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In this study, the CFD technique was employed to investigate the effect of the primary nozzle geometries
on the performance of an ejector used in the steam jet refrigeration cycle. In all cases, only one fixed-
geometry mixing chamber together with eight different primary nozzles was investigated numerically
using the commercial CFD package, FLUENT 6.3. The effects on the primary fluid pressure, mass flow rate
and Mach number were observed and analyzed. The Mach number contour lines were used to explain
the mixing process occurring inside the ejector. It was found that shock’s position of the mixed fluid and
the expansion angle of the primary fluid jet stream within the mixing chamber played a very important
role in the ejector performance.

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

A steam jet refrigeration system is an interesting heat-powered
refrigeration system due to its environmental friendly operating
character. It can convert waste heat (low-grade thermal energy)
that is rejected from many industrial processes to useful refriger-
ation, thereby reducing the electrical energy consumption of the
air-conditioning system. Another advantage is that water, the most
environmental friendly substance, can be used as the working fluid
in the system. Over the past decades, many researchers have tried
to improve the steam jet refrigeration system. Some researchers
investigated the effect of operating conditions on the system
performance [1e6].

Fig. 1 presents a schematic view of a steam ejector refrigeration
system. The high pressure and high temperature saturated steam is
produced in the boiler and it is used as the primary fluid for the
ejector. The ejector draws low pressure water vapor from the
evaporator as its secondary fluid. This causes thewater to evaporate
at low pressure and produce the refrigeration effect. The ejector
discharges its exhaust to the condenserwhere it is condensed at the
ambient temperature. Some of the liquid is pumped back to the
boiler while the remainder is returned to the evaporator.
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Performance of the steam jet refrigeration is defined in terms of the
coefficient of performance (COP):

COP ¼ Rm$
hg�evap � hf�con
hg�boiler � hf�con

(1)

where Rm is defined as the entrainment ratio of the ejector:

Rm ¼ mass flow of the secondary fluid
mass flow of the primary fluid

(2)

Since the enthalpy change at the boiler is not much different
from the enthalpy change at the evaporator, it can be assumed that
COPzRm.

Computational fluid dynamics (CFD) can be used to explain the
phenomenon inside the ejector. CFD’s results available in the
literature [7e15] were found to agree well with experimental
values. Therefore, the CFD technique can be used to accurately
predict the performance of the steam jet refrigeration system.

In past research paper [4], effects of the primary nozzle’s
geometries and the operating conditions on the ejector perfor-
mance were analyzed experimentally. The steam ejectors as shown
in Fig. 2 were tested with eight different primary nozzles. All
dimensions of primary nozzles are presented in Table 1. The boiler
temperatures were varied in the range of 110e150 �C. The
evaporator temperature was fixed at 7.5 �C. The tests showed that
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Nomenclatures

COP coefficient of performance
NXP nozzle exit position (mm)
P absolute pressure (bar, mbar)
T temperature (�C)
Rm entrainment ratio of an ejector
h specific enthalpy (kJ/kg)
A cross-section area (m2)
M Mach number
_m mass flow rate (kg/min, kg/hour)
k specific heat ratio (1.32 for water vapor)
d primary nozzle’s throat diameter (mm)
D primary nozzle exit’s diameter (mm)

Subscripts
cri condition at critical condenser pressure
boiler condition at boiler pressure
cond condition at condenser pressure
evap condition at evaporator pressure
g-boiler,. saturated vapor at the boiler temperature
g-evap saturated vapor at the evaporator temperature
f-con saturated liquid at the condenser temperature
exit primary nozzle’s exit plane
throat primary nozzle’s throat
k-u-sst showing the results of the turbulence viscosity k-u-sst
k-ε showing the results of the turbulence viscosity

realizable k-ε
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the throat diameter and the area ratio of the primary nozzle
strongly influence the system performance.

In this study, a CFD commercial software package, FLUENT 6.3,
was used to analyze the results of the previous study [4] which
were obtained experimentally. The realizable k-ε and k-u-sst
turbulence viscositymodels were selected to govern the turbulence
flow phenomena [16]. The simulated results from both CFD models
(entrainment ratio and critical condenser pressure) were compared
with the experimental results in order to ensure that it can be used
accurately. The results using the k-u-sst turbulence viscosity model
provided more accurate results than the realizable k-ε model. The
Mach number contour lines of the flow inside the ejector were
presented graphically and were used to analyze the flow behavior
within the steam ejector. With the use of the CFD technique,
a better understanding of the flow behavior inside the ejector,
which is directly related to the ejector’s performance, was obtained.

2. CFD model setup

The use of the CFD technique was divided into two main parts;
creating a physical model (calculation domain) and solving the set
of mathematical equations. The physical model was created and
divided as grid elements using a commercial software package,
Qevap

Qcond

Pr
im

ar
y 

fl
ui

d 

Se
co

nd
ar

y 
fl

ui
d 

Ejector 

Evaporator 

Qboiler

Boiler 

Condenser 

Cooling coil 

Cold air 

Fig. 1. A schematic view of a steam jet refrigeration cycle.
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Gambit 2.3. For solving the equations, the commercial CFD software
package, FLUENT 6.3 was used to solve the mathematical model in
the defined axisymetrical cylindrical domain.

All dimensions of the calculation domain as shown in Fig. 2 and
Table 1 were taken from the experimental steam ejector [4]. The
grid elements were initially created in the form of a quadrilateral of
about 40,000 elements. Later, they were increased to about 80,000
elements. This was to ensure that the simulated results were
independent from the number of grid elements. The dense grid
elements were focused on the area where the expanded wave and
the mixing behaviors of two fluids were expected to occur. In
addition, the near wall boundary layer was also defined so that the
flow close to the ejector’s wall was more realistic. The calculation
domain and grid structure of steam ejector are shown in Fig. 3.

2.1. Solver setup

The commercial software, FLUENT 6.3, employed the control-
volume-based technique or finite volume method to convert all
governing equations to algebraic form so that those governing
equations can be solved numerically. This technique discretizes all
governing equations by first dividing the physical space into
a number of polyhedral control volume grid elements. The surface
integral is approximated by the sum of fluxes crossing the indi-
vidual faces of the control volume and this part can be solved
numerically. Due to the fact that the flow inside the ejector was
thought to be in a supersonic flow field, it is assumed to correspond
to turbulent compressible flow [1]. Based on this hypothesis, the
governing equations had to be composed of a conservative form of
mass, momentum and energy equation.

In this present work, the density-based implicit solver was
selected to solve the governing equations which have been proven
to be suitable for a supersonic flow field [7,16] and the flow was set
based on steady-state. The convective terms were discretized with
a second order upwind scheme. The realizable k-ε and shear-stress-
transportation k-u (k-u-sst) turbulence viscosity model were
chosen. These turbulence models have been extensively used in the
field of the supersonic flow field [16]. The benefit of using a realiz-
able k-ε model is that it accurately predicted the spreading rate of
both planar and curved jets. In addition, it was also likely to provide
superior performance for flows involving boundary layers under
strong adverse pressure gradients and separation [16]. On the other
hand, the benefit of the k-u-sst model is that it can predict a free
shear-flow spreading rate that more closely agrees with measure-
ments for far-wakes, mixing layers and plane, round and radial jets,
and was thus applicable to wall-bounded flows and free flows [16].
In this study, these two turbulence models were used and the
results were compared with each other.
n on the effect of primary nozzle geometries for a steam ejector in
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Fig. 2. The steam ejector used in the research study.
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The flow close to the ejector’s wall (near wall treatment) gov-
erned by the realizable k-εmodel was essentially defined in order to
obtain the realistic flowclose to the ejector’s wall. The optional near
wall treatment, standard-wall-function, was used in this work. The
simulated results obtained from standard-wall-function are
acceptable when compared with the experimental results deter-
mined by pressures along the length of an ejector. However, the k-
u-sst turbulence model is not defined near the wall [7,8]. This is
because its mathematical model had already emphasized on the
flow close the ejector’s wall.

2.2. Boundary condition and working fluid properties

The upstream boundary conditions of the ejector, the primary
fluid inlet and the secondary fluid inlet were set as pressure-inlet
type. Meanwhile, the pressure-outlet type was applied to the
downstream of the steam ejector (mixed fluid outlet).

All wall surfaces of the steam ejector were set as the adiabatic
walls. In other words, the heat loss at all wall surfaces of the steam
ejector was neglected since it had less impact on the solution [2].

Water vapor, the working fluid used, was assumed to be an ideal
gas because the steam ejector was extensively operating at a rela-
tively low absolute pressure inside the mixing chamber. In this
situation, the behavior of the real gas was close to the ideal gas.
Therefore, the ideal gas assumption is acceptable. The properties of
saturated steam used during the simulation are tabulated in
Table 2.

2.3. Convergence criteria and results

The solution is considered as convergedwhen the two following
converging criteria were satisfied. Firstly, it had to be shown that
the mass fluxes across each face in the calculation domain are
stable (In this study, the difference of mass flow rates at the inlet
and at the outlet passing through the modeled ejector were less
Table 1
The dimensions of primary nozzles.

Nozzle code d (mm) (D:d)2 Calculated exit
Mach number

Ejector’s area ratio

d1.4 M4 1.4 20:1 4.0 184:1
d1.7 M4 1.7 124:1
d2.0 M4 2.0 90:1
d2.3 M4 2.3 68:1
d2.4 M4 2.4 62:1
d2.6 M4 2.6 53:1
d1.4 M3 1.4 7:1 3.0 184:1
d1.4 M5.5 1.4 88:1 5.5

Remark: Ejector area ratio ¼ (ejector throat’s diameter/primary nozzle throat’s
diameter)2.
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than 10�7 kg/s). Secondly, every residual of the calculation must be
lower than the specified value (in this case, less than 10�6 after
100,000 iterations) in order to ensure that the solution from the
simulation is accurate.

The evaluation of the mass flow rate entering the primary
nozzle (primary fluid mass flow rate) and leaving the evaporator to
the mixing chamber (secondary fluid mass flow rate) is also
introduced to calculate the entrainment ratio which is the ejector’s
performance indicator.
3. Validation with experimental results

Table 3 provides the significant results of entrainment (Rm) and
critical condenser pressure (Pcri). This table shows the comparison
of the simulated results and the experimental results obtained
previously [4]. It is seen that the simulated results are very similar
to the experimental results. In all cases, the values of the simulated
entrainment ratio were higher (for example, in the case of using the
primary nozzle with the throat diameter of 1.7 mm operating with
the boiler temperature of 140 �C, 0.29 for the simulated result and
0.32 for the experimental result) while the values of the simulated
critical condenser pressure (the highest possible discharge pres-
sure) were lower than the actual values (for example, 45 mbar for
the simulated result and 44 mbar for the experimental result). It
was also found that the simulated results based on k-u-sst turbu-
lence viscosity model more closely corresponded to the experi-
mental values than those based on the realizable k-ε turbulence
viscosity model.

Possible explanations for these discrepancies may be the
following three reasons. Firstly, the working fluid was assumed to
be an ideal gas. In the actual process, even though the pressure in
the mixing chamber of the ejector is very low, the fluid is very close
to saturation condition. Therefore, the assumption of an ideal gas
may not be perfectly correct. However, the assumption of the ideal
gas was selected in order to avoid the difficulty in themathematical
model. Secondly, the simulation assumes an adiabatic wall. This
means that there is no heat transfer across the mixing chamber’s
wall-boundary. However, it is impossible to avoid the heat transfer
between the tested ejector and the surroundings. Thirdly, the
condition at the wall surface of the assumed ejector cannot be
defined exactly. In the CFD model, a smooth-wall was assumed.
However, such a smooth-wall cannot be achieved in practice.
Moreover, the primary nozzles may not have been manufactured
correctly since they are very small.

Regarding the simulated results as shown in Table 3 based on
the realizable k-ε and k-u-sst turbulence models, it was found that
the k-u-sst viscosity model provided more accurate results than
those from the realizable k-ε viscosity model. This was observed
when the ejector was operated at a relatively high boiler
n on the effect of primary nozzle geometries for a steam ejector in
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Fig. 3. Calculation domain and grid structure of the ejector’s model.
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temperature (higher than 140 �C). A possible reason is that the k-u-
sst viscosity model emphasizes free shear flow for far wakes and
the mixing layer, unlike in the case of realizable k-ε viscosity model.
Moreover, for a very strong adverse pressure gradient, the realizable
k-εmodel is unable to accurately predict the ejector’s performance.
Therefore, the Mach number contour lines obtained from the k-u-
sst turbulent viscosity model were used to analyze the flow
behavior within the steam ejector in this study.

4. CFD results and discussion

4.1. Flow and mixing process within ejector

The Mach number contour lines obtained from the CFD simu-
lation are presented in Fig. 4. The boiler saturation temperaturewas
set at 130 �C, the evaporator saturation was set at 7.5 �C, and the
condenser saturation pressure was 30 mbar. The primary nozzle
was d2.0 M4. This nozzle had a throat diameter of 2.0 mm and
produced an exit Mach number of 4.0.

From Fig. 4, it can be seen that as a high temperature and high
pressure fluid known as “primary fluid” enters the primary nozzle,
the fluid is accelerated in the converging portion of the primary
nozzle (1). At the nozzle throat, the Mach number is unity and the
flow is choked. The flow is further accelerated to supersonic level in
the diverging part of the nozzle (2). At the nozzle’s exit plane, the
primary fluid leaves the primary nozzle as a supersonic stream
(M z 4.00) which flows under the free boundary pressure condi-
tion. This results in the expandedwave [18] to be formedwith some
value of expansion angle. The expanded wave can be classified into
two categories: an under-expanded wave and an over-expanded
wave which are presented in Fig. 5.
Table 2
The working fluid properties.

Properties Value

Viscosity, (kg/m s) 1.34 � 10�5

Thermal conductivity, (W/m k) 0.0261
Specific heat, (J/kg K) 2014.00
Molecular weight, (kg/kmol) 18.01534

Please cite this article in press as: N. Ruangtrakoon, et al., CFD simulatio
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In the case of an under-expanded wave, the primary stream will
leave the primary nozzle with divergence of expansion angle as
shown in Fig. 5(A). This case occurs when the nozzle’s exit pressure
is greater than the mixing chamber pressure [8,18]. The effect of an
under-expanded wave results in the jet stream being further
expanded after leaving the nozzle’s exit plane and achieving
a higher supersonic level. This causes a diamondwave (3) to appear.
The expansion angle and the supersonic level are dependent on the
differential pressure between the pressure at the nozzle exit plane
and that in the mixing chamber [18].

In the case of an over-expanded wave, the primary stream will
leave the primary nozzle with convergence of expansion angle as
shown in Fig. 5(B). This case occurs when the static pressure at the
primary nozzle’s exit plane is lower than that in the mixing
chamber [18]. Similar to the case of the under-expanded wave, the
series of oblique shock and a diamondwave are produced. However,
the oblique shock is not as strong as that for the case of an under-
expanded wave. Therefore, the flow of the jet stream is more
uniformwhich can be observed by the fact that the supersonic level
of the jet stream after leaving the nozzle is almost unchanged.
These cause the total loss of the jet stream’s momentum to be less
than that for the case of an under-expanded wave. This is more
desirable to the ejector’s performance. For this particular study, the
over-expanded wave usually occurs when the ejector is operated
with a relative high Mach number (M > 4.00) as shown in Fig. 5B.

Referring to Fig. 4, the oblique shock found in the expanded
wave may be called the 1st series of oblique shock or the 1st shock
(4). It can be observed that the flow form is a semi-separation
between the primary and secondary fluids which maintains the
static pressure across the free boundary between the primary jet
core and the surrounding fluid. These fluids are not immediately
mixed. Therefore, the converging duct (5) for entraining the
secondary fluid is formed by the primary fluid jet core and the
mixing chamber’s wall [8]. At the interface of the primary fluid jet
core and the secondary fluid, due to the large velocity difference,
the shear stress layer (6) is created. This causes the secondary fluid
to accelerate to sonic velocity and choke at some section along this
converging duct. The annular area formed by the primary jet core
and the mixing chamber wall where the secondary fluid chokes is
called an effective area (Ae) (7).
n on the effect of primary nozzle geometries for a steam ejector in
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Table 3
Experimental and CFD results.

Nozzle Tboiler (�C) Rmexp Rmk-u-sst Rmk-ε Errora, Rm Pcri (mbar) Pcri, k-u-sst (mbar) Pcri, k-ε (mbar) Errorb, Pcri

k-u-sst (%) k-ε (%) k-u-sst (%) k-ε (%)

d1.7M4 130 0.422 0.446 0.464 5.687 9.953 35.0 33.5 32.5 4.286 7.143
140 0.287 0.316 0.351 10.105 22.230 45.0 44.0 42.0 2.222 6.667
150 0.188 0.210 0.273 11.702 45.213 58.5 55.0 55.0 5.983 5.983

d1.4M4 150 0.288 0.322 0.370 11.806 28.427 44.0 42.0 37.0 4.545 15.909
d1.7M4 0.188 0.210 0.273 11.702 45.213 58.5 55.0 55.0 5.983 5.983
d2.0M4 0.102 0.125 0.171 22.549 67.647 79.0 73.0 75.0 7.595 5.063
d1.4M3 150 0.282 0.315 0.373 11.702 32.270 38.0 37.0 30.0 2.632 21.053
d1.4M4 0.288 0.322 0.370 11.806 28.472 44.0 42.0 37.0 4.545 15.909
d1.4M5.5 0.280 0.317 0.362 13.214 29.286 54.0 46.0 40.0 14.815 25.926
d1.4M4 150 0.288 0.322 0.370 11.806 28.427 44.0 41.0 37.0 6.818 15.909
d1.7M4 140 0.287 0.316 0.351 10.105 22.230 44.5 42.0 38.0 5.618 14.607
d2.0M4 130 0.286 0.312 0.320 9.091 11.888 45.0 42.5 40.0 5.556 11.111
d2.3M4 120 0.273 0.311 0.314 13.919 15.018 51.0 45.0 41.0 11.768 19.608
d2.4M4 113.6 0.267 0.308 0.315 16.854 17.978 49.5 43.0 40.0 13.131 19.191
d2.6M4 111.2 0.262 0.304 0.312 16.031 19.084 48.5 42.0 40.0 13.402 17.526

All results were obtained and simulated at an evaporator saturation temperature of 7.5 �C and NXP ¼ þ23 mm.
(The NXP (Nozzle Exit Position) was defined as the distance between the primary nozzle exit plane and the mixing chamber inlet planes as shown in Fig. 2).

a Error (%) ¼ 100 � (CFD’s entrainment ratio�Experiment’s entrainment ratio)/Experiment’s entrainment ratio.
b Error (%) ¼ 100 � (CFD’s critical pressure�Experiment’s critical pressure)/Experiment’s critical pressure.
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Upstream of the effective area (Ae), where the two fluids come
into contact for the first time, a small amount of the secondary fluid
is gradually mixed with the primary fluid. The remainder will be
mixed after the secondary flow reaches the sonic level or chokes.
The effective area can occur at any cross-section along the mixing
chamber and it is difficult to specify its exact location because it
depends on the operating-pressure and geometries of the ejector.

During the mixing process, momentum of the primary fluid is
transferred to the secondary fluid. Thus, the primary stream is
gradually retarded which can be observed by the gradual disap-
pearance of a diamond wave. Meanwhile, the secondary stream is
gradually accelerated. As the mixed stream flows pass through the
constant area section, due to the high downstream pressure,
a series of oblique shocks are induced (8) as shown in Fig. 4. These
shocks are called 2nd series of oblique shock or 2nd shock. In this
paper, the 2nd shock’s position is the location where the 2nd shock
is first produced. As a result of this series of oblique shock, the static
pressure of the mixed fluid is increased rapidly. The flow form is
changed from supersonic to subsonic. In the subsonic diffuser
section, the mixed flow is further slowed down to almost stagna-
tion in order to recover the static pressure before discharging to the
condenser.

4.2. Effect of the condenser pressure

To establish the effect of the condenser pressure, the boiler
saturation temperature was 150 �C and the evaporator saturation
was 7.5 �C. The condenser pressure was varied between 30 mbar to
Fig. 4. Mach number contour lines in the steam ejector using the primary nozzle d2.0M4 for
of 30 mbar.
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the value at which the ejector failed to operate. The used primary
nozzle was d1.4 M4.

Performance of the ejector is presented as variation of the
entrainment ratio influenced by downstream pressure (condenser
pressure), called a performance curve. An example of the perfor-
mance curve based on the CFD technique is shown in Fig. 6. The
performance curve is divided into three operating regions: choked
flow region, unchoked region flow, and reversed flow region.
Choked flow and unchoked flow regions are separated by “critical
condenser pressure”, and unchoked flow and reversed flow regions
are separated by “breakdown pressure”.

Fig. 7 shows the Mach number contour lines representing the
flow in the steam ejector. It can be seen that an increase in the
condenser pressure from A to D of 30e47 mbar causes the 2nd
shock position to move backward into the constant area throat
section. However, if the back pressure does not exceed the critical
value or operates in the choked flow region (A and B) the shock
will not affect the mixing behavior of the two fluid streams. The
secondary fluid is still choked at the effective area. This results in
a constant entrainment ratio with condenser pressure varied.

If the condenser pressure is higher than the critical value or
operates in the unchoked flow region (C), the 2nd shock will move
closer to the region where the mixing process occurs. In this case,
the mixing process is disturbed by the shock. As a result, the
secondary fluid is no longer choked in the mixing chamber. Thus,
less amount of the secondary fluid is drawn. This causes the
entrainment ratio to drop sharply when the condenser pressure is
increased further.
boiler temperature of 130 �C, evaporator temperature of 7.5 �C and condenser pressure

n on the effect of primary nozzle geometries for a steam ejector in
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Fig. 5. Forms of primary fluid’s expansion wave at the nozzle exit.
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If the back pressure is increased higher than the breakdown
value or the ejector is in the reversed flow region (D), it can be seen
that the 2nd shock position will move toward the primary nozzle.
Its effect will disturb the primary fluid jet stream until the
expanded wave cannot be produced. The primary jet stream is
forced back to the entrance of the secondary fluid. This results in
the hot primary fluid from the boiler flowing back to the evaporator
Fig. 6. Effect of operating pressures on performance of a steam jet refrigerator
obtained from CFD simulation for a boiler temperature of 150 �C and an evaporator
temperature of 7.5 �C.
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which causes the ejector to be malfunction and the entrainment
ratio will drop to zero.

4.3. Effect of the primary fluid pressure

To establish this effect, the primary nozzle d1.7M4 with the
throat diameter 1.7 mm and exit Mach number of 4.0 was used. The
boiler saturation temperatures were ranged from 130 to 150 �C. The
evaporator saturation temperature was fixed at 7.5 �C.

Fig. 8 shows the effect of the boiler saturation temperature on the
ejector performance based on the CFD technique. The figure shows
the Mach number contour lines which represent the flow inside the
ejector for the points A, B, and C at the same condenser pressure of
30 mbar. It is shown that, when the boiler saturation temperature is
increased, the ejector can be operated at a higher critical condenser
pressure. However, this condition comes together with a decrease in
the entrainment ratio. These effects can be explained clearly by the
Mach number contour lines as shown in Fig. 9.

From Fig. 9, it can be seen that when the boiler saturation
temperature is increased, an expanded-wave appearing in the
mixing chamber is formed with a larger expansion angle since the
primary jet stream flows with a higher momentum. In this case,
a narrower converging duct and a smaller effective area are
simultaneously produced. Therefore, less amount of the secondary
n on the effect of primary nozzle geometries for a steam ejector in
://dx.doi.org/10.1016/j.ijthermalsci.2012.07.009



Fig. 7. Variation of the contour of Mach number for various condenser pressures.
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flow rate is drawn into the mixing chamber. That means, when the
boiler saturation temperature is increased, the ejector entrains less
secondary fluid while the primary fluid mass flow rate is increased.
The overall result is a reduction in the entrainment ratio. In addi-
tion, it was also found that the flow with a higher jet stream
momentum results in the further expansion of the jet stream after
leaving from the primary nozzle. This causes a diamond wave to
shock and to achieve the higher Mach number at the 1st shock.
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However, the same value of Mach number is produced at the nozzle
exit plane. This agrees well with the principle of compressible flow
theory; the primary nozzle exit Mach number for a converging-
diverging nozzle depends on the area ratio of the primary nozzle
throat diameter to the primary nozzle exit diameter [18]. This also
agrees with the experimental result given by Ruangtrakoon et al.
[4]. The minimum suction pressure of the ejector is almost inde-
pendent from the boiler saturation temperature which also implies
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Fig. 9. Variation of the contour of Mach number for various primary fluid pressures.
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that the nozzle’s exit pressure is independent of boiler pressure.
Since the primary fluid jet stream flows with a higher momentum
(due to the larger amount of the primary mass flow rate), the 2nd
shock moves forward to the subsonic diffuser due to an increase in
the total momentum of the mixed stream. As a result, the ejector is
able to operate at a higher critical condenser pressure.
0

0.2

0.4

0.6

0.8

20 40 60 80 100
Condenser Pressure (mbar)

R
m

 (E
nt

ra
in

m
en

t R
at

io
) 

D1.4 M4 D1.7 M4 D2.0 M4

Temperature (°C) 

20           26                 32                         38                                 44    45 

Tboiler = 150 °C , Tevap = 7.5 °C 

A 

B 

C 

d d1.7 M4 d 
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obtained from CFD simulation.
4.4. Effect of the nozzle’s throat diameter with fixed upstream
conditions

In this case, the upstream conditions, boiler and the evaporator
saturation temperatures were fixed at 150 �C and 7.5 �C, respec-
tively. Three primary nozzles, d1.4M4, d1.7M4, and d2.0M4, with an
identical area ratio of 20:1 were used. Therefore, they produced
equal exit Mach number of 4.0. Fig. 10 shows the effects of the
primary nozzle’s throat diameter on the ejector performance based
on the CFD technique. Fig. 11 shows the Mach number contour lines
which represent the flow behavior inside the ejector under the
conditions of points A, B, and C with the same condenser pressure
of 30 mbar.

From Fig. 10 it can be seen that when the larger primary nozzle’s
throat diameter is used, the ejector can be operated at a higher
critical condenser pressure, while the entrainment ratio is reduced.
In other words, this effect is similar to the case of an increase in
boiler saturation pressure. This is because at a fixed boiler pressure,
the primary nozzle with a larger throat diameter provides a larger
amount of the primary fluid mass flow rate. As a result, the primary
stream will flow with a higher momentum. Fig. 11 also shows that
larger expansion angle of an expanded-wave is produced when the
primary nozzle with a larger throat diameter is investigated. A
narrower converging duct and a smaller effective area for the
secondary fluid are the results. The further expansion of jet stream
occurred after leaving the nozzle whilst the same Mach number is
produced at the nozzle’s exit due to an identical area ratio. Such
Please cite this article in press as: N. Ruangtrakoon, et al., CFD simulatio
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effects are a consequence of the flow with a higher momentum.
When the larger primary nozzle throat diameter is used, less
amount of secondary fluid is drawn into the mixing chamber and
the reduction of the entrainment ratio is the result. However, the
ejector can be operated at a higher critical condenser pressure as
can be seen by the 2nd shock’s position being moved toward the
diffuser exit as shown in Fig. 11.
4.5. Effect of the nozzle’s exit Mach number

In this case, three primary nozzles, d1.4M3, d1.4M4, and
d1.4M5.5 were used. The boiler saturation temperature and evap-
orator saturation temperature were fixed at 150 �C and 7.5 �C,
respectively. All nozzles had equal throat diameter of 1.4 mm in
order to produce the same critical mass flow rate. They had an area
n on the effect of primary nozzle geometries for a steam ejector in
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Fig. 11. Variation of contour of Mach number for various nozzle’s throat diameters.

N. Ruangtrakoon et al. / International Journal of Thermal Sciences xxx (2012) 1e13 9
ratio of 7:1, 20:1, and 88:1 which produced the exit Mach numbers
of 3.0, 4.0, and 5.5, respectively.

Fig. 12 shows effects of the nozzle’s exit Mach number on the
performance curve and Fig. 14 shows the Mach number contour
lines which represent the flow within the steam ejector at the
condenser pressure of 30 mbar under the conditions of points A, B,
and C.

Fig. 12 shows that the increase of Mach number at the nozzle’s
exit plane causes the ejector to be able to operate at a higher critical
condenser pressure. It also shows that the entrainment ratio in
choked flow mode remains constant and is independent from the
variation of nozzle’s exit Mach number.

The momentum of the primary stream is increased with the
nozzle’s exit Mach number (they provide the same amount of
primary fluid flow rate). This results in the 2nd shock moving
forward to a subsonic diffuser as can be seen from Fig. 12. The
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obtained from CFD simulation.
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ejector can be operated at a higher critical condenser pressure
when the nozzle with greater Mach number is used.

The overall result described above implies that the primary
nozzle with a relatively high Mach number is more desirable.
However, from Fig. 13, it can be seen that the nozzle with a higher
Mach number is limited by the nozzle’s exit diameter and the
minimum boiler pressure as tabulated in Table 4. The large nozzle’s
exit diameter will obstruct the entrance of secondary flow.
However, it is efficiently compensated for a larger effective area and
larger converging duct as shown in Fig. 13. The nozzle with high exit
Mach number provides a relatively lower exit pressure. This results
in the transformation of an under-expanded wave to an over-
expanded wave (when increasing the exit Mach number from 3.0
to 5.5).

If a primary nozzle with exit Mach number of 6 is used, the
nozzle’s exit diameter of 16 mm is required as shown in Table 4.
This is as large as the mixing chamber throat diameter (19 mm).
This will block the secondary flow at the mixing chamber inlet.
Moreover, the essentially required minimum boiler pressure is
increased as shown in Table 4. Therefore, in practice, the primary
nozzle should be designed so that the exit Mach number is between
4.0 and 5.5 [4],.

From Table 3, the nozzle’s area ratios were obtained from
equation (3) and the expansion ratios were calculated from equa-
tion (4):

Aexit
Athroat

¼ 1
Mexit
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��� kþ1
2ðk�1Þ

(3)

Pboiler
Pexit

¼
�
1þ

�
k� 1
2

�
�M2

exit

� k
k�1

(4)
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Fig. 13. Variation of contour of Mach number for various nozzles’ exit Mach number.
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Fig. 14. The variation of the entrainment ratio for different nozzles at constant critical
mass flow rate and the exit Mach number obtained from CFD simulation.

Table 5
Boiler temperature and critical mass flow rate.

Nozzle Boiler temperature (�C) Critical mass flow (kg/hour)

Experiment CFD

d1.4M4 150.0 4.568 4.691
d1.7M4 140.0 4.625 4.710
d2.0M4 130.0 4.537 4.722
d2.3M4 120.0 4.530 4.701
d2.4M4 113.6 4.558 4.680
d2.6M4 111.2 4.608 4.736
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4.6. Effect of the nozzle’s throat diameter with fixed critical mass
flow rate

In this case, the evaporator saturation temperature was fixed at
7.5 �C. Nozzles d1.4M4, d1.7M4, d2.0M4, d2.3M4, d2.4M4, and
d2.6M4 were used to analyze the effect of the primary nozzle’s
Table 4
Data for nozzles with difference exit Mach number.

Mach
number

Expansion
ratio

Area
ratio

Nozzle exit
pressure (mbar)

Minimum boiler
pressure (bar)

Nozzle
exit diameter
(mm)

3.0 39 7.2 5.5 0.21 (61.1 �C) 3.8
4.0 184 20.8 3.2 0.59 (85.5 �C) 6.4
5.5 1386 88.8 2.2 3.05 (134.1 �C) 13.2
6.0 2514 137.3 1.9 4.78 (150.2 �C) 16.4
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throat diameter with fixed critical mass flow rate. All nozzles had
an equal area ratio (20:1) but with different throat diameters, thus,
they produced the same nozzle’s exit Mach number of 4.0. During
the simulation, the boiler saturation temperature was adjusted so
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Fig. 15. The variation of the entrainment ratio and the critical back pressure for
different nozzles at constant critical mass flow rate and the exit Mach number
obtained from CFD simulation.
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that the primary mass flow rate was approximately fixed at
4.6e4.7 kg/h as shown in Table 5 and this conforms to the exper-
imental data as presented in literature [4].

Since the critical primary mass flow rate and a nozzle’s exit
Mach number of the jet stream leaving the primary nozzle were
approximately fixed, the same momentum of the primary jet
stream is produced. In such a case, a similar performance curve
should be obtained. However, the literature [4] shows that it hasn’t
been met with the expectation. Fig. 14 shows the variation of
entrainment ratio and a critical condenser pressure with the
adjustment of primary nozzle and boiler saturation pressure.

Fig. 14 reveals that when the larger primary nozzle with the
lower boiler pressure is examined, the slight decrease in an
Fig. 16. Variation of contour of Mach number for various nozzles at c
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entrainment ratio is the result. However, this comes together with
the variation of a critical condenser as shown in Fig. 15. Fig. 15
shows the variation of the entrainment ratio and critical
condenser pressure influenced by the variation of the nozzle’s
throat diameter. It can be seen that when the primary nozzle’s
throat is increased from 1.7 mm to 2.6 mm, the entrainment ratio
decreases linearly. However, the critical condenser reaches the
optimum value when nozzle d2.3M4 is used.

It can be seen that the CFD results agree well with the experi-
mental results as presented in the literature [4]. The effects
described above can clearly be explained by the Mach number
contour lines in Fig.16. It can be seen that when a larger nozzlewith
lower boiler temperature is used, the expanded wave is formed
onstant critical mass flow rate and the same exit Mach number.

n on the effect of primary nozzle geometries for a steam ejector in
://dx.doi.org/10.1016/j.ijthermalsci.2012.07.009



Table 6
The effect of primary jet core’s expansion angle on the entrainment ratio.

Interested parameter Expansion
angle

Effective
area

Entrainment
ratio

Increase boiler pressure Increase Small Decrease
Increase primary nozzle’s throat Increase Small Decrease
Increase nozzle exit Mach number Decrease Large Constanta

Increase primary nozzle’s throat area
with fix critical primary mass
flow rate

Decrease Large Slightly
decreasea

a Even though the effective area is larger, the secondary flow is obstructed by the
larger size of the primary nozzle exit and the change of the ejector’s area ratio.

N. Ruangtrakoon et al. / International Journal of Thermal Sciences xxx (2012) 1e1312
with a smaller expansion angle which is the result of a decrease in
boiler pressure. Therefore, the transformation of an under-
expanded wave to an over-expanded wave is result when using
a larger nozzle with lower boiler pressure. It can also be noticed
that, when a large nozzle with low boiler pressure is used, a slightly
lower amount of secondary fluid is drawn into the ejector, which
results in a slight reduction in the entrainment ratio. This may
result from two main reasons; firstly, the secondary fluid is
obstructed by the larger size of the primary nozzle’s exit diameter.
Secondly, it is the result of changing of the ejector area ratio, due to
the use of the larger primary nozzle’s throat diameter, which causes
the flow area of secondary fluid within the ejector’s throat section
to be decreased.

Moreover, when a larger nozzle with lower boiler pressure is
used, the transformation from an under-expanded to an over
expanded wave is weaker in 1st shock. Therefore, the ejector is able
to operate at a higher critical condenser pressure, due to a lower
loss in the primary fluid’s momentum. This implies that an over-
expanded wave formed by a larger nozzle operating with the
lower boiler pressure is more desirable than that an under-
expanded wave formed by a smaller nozzle operating with the
higher boiler pressure.

For the case of a primary nozzle d2.3M4, the violence of 1st
shock is not as strong as those of the smaller nozzle with the higher
boiler pressure which can be observed by the 1st shock in the
primary stream almost disappearing. As a result, the moving
forward of the 2nd shock to a subsonic diffuser is outermost and the
value of the critical condenser pressure reaches to the maximum
value. However, when the primary nozzle d2.6M4 with the boiler
saturation temperature of 111.2 �C, which has less impact for the 1st
shock, is used, it provides a lower critical condenser pressure. In
this case, the boiler pressure is not high enough to produce the
nozzle’s exit Mach number of 4 as shown in Fig. 16E. At the nozzle
exit, the jet stream of the primary fluid is not fully expanded (the
flow is not completely fulfilled in the exit area), therefore, the Mach
number does not reach the design value. This results in a reduction
in the primary fluid momentum and the 2nd shock’s position is
moved backward to the ejector’s throat section. Therefore, the
Table 7
The effect of 2nd shock’s position on the critical condenser pressure.

Interested parameter 2nd shock’s position Critical
condenser
pressure

Increase boiler pressure Move toward the diffuser exit Increase
Increase primary nozzle’s

throat
Move toward the diffuser exit Increase

Increase nozzle exit
Mach number

Move toward the diffuser exit Increase

Increase primary nozzle’s throat area with fix critical primary mass flow rate
� d < 2.3 mm Move toward the diffuser exit Increase
� d > 2.3 mm Move backward to mixing chamber Decreasea

a This is due to the reduction of the Mach number at the nozzle exit caused by
a low boiler pressure.
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ejector is operated with a lower critical condenser pressure.
According to Table 4, it can be shown that the required minimum
boiler pressure for producing the nozzle’s exit Mach number of 4 is
only 85.5 �C and it does not agree with the simulated result from
the CFD technique. The possible reason of this effect is that the
value of the boiler pressure calculated from equation (4) is not
correct. This is because the value of nozzle exit pressure (Pexit) may
not be measured accurately from the experiment [4]. The nozzle
exit pressure is very difficult to measure correctly since the process
inside the mixing chamber occurs at very low absolute pressure.
Moreover, equation (4) is derived based on an isentropic process
which may not be suitable in practice [17,18].

4.7. The overall results effecting on steam ejector performance

According to the simulation results mentioned previously, the
ejector performance significantly relates to the influence of the
expansion angle of the primary fluid flow and the 2nd shock posi-
tion. It can be seen that the larger effective area resulting from
primary fluid flow with smaller expansion angle causes the
entrainment ratio to be increased and vice versa. The smaller
expansion angle of primary jet core will be achieved when the
primary nozzle exit pressure is relatively low. The expansion angle
is varied with the primary nozzle geometries and operating
conditions which are summarized in Table 6.

Position of the 2nd shock is dependent on the momentum of the
mixed fluid (primary and secondary fluid). The moving of the 2nd
shock position to the subsonic diffuser caused by increasing total
momentum of mixed fluid results in the ejector being able to
operate at higher critical condenser pressure. The 2nd shock posi-
tion depends on the variation of the primary nozzle geometries and
operating conditions which are tabulated in Table 7.

5. Conclusion

In this study, a CFD technique was employed to investigate the
effect of the primary nozzle geometries on the performance of an
ejector used in a steam jet refrigeration cycle. The simulated results
were used to explain the flow phenomenon inside the steam
ejector used in the previous experimental study [4]. Eight different
primary nozzles were investigated numerically using a commercial
CFD package, FLUENT 6.3. The evaporator saturation temperature
was fixed at 7.5 �C. The boiler saturation temperature was varied
between 110 and 150 �C. Primary nozzles with throat diameters
between 1.4 and 2.6mm and an exit Mach number of 4.0 were used.
Effect of the nozzle exit Mach number was also investigated. Three
nozzles with different exit Mach numbers of 3.0, 4.0, and 5.5 were
used; all nozzles had the same throat diameter, 1.4 mm.

The simulated results (entrainment ratio and critical condenser
pressure) from two turbulences models, k-u-sst and relizable k-ε,
were compared with experimental values obtained from the liter-
ature [4] in order to ensure that the CFD technique was developed
accurately. It was found that the k-u-sst turbulencemodel provided
more accurate results than the realizable k-ε model. The Mach
number contour lines of the k-u-sst turbulence model were then
used to explain the effect of flow inside the steam ejector influ-
enced by the interested parameters. It was shown that performance
of the steam ejector strongly depended on the primary nozzle
geometries and operating conditions.

From the Mach number contour lines, two series of oblique
shocks are found. The first one, 1st shock, immediately appeared at
the primary nozzle’s exit plane. The simulation showed that the
primary fluid left the nozzle as an expanded wave, which can be
classified into two categories; an under-expanded and an over-
expandedwave. The effective area for the case of the over-expanded
n on the effect of primary nozzle geometries for a steam ejector in
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wave is larger than that for the under-expanded wave. The larger
effective area results in the higher entrainment ratio and vice versa.
Therefore, the over-expanded wave is more desirable than the
under-expanded wave.

For the second one, 2nd shock, it appeared within the ejector’s
throat and subsonic diffuser sections. Its position is related to the
critical condenser pressure. The variation of the 2nd shock position
was dependent on total momentum of mixed fluid. The steam
ejector was operated at higher critical condenser pressure when
the 2nd shock position was moving toward the subsonic diffuser.

According to the simulated and experimental results, the
optimum primary nozzle geometry and operating conditions were
obtained. The optimum condition was the primary nozzle with the
throat diameter of 2.3 mm and exit Mach number of 4 operating
with the boiler temperature of 120 �C at the evaporator tempera-
ture of 7.5 �C.

From this study, it can be concluded that the CFD technique can be
used as an efficient tool to predict the performance of a steamejector.
It can also be used to explain the mixing process which cannot be
explained experimentally. The results show that geometries of the
primary nozzles used and operating conditions have very strong
effects on the ejector performance and therefore the system COP.
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