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This study investigates the effect of secondary fluid inlet geometrical parameters on the
performance of a two-phase water-steam ejector operating in the subsonic flow regime.
A 3D numerical model, employing the Volume-of-Fluid (VOF) method, was developed
to analyze the impact of varying secondary fluid inlet angles (30°, 45°, 60°, 75°, and
90°) and the number of secondary fluid inlets (1, 2, 3, and 4). The study examined these
parameters across a range of primary fluid flow rates (6-24 L/min) to understand their
interactions. The numerical model was validated through comparison with existing
experimental data, demonstrating strong agreement between predicted and measured
ejector entrainment ratios (Er). An optimal secondary fluid inlet angle of 45° was
identified, providing the best balance between momentum transfer and perpendicular
velocity components. It was found also that increasing the number of secondary fluid
inlets from 1 to 3 significantly enhanced the ejector Er, while further increases yielded
minimal additional improvements. The effects of secondary fluid inlet parameters were
more pronounced at higher primary fluid flow rates. These results contribute to a deeper
understanding of two-phase ejector performance and provide valuable insights for
optimizing their design in various applications.

1. Introduction

Ejectors, also

as  thermo-
compressors, have gained prominence in

known

fluid, which is strongly dependent on the
gjector's geometry [10]. Understanding this
relationship is crucial for designing efficient
ejectors.

various engineering applications due to their
advantages such as self-starting operation, silent
operation, energy efficiency, and the absence of
moving parts. These devices are employed in
waste heat recovery systems [1], aerospace and
ocean navigation [2, 3], food processing [4],
desalination [5, 6], refrigeration [7, 8], and
hydrogen production [9].

Ejector performance is significantly
influenced by the mixing of high-pressure
primary fluid with low-pressure secondary
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In flash evaporation systems, two reservoirs
are typically employed: a high-pressure
reservoir and a low-pressure reservoir to provide
the necessary superheated conditions. An
ejector can be integrated into such systems to
enhance performance by inducing secondary
flow. This study focuses on a two-phase ejector
using water as the primary fluid and steam as the
secondary fluid, a configuration commonly
employed in single-stage flash evaporation
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desalination systems [11]. Extensive research
has been conducted to gain a deeper
understanding of ejector design and operation
for various applications; Nakagawa et al. [12]
investigated the effects of mixer length on
ejector system performance. The ejector
employed in CO2 refrigeration cycle, and the
mixer lengths were 5, 15 and 25 mm. The
experimental results showed that the mixer
length has a significant effect on ejector
entertainment ratio Er, which reaches the
minimum value at 5 mm mixer length and the
maximum value at 15 mm. The system
performance (COP) was improved by 10% due
to improved mixer size. Yan et al. [13] conduct
a numerical study with experimental validation
to investigate the effect of six different
geometrical parameters (area ratio, primary
nozzle exist position, mixer length, primary
nozzle diameter, angle of constant-pressure
mixing section and the diameter of constant-area
mixing section) on the performance of the
ejector Er for an air-cooled ejector cooling
system. The study found that the area ratio and
the nozzle outlet location are significant
parameters affecting on the ejector Er. A new
ejector was designed according the optimal
parameters found in the numerical results and
applied at the same cooling system. It found that
a significant performance improvement was
achieved by using the new ejector design. Cui et
al. [14] performed a numerical study for gas—gas
ejectors and gas-liquid ejectors at supersonic
flow to evaluate Er behaviour; this study was
experimentally validated. The numerical results
showed that the shock wavelength has a
dominant effect on the Er of the ejector. A clear
difference is observed in shock length for gas—
gas and gas—liquid ejectors, due to the viscosity
difference of the operating fluids within the
range of 0.01-1.0. The optimal length of mixing
chamber to diameter ratio found is about 1-2 for
gas—liquid ejectors and 5—7 for gas—gas ejectors.
Ping et al. [15] performed a numerical study of
a two-phase ejector in transient mode to
determine the optimal operation condition for
high-performance ejector. The considered
working fluids are Liquefied-Natural-Gas as
primary fluid and Boiling-Off-Gas as secondary
fluid and the investigated operation conditions

are axial velocity, pressure and temperature. The
result found that the Er increased with
increasing primary fluid flow rate and
decreasing outlet pressure. The optimal ejection
Er was found when the Liquefied-Natural-Gas
velocity inlet equal to 11-12 m/s, Boiling-Off-
Gas pressure of 0.101-0.507 MPa and ejector
outlet pressure of 0.101-0.304 MPa. Whendig et
al. [5] numerically investigate a variable
geometry of ejector (auto-tuning area ratio (AR)
ejector) to enhance the performance of multiple
effects desalination with vapor compression
(MED-TVC) desalination system. The CFD
model was validated experimentally for
confidently study the AR effect on the ejector
performance. A correlation to estimate the
optimal area ratio for different primary and back
pressure was developed. The results show that
the auto-tuning ejector could achieve a high
entrainment ratio (Er) under different flow
conditions and thus a high MED performance
could be achieved. When the steam pressure
fluctuates from (800-2000) kPa, the average AR
ejector Er is 1.39, higher than the standard
ejector (fixed geometry ejector) of 0.69 with a
critical back pressure of 20 kPa. Jiapeng et al.
[6] established a mathematical model built on
real gas theory to study the effect of
condensation degree, entropy generation and
exergy destruction on the steam ejector
performance  employed in  desalination
applications. The study found that condensation
is a general occurrence in the ejector parts. It
was found also that all the condensate liquid
droplets at the chocking part could be
evaporated by increasing the superheat degree
of the inlet steam to 35 K. The results show that
the mixing process irreversible loss is 73% of
the total irreversible losses of the ejector if the
steam is at the saturation condition. Xuhui et al.
[16] performed a 2D numerical study for an
ejector applied to a 80 kW polymer electrolyte
membrane fuel cell system and determined the
effects of mixer diameter, diffuser angle and
humidity of the secondary fluid on the ejector
performance. The numerical results showed that
the optimal diffuser angle is between 11° to 13°,
at which the ejector exhibits the best
performance. It was found also that the mixer
diameter and the secondary fluid humidity
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significantly affect the ejector Er. Han et al. [17]
numerically studied the separation of boundary
layer, the reason behind the separation, the
separated region location and the boundary layer
separation effect on steam ejector Er applied in
refrigeration system. The results show that in a
particular size of the throat diameter and nozzle
exit positions, the ejector worked in critical
mode and has an optimal performance when the
other conditions were constant. In the case of
varying the throat diameter or a large nozzle
exit positions, the separation of the boundary
layer became significant and the mixed fluid
couldn’t overcome the back pressure to exit
from the ejector and the ejector efficiency
descended to zero. The study showed that the
ejector geometry is an important factor that
influences the degree of boundary layer
separation. Akram et al. [18] performed an
experimental and theoretical study to investigate
the steam ejector ability to induce a secondary
flow under different operation conditions. The
ejector connected to a desalination system
which where integrated by a solar collector. The
experiment conditions were: the primary steam
inlet temperature and pressure are: (106-107) °C
while the condenser pressure range is (0.974-1)
bar. It was found that the system productivity of
distilled water increased by 5.5 % due to using
the ejector, and the analysis shown that 34% of
the thermal energy required for the system to
complete the desalination process was covered
by the solar energy collector. Shaker et al. [8]
perform a numerical simulation to investigate
the effect of geometrical and operation
condition of steam ejector performance. The
results show that if the nozzle throat diameter
increased from 2.4 to 2.8 mm the Er decreases
by 40% at a boiler temperature of 120°C, also
by increasing the evaporator temperature from
7.5 to 15 °C the Er increased by 65.57%. the
results show also that if the second shock series
position is close to the diffuser the ejector runs
in critical mode. In contrast, if its position
moves toward the upstream, the ejector runs in
subcritical mode so the second shock series
position effect the ejector operation mode. Egoi
[19] proposed a new variable mixing chamber
ejector to overcome the inflexibility of the waste
heat used for chiller operation. The study was

performed using a computational fluid dynamic
(CFD) model and compared with experimental
data from literature. The study found that the
modification of the proposed mixing chamber
gives an increase in the cooling capacity of the
chiller without supplying more energy. The
proposed design enhances the cooling capacity
up to 120% at low condensation temperatures
and a reducing of 8°C of the critical
temperature. It means that by using the proposed
ejector the system that works at 33 °C now it
could operate at 41 °C

Yan et al. [20] conduct a 3-D numerical
study to optimize the ejector cross section area
and the secondary flow inlet angle. The model
studied also the auxiliary entrainment effect on
the ejector Er. The numerical results show that
the perpendicular direction of the secondary
flow to the primary flow is a little better than the
parallel flow direction. Also, it was found that
the cross-section area of the secondary flow has
an effect on the entertainment ratio but this
effect is vanished when the area increased to a
certain value. The results show also that
auxiliary entrainment inlet are vital parameter
affecting the ejector Er. Finally, it was shown
that after optimization of geometry parameters
and auxiliary entrainment inlet, the ejector Er
can be enhanced by 97.7%. Yao et al. [21]
performed a 3D numerical study of high
pressure steam water condensing ejector based
on inhomogeneous multi-phase model. The
study investigates the changes in steam plume
shape, the thermal hydraulic parameter
distribution and pressure relation under different
boundary conditions: of steam inlet pressure
range of (0.7-2.4) MPa and mass flow rate of
(1019-3310) kg/ (m? s) MPa. The results show
that the increase of steam inlet mass flow rate
and decrease of back pressure transform the
steam plume shape from ellipsoidal to divergent
shape where the choking phenomenon is
observed. Jingyang et al. [22] perform a
numerical study with experimental validation to
investigate the influence of mixer and diffuser
diameter on the Er of an ejector used in an
aeroengine air system. The numerical results
showed that when the compression ratio is 1.17
and the mixer diameter increase from 3 mm to 9
mm the enhancement in ejector Eris 23.1%. The
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maximum achieved in ejector Er is 211 % at
mixer diameter of 27 mm. It was found that
when the ejector size is very small, a strong
shock wave could suppress the primary and the
secondary fluids mixing, and thereby causes an
increase in the total ejector loss. Meiqi et al. [23]
Numerically Studied the effect of primary
nozzle throat blocking area ratio and the dryness
fraction at the primary and the secondary fluid
on the two-phase ejector performance. The
study found that the ejector performance is
decreasing with the decreasing of primary fluid
dryness fraction and increasing with the
decreasing of secondary fluid dryness fraction.
It was found that the ejector Er is improved by
253.3% at dryness fraction of 1 and 0.4 of
primary and secondary fluid respectively. Also
the study found an optimal value for the
blockage area ratio. It was concluded that
regardless the varying of area ratio or the
dryness fraction the adjustment of ejector
operation condition could enhance the
performance of the ejector. Omar et al. [24]
Numerically studied the effect of different
ejector geometrical parameter focusing and on
the area ratio of the ejector. The ejector is
employed in ammonia solar cooling system. The
effect of primary and secondary fluids
temperatures on the ejector Er were investigated
also. The numerical model considers k—€ model
to simulate flow turbulence and the model was
experimentally validated. The study found that
at primary fluid temperature of 90 °C and
secondary fluid temperature of 15 °C the
optimal ejector area ratio was 6.44 at which the
COP of the cooling system was 0.547. The study
presents a pre-experimental design and
providing more insight to the flow phenomena
inside the ejector. Xinyuan et al. [25] Perform a
numerical study for a hydrogen ejector
employed in proton exchange membrane fuel
cell. The model considers a pulse flow for the
gas by user define function, to study the pulse
flow effects on the ejector Er and compare it
with the ejector Er for steady flow case. The
study found that the pulse flow enhances the
ejector Er compared to the steady flow under a
variable range of primary fluid flow rate. It was
found that maximum steady flow ejector Er was
3.2 while it was 3.5 for the pulse flow ejector

under the same condition i.e. the ejector Er
enhanced by 9.8% due to the pulse flow. The
effect of pulse flow was more pronounced at low
pressure working that the ejector Er increase by
16.6%. finally, the gas pulse flow was compared
under different frequencies and it was found that
at 1 Hz the pulse flow exhibits the best ejector
performance. Hamid et al. [26] Study the effect
of primary flow temperature on the ejector
performance, the ejector employed in a power
plant condenser to remove air by creating
vacuum. The study considers other parameters
such entropy generation, steam production and
air suction cost. The studied primary flow
temperatures were in the range of 350 °C to 400
°C which is the operation range of the power
plant condenser. The results show that the
increasing of primary fluid temperature
enhances the ejector Er and decrease the steam
production and air suction cost. For example, by
increasing the primary fluid temperature from
350 °C to 400 °C the air suction cost reduced by
2%. Xianying et al. [27] Numerically analysis
the performance of wvertical layout ejector
employed for gas air mixing in infrared stove.
The numerical model was validated with an
experimental ejector test rig. The study
investigates the effect of mixing tube length and
diameter on the ejector Er also. The numerical
results show that the increasing the mixer tube
length decrease the combustion excess air
coefficient. The maximum ejector performance
at which the excess air coefficient is at peak
values of 1.13 the mixer diameters values were
equal to 9.8 mm, 11.2 mm, and 12.6 mm at 3.5°,
4.7°, and 5.0°, respectively.

A review of existing literature reveals that
most studies have focused on the impact of
nozzle, mixer, and diffuser geometry on ejector
performance (Er). However, there is a dearth of
research investigating the effects of secondary
fluid flow direction and, more specifically, the
division of the secondary fluid inlet into
multiple streams. The study examined these
parameters across a range of primary fluid flow
rates to understand their interactions. The study
aimed to enhance the ejector Er in term of the
considered parameters to increase the secondary
fluid (steam) flow rate thereby increase the fresh
water production. This leads to lower operation
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cost and contribution to sustainable desalination
system. This study addresses these knowledge
gaps by exploring the influence of these novel
parameters on ejector performance. A 3D
numerical simulation for the flow in the ejector
would be performed using a CFD model and the
predicted result would be compare with
experimental data from the literature.

2. Physical model

To investigate the influence of secondary
fluid inlet angle and the number of secondary
fluid streams on ejector performance (Er), five
models were constructed with varying
secondary fluid inlet angles of 30°, 45°, 60°,
75°, and 90° (Figure 1). Additionally, four
models with different numbers of secondary
fluid inlets (1, 2, 3, and 4) were developed at
inlet angle of 45° (Figure 2). The increasing of

.
.

secondary fluid inlet stream was while
maintaining the total cross section area of the
secondary fluid inlets constant and equal to
0.000154 m?, to allow a fair comparison for the
ejector performance between the studied cases.
The ejector geometry, as detailed in Table 1 and
Figure 3, was maintained constant throughout
the study, except for the variations in secondary
fluid inlet angle and number of inlets explained
in Figures 1 and 2. The primary fluid was liquid
water (under variable range of flow rates (6-24
L/min) to understand their interactions with the
studied parameters), while the secondary fluid
was steam. These primary fluid flow rates
values were considered to encompass the typical
and maximum flow rate of the operating
condition of evacuated tube solar collector [28]
that integrated with the flash evaporation
desalination system for preheating of the saline
water

/

e g

/——

75

Secondary fluid inlet angle

Figure 1. Computational domains of the studied ejector with different secondary fluid inlet angles of 30°, 45°, 60°, 75°,
and 90°.
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Secondary fluid inlet number

Figure 2. Computational domains of the studied ejector with different secondary fluid inlet inlets number (1, 2, 3, and 4).

Table 1 Ejector geometric dimensions.

Geometry (refer to figure 3) Value
Primary fluid inlet diameter 26.7 (mm)
Secondary fluid inlet diameter 21.3 (mm)
Diffuser outlet diameter 26.7 (mm)
Nozzle outlet diameter 1.5 (mm)
Mixer diameter 6 (mm)
Mixer length 40 (mm)
Diffuser angle 6°
Diffuser length 50 (mm)
Ejector material Plexiglas

Mixer diameter

Diffuser length

Nozzle outlet diameter

Secondary fluid
inlet diameter

Figure 3. The visual representation of ejector geometry mentioned in table 1.
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3. Numerical model
3.1. Governing equations

A 3D numerical model was developed to
investigate the effect of secondary flow inlet
geometric parameters on a two-phase ejector's
performance which it is essential to accurately
capture the complex flow patterns within the
ejector, particularly the swirling flow and
potential recirculation zones that arise due to the
interaction of the primary and secondary fluid
streams. The model, depicted in Figure 1 and 2,
employed the Volume of Fluid (VOF) method
[29, 30], renowned for its accuracy in capturing
multiphase flow dynamics [30]. The VOF
model ensured mass conservation and
accurately represented the heat and mass
transfer between the primary (water) and
secondary (steam) fluids during the evaporation
process. A standard turbulence model k_w,
validated  through  comparisons with
experimental data for two-phase ejectors
[15, 17], was adopted to capture the complex
flow characteristics. The model is steady state
and it’s governing equations (1-7) for this model
are presented below [30]:

V. (a7) = (1)
V. (&) =2 @)

The momentum equation is:
V.(pv¥) = —VP + V. [u(VD + VBY)] + pg +

F; 3)
The energy equation is:
V.(pvh) = V.(kVT) + Sg 4)

In the VOF model, enthalpy (h) and temperature

are taken as average quality variable:
— apihi+aypyhy (5)
ap1+aypy
The volume fraction equation is solved for

vapour phase only and as the following:

V. (ayp, V) = Sy (6)
a,+a; =1 (7
The total cell volume comprises vapor and
liquid volumes. The liquid volume fraction is
calculated using the equation 7.

where

Sy Is the mass source term employed to model
mass transfer during the evaporation process.

F; 1is the interphase forces.

Sg 1s the energy source term used to estimate the
heat transfer during evaporation process.

In the above equations, p, a, U, P, u, g, k and T
are the density, volume fraction, velocity vector,
pressure, the dynamic viscosity, the gravity
acceleration, thermal conductivity and
temperature, respectively.

3.2. Boundary conditions

e Primary Fluid: A velocity inlet was
specified for the primary fluid (liquid
water) due to its  negligible
compressibility [15]. Inlet velocities of
0.5, 1, and 2 m/s were considered to
maintain subsonic flow (Mach number <
0.3). The assumption of subsonic flow is
considered in this work as the ejector
works with liquid (water) as a primary
fluid and applied in a desalination system
utilizes a flat plate solar water heater,
which typically provides a limited flow
rate of heated brine.

e Secondary Fluid: A pressure inlet was
specified for the secondary fluid (steam)
with a value of -72000 Pa (absolute
pressure: 29325 Pa).

e Ejector Outlet: A pressure mixture outlet
was defined with a value of -80000 Pa
(absolute pressure: 21325 Pa).

o The secondary fluid inlet pressure and the
ejector back pressure values were selected
to match the operational conditions of
available data from similar work [11]

e Turbulent Intensity: Turbulent intensity
(1) was calculated based on the Reynolds
number (Re) for all inlets and outlets using
the following equation of [ =
0.16 Re~%125[30].

e Fluid Properties: The primary and
secondary fluids were assumed to have
constant properties at the specified
temperature of 80°C.

3.3. Numerical approach

Numerical simulations were conducted
using Ansys Fluent 19 R3 to solve the governing
equations. The third-order MUSCL scheme was
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employed for energy and momentum equations,
while the PRESTO scheme was used for
pressure. The modified HRIC method was
adopted for volume fraction estimation [30]. A
coupled algorithm ensured the convergence of
pressure and velocity coupling. Under-
relaxation factors of 0.5, 0.5, 0.5, and 0.75 were
applied to momentum, pressure, volume
fraction, and energy, respectively, to maintain
numerical stability. Convergence criteria were
established for the continuity, momentum, and
energy equations with values of 1 x 1075 for
the continuity and momentum equations and
1Xx107° for the energy equation. A grid
independence study was conducted, focusing on
the y+ value, a dimensionless parameter crucial
for the standard k_w turbulence model. Various
grid with different element numbers were
generated. The y+ value was evaluated for each
grid, and the process was repeated until a
satisfactory value was achieved. For each
ejector model four grid configurations with
approximately 400,000, 900,000, 2,000,000,
and 3,900,000 elements were evaluated to have
a grid independence solution. Figure 4

illustrates the wvariation of y+ and ejector
performance (Er) with grid elements number.
The y+ value decreased from approximately 112
at 400,000 elements to 22 at 2 and 3.9 million
elements, falling within the acceptable range
[31]. Grid independence was achieved with
approximately 2 million grid elements, beyond
which Er remained nearly constant at 0.013.
This grid density was selected for subsequent
simulations to balance computational efficiency
and solution accuracy. To enhance grid quality
and reduce the number of elements, the
tetrahedral grid element was converted to a
polyhedral element using the Fluent software
(figure 5). This resulted in a grid with
approximately 1 million numbers (reduced from
2 million) and an improved element quality of
0.95 (from 0.81). The mesh element and node
numbers for each of the considered model
geometries are presents in Table 2. The
numerical simulations were conducted on a
workstation equipped with an Intel Core i7
processor and 16 GB of RAM. The
computational time for each simulation was
approximately 17 hours.
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Figure 4. The results of a grid independence study and the corresponding y+ values.
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Polyhedral mesh

Tetrahedral mesh

Figure 5. Comparison of Polyhedral and Tetrahedral grid elements for the ejector model.

Table 2: Mesh statistics for the model geometries.

Geometry

Elements number Nodes number

30° secondary fluid inlet angles
45° secondary fluid inlet angles
60° secondary fluid inlet angles
75° secondary fluid inlet angles
90° secondary fluid inlet angles
1 secondary fluid inlets
2 secondary fluid inlets
3 secondary fluid inlets
4 secondary fluid inlets

973,534 6,0845,580
974,345 6,090,870
974,565 6,091,030
974,622 6,092,210
975,004 6,093,750
974,345 6,090,870
1,010,325 6,312,500
1,019,476 6,368,750
1,032,454 6,450,000

3.4. Numerical model validation

A comprehensive validation of the
numerical model was conducted against existing
experimental data for two-phase ejectors. The
experimental ejector employed in a single-stage
flash evaporation desalination system, utilized
water as the primary fluid and steam as the
secondary fluid [11]. Experiments were
conducted with primary fluid flow rates ranging
from 1 to 3 L/min, a primary fluid temperature
and pressure of 80°C and 101 kPa, respectively,
and a secondary fluid temperature and pressure
of 80°C and 29,000 kPa, respectively. The back
pressure was varied from 10 to 30 kPa. The
experimental ejector's dimensions matched
those of the numerical model, as detailed in
Table 1. Both qualitative and quantitative
comparisons ~ were  performed  between
experimental measurements and numerical
results to assess the model's ability to accurately
capture the complex two-phase flow dynamics
within the ejector.

Figure 6-a presents a comparison of
experimental [11] and numerical ejector
performance (Er) across varying back pressures.
Both experimental measurements and numerical
results of Er show the same curve trend that they
are decreasing with the increasing of back
pressure values. Figure 6-b presents a
comparison of experimental [11] and numerical
ejector performance (Er) across varying primary
fluid flow rates. Also, both experimental and
numerical results demonstrate an increase in Er
with rising primary fluid flow rate. While the
numerical model consistently predicted slightly
higher Er values compared to experimental data
(average difference of 4.1%), this discrepancy
can be attributed to the complexity of turbulence
phenomena. The standard turbulence model
may not have fully captured the energy
dissipation occurring at the ejector walls.
Nonetheless, the difference between
experimental and numerical Er values remained
within an acceptable range of 5% [21].
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Figure 6. comparison of experimental and numerical Er at (a) at different primary fluid flow rates, (b) at different back
pressures.

A qualitative validation was conducted by
comparing the flow visualization of the
experimental ejector image [11] with the
numerical model's velocity streamlines and
liquid fraction contour (Figure 7). Both
experimental and numerical results
demonstrated similar flow patterns, with a slight
tendency towards the top side of the ejector

diffuser due to reverse flow at the lower diffuser
wall. This phenomenon can be attributed to flow
separation at the diffuser's diverging wall. The
alignment between experimental and numerical
observations confirms the model's ability to
accurately capture the complex two-phase flow
dynamics within the ejector.
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Figure 7. Comparison of real flow image with flow velocity streamline of the numerical model

4. Results and discussion

The variation effect of the secondary fluid
inlet angle on a two-phase ejector performance
(Er) is presenting in figure 8. The studied
secondary fluid inlet angles are 30°, 45°, 60°,
75° and 90°, each angle where investigated
under three primary fluid inlets of 6, 12 and 24
L/min while the other operation and design
condition are constant and as mentioned in
physical and boundary condition sections. It
could be seen from the figure that the 45°
secondary fluid inlet provide the best ejector
performance (Er), while the 60°, 75° and 90°
inlet angle have almost similar ejector Er and
lower to that of 45°. The 30° secondary inlet

angle have the lowest ejector Er. This behavior
is clear at the primary fluid flow rate of 12 and
24 L/min and almost vanished at low flow rate
of 6 L/min i.e. the effects of secondary fluid
inlet angle is disappearing at low primary fluid
flow rate. Figure 8 also shows that the ejector Er
is increasing significantly by increasing the
primary fluid flow rate from 6 to 24 L/min. The
explanation for the optimal secondary fluid inlet
of 45° is that this angle provides the optimal
balance between the momentum transfer from
the primary fluid to the secondary fluid and the
secondary  fluid  velocity =~ component
perpendicular to the primary fluid flow. As the
inlet angle increases to 60°, 75°, and 90°, the
component of the secondary fluid velocity
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parallel to the primary flow increases. This can
lead to interaction with less effectively between
the primary fluid jet and the secondary fluid,
potentially leading to flow separation or
recirculation within the mixing chamber. The
shallower angle of 30° has the less mixing
between the primary and the secondary fluids.
This finding agreed with [32] which was
attributed to the smoother flow through the inlet
passage of 45°. And that is due to the fact that
the secondary fluids velocity component which
it is perpendicular to the primary fluid flow is a
critical factor to determine the ejector

performance of the two-phase flow ejector, a
well-balanced combination of parallel and
perpendicular velocity component can optimize
the momentum transfer and thereby the ejector
Er. Decreasing the primary fluid flow rate
reduces momentum transfer, making it
challenging to overcome wall shear losses and
the variations in secondary inlet angle won’t be
significant effect. As a result, overall ejector
performance (Er) is lower at lower flow rates, as
the case of primary fluid flow rate 6 L/min
compared with that of 12 and 24 L/min.
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Figure 8. Secondary fluid inlet angle vs ejector Er

The velocity contour for the cases of 30°,
45°,60°, 75° and 90° secondary fluid inlet angle
is shown in Figure 9. The velocity contour is
visualized at the ejector mid plane with a
velocity range from 0 m/s (blue color) to
maximum velocity of red color. And as shown
in the legend of Figure 9. The cases of Figure 9
were at 12 L/min primary fluid flow rate and the
other operation and design condition are
constant and as Figure 8. The figure shows the
velocity at the mixer varies from minimum (blue
colour) at the mixer wall due to no-slip
condition, and the developed velocity boundary
layer to maximum (dark red colour) at the
adjacent layer then slightly reduces at the centre
(light red colour). Figure 9 shows that the

secondary fluids velocity inlet is highest for the
case of 45° secondary fluid inlet angle and less
for the cases of 60°, 75° and 90° inlet angle. And
the velocity is lowest for the case of 30°
secondary fluid inlet angle. The higher the
secondary fluid inlet velocity means the higher
secondary fluid mass flow rate inlet to the
ejector and thereby the higher the ejector Er, and
this is agreed with the 12 L/min curve behavior
of Figure 8. Figure 9 also shows that the case of
30° inlet angle have a non-uniform flow
distribution due to the inefficient mixing and
due to the turbulence flow of this case,
comparing to the 45° inlet angle which shows
the most uniform flow as the flow field converge
towards a uniform distribution.
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Figure 9. Velocity contours of the two-phase ejector at different secondary fluid inlet angle and at primary fluid flow rate
of 12 L/min.

To have more insight to the flow behavior
under the variation of secondary fluid inlet angle
a streamlines visualization is performed and
presented in Figure 10 for the same cases and
conditions of Figure 9. Figure 10 shows that the
case of 45° secondary fluid inlet angle have the
most uniform flow for the secondary fluids flow
when entering the ejector towards the mixing
chamber, the flow is almost ideal with no
circulation and turbulence. This behavior leads
to the better acceleration to the secondary fluid

and thus the higher Er. This fact could provide
another  explanation for the superior
performance of 45° secondary fluid inlet ejector
case. The 30° secondary fluid inlet ejector
shows the most fluid flow circulation of the
secondary fluids before entering the mixer and
confirm the velocity contour of Figure 9 for the
non-uniform flow at the ejector. The cases of
60°, 75° and 90° also shows a secondary fluid
flow circulation at the inlet but with less intense
compared to that of 30° inlet angle case.
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Figure 10. Velocity streamlines of the two-phase ejector at different secondary fluid inlet angle and at primary fluid flow
rate of 12 L/min.

Figure 11 presents the results of
investigating the effect of multiple secondary
fluid inlets on the performance (Er) of a two-
phase water-steam ejector. The considered
secondary fluid inlet number for the ejector are
1, 2, 3 and 4 inlets. This increasing was while
maintaining the total cross section area of the
secondary fluid inlets constant and equal to
0.000154 m?, to allow a fair comparison for the
ejector performance between the studied cases.
The considered secondary fluid inlet angle is
45° for all the cases as it's the optimal angle that
gives the best ejector performance and as
explained in the discussion of Figure 8, 9 and
10. Each case of multiple secondary fluid inlet
where investigated at three primary fluid flow
rate values of 6, 12 and 24 L/min while keeping
the other operation and design condition fixed.
Figure 11 shows that the ejector Er is increasing
steeply by increasing the secondary fluid inlet
from 1 to 3 and this increasing becomes more
obvious when increasing the primary fluid inlet
from 6 to 24 L/min. The figure also shows that
there is no significant enhancement in ejector Er
by increasing the secondary fluid inlet from 3 to
4 at all the examined primary fluid flow rate.
The observed enhancement in ejector
performance (Er) due to increasing of secondary
fluid inlets could be due to several reasons; it

can effectively increase the contact area
between the primary and the secondary fluids.
Breaking down the secondary stream into
smaller jets facilitates more efficient the
momentum exchange from the primary fluid to
the secondary fluid and thereby improving the
ejector Er. Furthermore, dividing the secondary
fluid streams to multiple streams could
distribute the secondary fluid more eventually
across the primary fluid stream and enhance the
mixing process. However, by increasing the
secondary fluid inlet number from 3 to 4 shows
no significant enhancement in ejector Er and
that could be attributed to two reasons; dividing
the inlet to smaller passage leads to increase the
secondary flow velocity which potentially
increase the shear stress at the inlet and this
would impede the flow rate of the secondary
fluid entering the ejector, which reduce the
ejector Er. Also increasing the flow velocity
could increase the turbulence within the inlet
passage which lead to increased energy
dissipation and hinder the entrainment of the
secondary fluid and thereby the ejector Er. The
second reason could due to physical limitations
of the mixing chamber i.e. the available space is
saturated and adding more inlets may not
increase the mixing area or improve the flow
distribution.

143



Mustafa S. Mahdi, Akram W. Ezzat / Diyala Journal of Engineering Sciences Vol (18) No 2,2025: 130-148

0.07
0.06

Q1= 6 L/min
0.05 Q1= 12 L/min

—A—Q1=24 L/min

0.04

ER

0.03

0.02

0.01

]
!
1

Inlet-number

Figure 11. Secondary fluid inlet number vs ejector Er

The ejector velocity contour for the cases of
multiple secondary inlets is shown in figure 12
for the condition of 12 L/min primary fluid and
other operation and design condition are fixed
and similar to that of figure 11. The velocity
contour is presented in several mid planes to
show the velocity at all the secondary fluid inlets
of the ejector. It could be seen that the secondary
fluid velocity at the inlet is increasing by the
increasing of inlet number from 1 to 4 due to the
decreasing of inlet passage diameter. The figure
also shows that the penetration of secondary
fluid in the mixing chamber is improving, that
the smaller and faster jets of multiple inlets
cases penetrate deeper into the primary fluid
stream leading to enhance the momentum
mixing between the primary and the secondary
fluids. Figure 12 also shows that the secondary

fluids inlet velocity for the case of four
secondary inlets have increased at the secondary
inlets center line and that could be due to the
building of thicker boundary layer and thus the
viscosity increasing and the frictional losses
increases also, which reduce the enhancement
gained by increasing the secondary fluid inlet
number from 3 to 4.

The stream line for the cases of figure 12 is
plotted in figure 13. It could be seen from the
figure that the stream lines of secondary fluid at
the secondary inlets is more complex at the
multiple secondary inlet’s cases compared to the
single secondary inlet case. The cases of 3 and 4
secondary fluid inlet ejector show more uniform
flow distribution and that could be due to well
spacing of the inlets and that's make those cases
have the highest ejector Er.
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Figure 12. Velocity contours of the two-phase ejector at different secondary fluid inlet number and at primary fluid flow
rate of 12 L/min.
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Figure 13. Velocity streamlines of the two-phase ejector at different secondary fluid inlet number and at primary fluid
flow rate of 12 L/min.

145



Mustafa S. Mahdi, Akram W. Ezzat / Diyala Journal of Engineering Sciences Vol (18) No 2,2025: 130-148

Conclusion

This study presents a comprehensive
analysis of the influence of secondary fluid
geometrical parameters on the performance of a
two-phase water-steam ejector. A 3D numerical
model, validated through experimental data,
was employed to investigate the effects of
varying secondary fluid inlet angles and the
number of secondary fluid inlets across a range
of primary fluid flow rates. The key findings
include:

e A 45-degree secondary fluid inlet angle was
determined to be optimal for maximizing
ejector performance (Er). The wider angles
of 60°, 75° and 90° have less ejector
performance due to the reduce of the
perpendicular velocity component to the
primary fluid. The shallower angle of 30°
has the less mixing between the primary
and the secondary fluids and thereby the
minimum ejector Er.

e Increasing the number of secondary fluid
inlets from 1 to 3 significantly enhanced the
ejector Er and that could be due to
effectively increase the contact area
between the primary and the secondary
fluids, while further increases yielded
diminishing returns due to the fact that the
smaller the inlet passage has more shear
stress and this would reduce the mass flow
rate of the secondary fluid entering the
ejector

e The effects of secondary fluid inlet
parameters were more pronounced at higher
primary fluid flow rates.

These results offer valuable insights for the
design and optimization of two-phase ejectors,
particularly in applications such as desalination.
Future research could explore the impact of
additional geometric parameters and operating
conditions on ejector performance.

Abbreviations
Er entrainment ratio
1 turbulent intensity
Re Reynold number
Variables
P pressure N /m?
g gravity acceleration m/s?
k thermal conductivity W /m °C
T temperature °C
Greek
% velocity m/s
p density kg/m3
a volume fraction (-)
Subscript
l liquid phase
% vapor phase
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