower than secondary fluid
pressure, so the secondary steam will flow into the mixing
chamber and will mix with primary fluid (working steam),
complete exchange of momentum and energy, so if mixing
chamber pressure is higher, the entrainment ratio will be
lower; on the other hand, the mass flow rate of ideal gas
model is lower than real gas model in a converging-diverging
nozzle (Figures 5 and 6); this means that the working fluid
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different EOS.

momentum of ideal gas model is lower, so its dragging ability
is poor.

Figure 9 gives the temperature field distribution at middle
line; the temperature drops sharply because of the supersonic
expansion, and it rises in diffuser. When using ideal gas model
the temperature is lower than real gas model; this is because
the phase transition phenomenon occurs in the ejector when
using the real gas model, the maximum mass fraction of
saturated water is larger than 20% (Figure 10). There are
two reasons for phase transition: one is that temperature
drops caused by supersonic expansion and shock waves;
the other is the secondary fluid’s temperature is lower than
the primary fluid, latent heat is released when the phase
transition phenomenon occur, and the temperature will go
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FIGURE 10: Liquid mass fraction distribution along the centerline
using IF97.
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FIGURE 11: Density distribution along the centerline using different
EOS.

up. The so-ercalled condensation shock makes the shock
waves of real gas model stronger than ideal gas. As the
temperature field is underestimated using ideal gas, the mach
number and fluid density is also different from IF97 model as
Figures 11 and 12 show.

4.3. Geometry Effects on Ejector Entrainment Ratio. As
Figure 13 shows, there is an optimum value of « which makes
the entrainment ratio be maximum; Figure 14 gives the march
number distribution along the axis; if « is smaller than the
optimum value, the mixing chamber cannot mix the fluid
very well, the choking flow is formed, and a strong shock wave
appears in mixing chamber. When « is bigger than optimum
value, shock wave attenuation is stronger, and the moment
loss in mixing chamber becomes bigger.
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FIGURE 13: Entrainment ratio of the steam ejector at different «.

The throat length effects on ejector could be understood
as shock waves move toward to mixing chamber when L
is decreases. As shown in Figure 15 there are three obvious
shock waves when L = 485 mm. The third shock wave has
a slight attenuation when L = 385 mm; this is because as L
decreases, the high-pressure position in throat exit will move
towards mixing chamber; the position of shock wave moves
towards mixing chamber; if the choking flow happens in
mixing chamber, the entrainment ratio will decrease sharply.
For example, the third shock wave in throat disappears when
L = 308 mm, and the second shock wave has an apparent
attenuation when L = 231; there is only one shock wave
when L = 154 mm. The performance of the ejector is almost
unchanged as L = 485mm, 385mm, and 308 mm, but
as L decreases to 231 mm, 154 mm, the entrainment ratio
decreases as shown in Figure 16; the shock waves will move
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FIGURE 15: Mach distribution along the centerline at different L.

towards mixing chamber, leading to static pressure in mixing
chamber increased, and make the entrainment decrease.

The primary fluid will be compressed when it is mixed
with the second fluid. The distance between primary nozzle
and mixing chamber (d) will influence the performance of
ejector, but the effects of d on the different ejectors are
different. As Figure 4 shows, the optimum value of this ejector
is 40 mm, when d is smaller than 40 mm; the maxim pressure
in mixing chamber and throat becomes higher, which makes
the flow developely inadequate; when d is larger than 40 mm,
the speed of fluid reaching mixing chamber droops, and
the entrainment ratio decreases a little. It can be seen from
Figures 17 and 18 that d does not affect the shock waves
distribution in throat and diffuser very much.
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4.4. Working Fluid Condition Effects on Ejector Entrainment
Ratio. In practice, we always want to eject the secondary fluid
using lower primary pressure, which makes better energy
saving effect and the entrainment be ratio maximum. It can
be found in Figure 19 that when the primary pressure is equal
to 1.56 MPa, the entrainment ratio reaches its maximum
value. When Pp is higher than 1.56 MPa, the choking flow
is formed in the mixing chamber area; the block wave will
move towards to diffuser when the primary pressure rises
as Figure 20 shows. It can be found that when the primary
pressure is higher than its critical value, the entrainment is
almost unchanged, and the ejector will waste primary steam
energy.

The primary fluid often works at saturation state, but
this ejector working fluid is superheated; when working
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FIGURE 19: Entrainment ratio of the steam ejector at different P,.

steam superheat degree increases, the entrainment ratio is
increased; a higher temperature means higher energy and
will enhance the ejector performance as Figure 21 shows.
The static temperature distribution in mixing chamber and
throat is almost the same, but in diffuser it is obvious
that a higher primary temperature makes a higher static
temperature (Figure 22).

5. Conclusion

This paper calculates the flow field of supersonic steam ejector
using steam turbine system. The real gas model has been
used and compared with ideal gas model first, the water
liquid mass fraction in steam ejector has been simulated
successfully using IAPWS IF97 real gas model, and the
maximum mass fraction of saturated water is higher than
20%. Mixing chamber angel, throat length, and nozzle exist
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position effects on ejector performance have been discussed.
The other conclusions are summarized as follows.

(1) The verification calculation result of converging-
diverging nozzle shows that if the inlet pressure is
higher, the ideal gas model is no longer fit for steam
flow problems.

(2) The mass flow rate and static pressure are the main
causes of difference between two equations of state;
for the ejector in this paper, the performance of the
ejector will be underestimated and the temperature
field is distorted using ideal gas model; the entrain-
ment ratio of ideal gas is maximum 40% lower than
IF97 model.

(3) There are an optimum mixing chamber angle and
NXP makes the entrainment ratio achieves its max-
imum. As throat length decreased within a range (3D
length in this paper), the entrainment ratio remains
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unchanged. The influence mechanism to entrainment
ratio could be understood as choking flow exists in
mixing chamber, and if chocking flow happens in
mixing chamber, the performance of ejector will be
reduced.

(4) The primary pressure has a critical value at a certain
primary temperature; when it is higher than critical
value, the entrainment ratio decreases a little. The
entrainment ratio increases as the superheat degree of
primary steam increases.
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