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Abstract

In this research, the performance of the supersonic ejector has been investigated numerically. Primary
fluid conditions included a temperature of 520 and a pressure of 2.3 bar. The secondary fluid entered
the ejector due to the very high momentum of the primary fluid and the pressure reduction caused by it.
To reduce the outlet temperature of the ejector, the secondary fluid was considered with the temperature
and pressure of the free atmosphere, which is equal to 288 and 1.01325, respectively. The validation
results of the numerical solution revealed the use of the K-e RNG turbulence model provides a
satisfactory agreement between the numerical and experimental data. After passing through the oblique
and expansion waves, the flow at the rear of the primary nozzle enters the mixing chamber and a strong
normal shock wave is formed at the end of this area. This has led to an increase in the temperature of
the ejector outlet. Also, the critical pressure value for the ejector is 0.105 MPa because increasing the
outlet pressure to more than that value has caused a sharp decrease in the entrainment ratio.

Keywords: Ejector, Numerical solution, Oblique shock, Primary nozzle, Entrainment ratio.

1- Introduction

The ejector is a device that moves the
secondary fluid using the momentum of the
primary fluid. Ejector efficiency is lower
than other fluid transfer devices. However,
the advantages of the ejector are the simple
structure without moving parts, low cost,
and transfer of dense fluid without electrical
energy. Contrary to its simple structure, the
flow processes inside the ejector are
complex and not fully comprehended. The
lack of complete understanding of the flow
processes and the dependence of the ejector
performance on the geometrical changes

and operating conditions have made the
design of the ejectors difficult [1]. Ejector
refrigeration systems are a suitable
alternative to conventional compressor
refrigeration systems to reduce energy
consumption [2]. In addition to cooling,
ejectors are used in refrigeration systems
[3], heat pumps [4], thermodynamic cycles
[5], and pressure boosters in natural gas
industries [6], as well as in air turbine
engines [7] and rocket nozzles [8].
Theoretical studies have been carried out to
examine the performance of the ejector in
different operating conditions. Based on the
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theory of one-dimensional fluid dynamics,
the velocities of the primary and secondary
flows are assumed to be uniform in their
direction of movement [9]. The effect of
some geometrical parameters, for example,
the diameter of the primary nozzle and the
mixing chamber can be checked through
these models [10] [11]. Nevertheless, it
should be noted that these types of theories
do not have the necessary ability to
determine the position of the primary
nozzle outlet, the length of the mixing
chamber, and the divergence angle of the
diffuser part. These problems occurred due
to the limitations of one-dimensional
assumptions. In this case, the determining
effects of the geometrical parameters on the
performance of the ejector are carried out
with experimental [12] [13] and numerical
studies [14] [15] to acquire the optimal
geometry. The first notable use of the
ejector dates back to the 1800s to create
vacuum pressure in the vacuum brake
cylinders of trains. Then in 1902, Parsons
used an ejector to create a vacuum in the
steam turbine condensers. He announced
the ejector as his vacuum-increasing
mechanism [1]. In 1910, Maurice LeBlanc
used the ejector for the first time in the
ejector refrigeration cycle with water vapor
as the working fluid. In the 1930s, the
ejector  refrigeration  system  gained
significant attention in the air conditioning
of large buildings and ships. In the second
half of the last century and most cases, the
ejector refrigeration system was replaced by
the compressor compression refrigeration
system. As a result, the research related to
the ejector refrigeration system has almost
stopped and focused on the vapor
compression refrigeration system. In recent
years, due to environmental concerns,
ejector refrigeration systems have been re-
considered and a lot of research has been

investigating these designs. Nowadays, in
the aerospace industry, the use of an ejector
is a novel idea. Ejectors with secondary
fluid suction from the surrounding
environment, in addition to better engine
cooling, also increase thrust [16].
Therefore, major research has been done on
increasing the performance of aircraft
engines equipped with ejectors. Ma et al.
[17] investigated the position of the ejector
in a refrigeration cycle. According to
operation conditions, the fluid output from
the boiler determines the characteristics of
the flow entering the ejector. After passing
through the ejector, the flow enters the
condenser section. They revealed that
changes in primary flow temperature (boiler
outlet flow) and secondary flow
temperature can have significant effects on
ejector performance. Also, the primary flow
rate has increased with the increase in boiler
temperature. Ruangtrakoon et al. [18]
conducted an experimental study to
investigate the characteristics of the inlet
flows. The system design was tested at
different temperatures, and the effect of
flow variables was evaluated on the
performance parameters of the system. The
primary flow temperature was selected
between 110 and 150 degrees Celsius and
the effect of this temperature on the primary
flow rate was studied. They concluded that
for all primary nozzle shapes, increasing
primary flow temperature leads to increased
flow rate. Among the other things
investigated in their research was the
analysis of the effects of temperature
change on the entrainment ratio (the ratio of
the secondary flow rate to the primary flow
rate) of the ejector. They demonstrated that
increasing the primary flow temperature has
decreased the suction ratio and increased
the critical back pressure. Sun [19]
investigated the operational characteristics
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of the refrigeration ejector system. The
operating conditions for the boiler
temperature were between 95 to 135 °C and
the evaporator between 5 to 15 °C.
Investigations indicated that increasing the
boiler temperature increases the suction
ratio in the first step. However, after a
certain value, higher boiler temperature has
reduced the performance of the ejector.
Also, higher temperatures led to
enhancement of the evaporator efficiency.
Finally, it can be concluded that the
temperature of the evaporator has a great
effect on the suction ratio and the efficiency
of the ejector. Ma et al. [17], Chen et al.
[16], and Zhou et al. [20] investigated the
effect of secondary flow temperature
changes on the ejector entrainment ratio.
They illustrated that higher secondary
temperature leads to an increase in the
ejector critical pressure. Yen et al. [21]
showed that for a constant outlet area, the
ejector performance coefficient increases as
the outlet temperature decreases and then
reaches a constant value. Chen et al [22] by
examining the one-dimensional model of
the ejector concluded that the suction
coefficient of the ejector increases with the
reduction of the output pressure.

According to the review of the
aforementioned studies, it was observed
that most of the work performed on the
ejector was related to the ventilation
system. Since the ejector can enter the
secondary fluid into the mixing chamber
employing the high momentum of the
primary fluid, this feature can be used for
cooling purposes. In this article, the
researchers introduced the ejector for
cooling the rear of the aircraft engine. The
secondary fluid is entered from the free
atmosphere (with low temperature) into the
mixing chamber and can reduce the primary
fluid temperature. The ejector has been

investigated by presenting Mach, pressure,
and temperature contours and graphs.

2- Numerical solution

2-1 Governing equations

Continuity, Navir-stokes, and energy
equations are the general equations
governing fluid flow that deal with heat
transfer. These equations are presented in
different forms by applying different
properties of the fluid and flow such as
compressibility, Newtonian, and non-
Newtonian fluid. To use the equations
governing the studied flow, it is first
necessary to check the different properties
of the flow field. The appropriate form of
these equations for the studied field is
presented by undertaking this. In this study,
high-temperature air is studied, which is not
considered due to its low-density gravity.
The governing equations in the cylindrical
device are presented according to the
axially symmetric geometry of the ejector
[23]. The cylindrical continuity equation is
shown in equation (1) :
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Momentum and energy equations are also
shown below:
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In the above equations, 1, 0, and z are the
coordinate directions, and the components
u, W, p and g are speed, dynamic viscosity,
density, gravity, and turbulence Kkinetic
energy, respectively.

2-2 k-g turbulent model

k-¢ can be considered the most famous and
widely used turbulence model in solving a
wide range of fluid problems, which
includes several subgroups. In this model,
there are two transfer equations to calculate
turbulence viscosity stresses, which include
turbulence  kinetic energy (k) and
dissipating rate (g), which is shown in
equations (5) and (6) [241:
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The parameters in this model are calibrated
and established on basic experimental data
such as pipe flow, flat plate, etc. [25] [26].
k- includes submodels for problems
related to compressibility, buoyancy,
combustion, etc.

2-3 Grid independence and numerical
validation

Due to the presence of two input fluids and
one output, the boundary conditions of
pressure inlet and pressure outlet have been
applied to input fluids (primary and

5 2 (4)
p [16u[6uz] 6u2]
——+pg, tul =—|r +

secondary fluid) and output, respectively. In
all validation phases, the primary flow
pressure is 1 MPa, and the secondary flow
pressure is 0.5 MPa. The pressure outlet
(Pd) also changes between 0.8 and 0.4 MPa.
Due to the nature of the problem, the
assumption of symmetry for the ejector axis
has been considered and half of the model
has been simulated and solved. The walls of
the ejector are also selected adiabatic walls.
Table 1 depicts the conditions of the
numerical solution setup to perform the
validation.

Table 1: Numerical solution setup to perform
validation

Type of solver pressure-based
Time steady
Turbulent model k-e RNG
Fluid ideal gas
Method couple
Spatial discretization second-order

To validate, the numerical solution has been
compared with the experimental work of
Chong et al. [27]. According to Fig. 1,
an acceptable agreement between the
present research and the experimental work
is observed, for outlet pressures lower than
the critical pressure. For pressures higher
than the critical value, the agreement of the
data was more undersized, but for the last
two pressures, the data agreed reasonably
with each other.

——@—— Chong et al. [25] q
025 ——@—— Peresent work |[K-e RNG|
.25 | \

1 1 1 1 1 1 1.
0.4 0.45 0.5 0.55 0.6 0.65 0.7

Pd (Mpa)
Fig. 1 Turbulent model validation




69

M.R. Hashemi et al./ Journal of Simulation and Analysis of Novel Technologies in Mechanical Engineering 16 (2024) 0065~0074

The governing equations are solved within
the grids inside the ejector. As the number
of these cells increases, the accuracy of the
solution and the calculation time also
increase. On the other hand, reducing the
number of grids also reduces the calculation
time and particularly the accuracy of the
solution. In performing numerical solutions,
declining the computational grids from a
certain value onwards has not had a
remarkable influence on the results. For this
purpose, one should find the appropriate
number of grids, which, besides preserving
the accuracy of the results, minimizes the
solution time. Fig. 2 demonstrates the
independence of grids carried out in the
present research. According to this figure, it
can be seen that the number of grids
increased after 60 thousand, and no specific
differences appeared in the result
(entrainment ratio). Also, while performing
the numerical study, it was observed that
this number of grids exhibited a proper
convergence process and satisfied the
quality requirements of meshes. Therefore,
in the continuation of the research process,
this number of grids has been used (Fig. 3).

ok
0.698 _—
0.696 :—
0.694 -
0.692 :—

0.69

1. .0l M IR

L

40000 60000 80000
Cell number

Fig. 2 The grid independence performed in the study

100000 120000 140000 160000

Fig. 3 Grids applied inside the ejector

3- Results and discussion

The results of the numerical solution of the
ejector model are reported in this section,
which is under the boundary conditions of
Table 2. These results contain graphs and
contours of temperature, velocity, and
pressure.

Table 2: Boundary conditions used in this research

Primary flow 520 K
temperature
Secondary flow 288 K
temperature
Back-flow temperature 288 K
Primary flow pressure 2.3 bar
Secondary flow 1.01325 bar
pressure
Back-flow pressure 1.01325 bar

Fig. 4 shows the static pressure changes
along the ejector. As can be seen, there was
a severe pressure drop for the ejector, which
occurred at X=0.045 m with a value of
Ps~83000 Pa. After the first severe pressure
drop, from X=0.076 m to X=137 m, there
was a series of continuous pressure
changes, which is a sign of subsequent
oblique waves. Finally, the highest pressure
drop is observed at X=167 m, which is due
to the extreme normal shock at the end of
the mixing chamber.
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Fig. 4 Static pressure distribution along the ejector

The changes in the ejector Mach number are
shown in Fig. 5. The process of changing
the Mach number is such that at X=0.042 m
the flow reached supersonic and thus, a very
small reduction was observed in the Mach
number. Then up to X=0.167 m by passing
through several shock waves, it has reached
the highest Mach number in this place
(M=2.02). Thus, a sharp drop in Mach
number occurred to M=0.5 at X=0.169 m.
This sharp decrease in Mach number from
supersonic to subsonic can be related to
normal shock waves.

Mach

05

AT ST NN SR R |-
0 0.05 0.1 0.15 0.2 0.25

X (m)
Fig. 5 Mach distribution along the ejector

According to Fig. 6, the flow entered the
primary nozzle with a subsonic speed and
reached speeds higher than the speed of

sound upon reaching the throat. At the
outlet of the primary nozzle, an increase in
the flow Mach number is observed due to
the formation of the expansion shock. This
process of raising the Mach number and
creating oblique and expansion shocks
existed until the latest portion of the mixing
chamber, which can be seen in Fig. 7. Then,
at the entrance of the diffuser, a high-
intensity normal shock occurred inside the
ejector, after which the free stream velocity
reached the subsonic. The core of the jet
flow for this model is smaller from the
initial nozzle outlet to the end of the mixing
chamber. This is due to the suction of the
secondary fluid and the interaction of this
flow with the core of the main jet. In fact,
the high energy and momentum of the core
of the main jet gradually decrease with the
suction of the secondary fluid.

Fig. 8 shows the temperature contour.
According to it, continuous temperature
changes have occurred in the primary
nozzle of the ejector, and these temperature
fluctuations are due to the shock waves
created in this area. This temperature
reduction process continued until the end of
the mixing chamber and formed a normal
shock in the ejector (Fig. 9). After that,
there was a sharp temperature rise. Also, the
entering of the secondary flow into the
mixing chamber led to a decrease in the wall
temperature until the last portion of the
mixing chamber. It is seen that the suction
of the secondary flow in the mixing
chamber causes the main jet core to become
smaller in the center of the ejector. The
increment temperature after the normal
shock has increased the exit temperature
from the center of the ejector.
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Fig. 6 Ejector Mach number contour
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Fig. 7 Ejector static pressure contour
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Fig. 8 Ejector static temperature contour
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Fig. 9 Static temperature distribution along the ejector

Fig. 10 plots the pressure outlet changes
concerning the suction ratio. According to
it, increasing the pressure outlet value from
0.04 to 0.105 MPa did not cause changes in
the suction ratio. The critical pressure for
the model is equal to 0.105 MPa because
raising the pressure outlet to more than that
value has caused a sharp decrease in the
suction ratio.

1.4:— oo

0.6

0.4

L | L L. L

‘0.04 I 0.06 ‘0.08 ‘ ‘ 0.1 0.
Pb (Mpa)

Fig. 10 Pressure outlet changes with the suction ratio
in the ejector

Increasing the pressure outlet from the
mentioned value has caused a sharp drop in

the suction ratio. Finally, for the last
pressure (0.145 MPa), the suction ratio has
reached zero. This means that the secondary
fluid flow has reached zero or even flow in
this channel has reversed, and the ejector is
malfunctioning.

5- Conclusion

In this article, a supersonic ejector with a
high-temperature primary fluid has been
investigated. The purpose of this research is
to investigate the secondary fluid suction,
which enters the ejector from the free
atmosphere. The primary and secondary
fluid pressures were 520 and 2.3 bar, 288
and 1.01325 bar, respectively. Increasing
the entrainment ratio means a higher
suction of cooler fluid into the mixing
chamber, which results in a lower ejector
outlet temperature. The results revealed that
in the throat of the primary nozzle, the flow
reached supersonic and after that, a strong
shock wave was created. Then, the flow
passing through this part is involved in
successive oblique and expansion shock
waves, which finally reach the maximum
Mach number at the end of the chamber.
After the formation of a normal shock in
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this portion, the flow at the diffuser inlet has
reached subsonic. Also, the core of the jet
flow from the primary nozzle outlet to the
rear of the mixing chamber has become
smaller. This is due to the suction of the
secondary fluid and the interaction of this
flow with the core of the main jet. In fact,
the high energy and momentum of the core
of the main jet are reduced by the secondary
fluid suction. The temperature data also
demonstrated that there are severe
temperature changes inside the primary
nozzle, which is the reason for the
successive shocks. It was observed that the
suction of the secondary flow in the mixing
chamber causes the core of the main jet to
become smaller in the center of the ejector.
The increase in temperature after the normal
shock has increased the outlet temperature
from the center of the ejector.
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