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In this study, an air based ejector (ABE) was designed and manufactured, and the experiments were conducted
for air as the working ﬂuid with several motive pressures at two diﬀerent nozzle exit positions. Furthermore, a
simulation was carried out through the Realizable k-ε turbulence model to predict eﬀect of the inlet primary
pressure, and the nozzle exit position on the ﬁrst and second laws of Thermodynamics within the ABE. The
hydrodynamic behavior of the ﬂow ﬁeld as well as the exergy dissipation values within the ABE at diﬀerent inlet
primary pressures, and positions of nozzle were assessed. Moreover, the results revealed that the strain rate value
and the situation of the vortex inside the ABE determine the alteration of energy type, i.e. the kinetic energy
enhances and a vacuum is created. Ultimately, the highest ﬁrst and second law eﬃciencies of the ABE were 37%
and 82%; respectively, at nozzle exit position equal to −10 mm.

1. Introduction
Ejectors possess the long lifespan and simple geometry (no moving
parts), which transfer the energy from a primary ﬂuid to a secondary
ﬂuid. They do not require a mechanical shaft as the energy input. They
need little maintenance and have low installation and operation costs.
These facilities greatly reduce equipment mass and increases reliability
in industrial cycles [1]. All these are the reasons, for which ejector has
been widely used in a variety of thermal systems for power generation
and solar power technology [2,3]. Since the early nineties, gas and
vapor single phase ejectors have been noticed as a hopeful alternative
to many formal and heat-driven systems, such as absorption and compression systems based on the refrigeration cycles [4,5]. There have
been many ﬁndings in solar energy industry [6–9], among which it is a
reassuring approach to exploit ejectors within solar systems [10–12].
Arun et al. [13] investigated the performance parameters of an air
based ejector (ABE) experimentally at diﬀerent primary and secondary
mass ﬂow rates and diﬀerent entrainment ratios. Energy consumption
in vapor-compression refrigeration systems will be reduced by applying
a simple and cost-aﬀordable ejector instead of an expansion valve.
Numerous studies, such as Sag and Ersoy [14] experimentally found
that how much energy recovery is obtained when an ejector is utilized
instead of an expansion valve in refrigeration systems. Moreover, in
spite of the simplicity of the ejector, the existence of several phenomena
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makes the ﬂow ﬁeld within the ejector complex, such as subsonic and
supersonic velocities, shock waves interacting with boundary layers,
and mixing of streams with very diﬀerent velocities and densities [15].
Widespread applications of the ejector are conﬁned due to the low ﬁrst
law eﬃciency of the ejectors, and its high sensitivity to operating
conditions [16]. The investigations on the ejector design, and its operation is mostly dealing with the geometrical parameters of the ejector,
the performance characterization, and analyzing some ﬂow characteristics [17]. Ameur et al. [18] experimentally investigated the eﬀect of
changing the secondary ﬂow rate of the ejector on the compression
ratio (ratio of the outlet pressure from the diﬀuser to the secondary ﬂow
pressure) of the ejector whose working ﬂuid is R134a using in refrigeration cycles. They found that increasing the primary and secondary pressures leads to more expansion of the secondary ﬂow, and
less compression in the mixing chamber. They also indicated that the
less compression in the mixing chamber, the more compression in the
diﬀuser will be achieved.
On the other hand, many numerical studies have been conducted on
the ejector performance investigation [19]. Smierciew et al. [20]
showed that CFD can reasonably simulate the performance parameters,
and predict the eﬃciency of an ejector. Moreover, they illustrated that
the axi-symmetric modelling of the ejector presents almost the same
results as the 3D modelling of ejector. Bartosiewicz et al. [21] also
utilized Fluent the ejector simulation. The results indicated that the
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cross-sectional area (m2)
nozzle throat diameter to constant-area diameter ratio
diameter (m)
material derivative
total energy (J)
exergy (J)
destructed exergy (J)
reversible exergy (J)
enthalpy o the inlet ﬂuid (J kg−1)
enthalpy o the outlet ﬂuid (J kg−1)
turbulence kinetics energy (J)
thermal conductivity (W m−1 K−1)
eﬀective thermal conductivity (W m−1 K−1)
length (m)
ﬂow ratio
mass ﬂow rate (kg s−1)
primary ﬂow mass ﬂow rate (kg s−1)
pressure ratio
pressure (Pa)
ﬂow rate (m3 s−1)
heat ﬂux (W.m−2)
gas constant
radial coordinate
speciﬁc entropy (W kg−1 K−1)
volume rate of entropy generation (W m3 K−1)
entropy generation rate due to heating (W kg−1 K−1)
entropy generation rate due to ﬂuctuating (W kg−1 K−1)
temperature (K)
Favre averaged mean temperature of the ﬂuid (K)
velocity (m/ s)
output variable
axial coordinate

input variables

diﬀuser
diﬀuser throat
destruction
eﬀective
relating to ﬂuctuating
entropy generation
relating to heat transfer
inlet
constant-pressure mixing section
nozzle exit position
nozzle throat
outlet
operating point
primary
reversible
secondary
tensorial quantity
throat

Greek letters
α
β
γ
δ
ηІ
ηІІ
μ
τ
ω
ρ
Φ

shear stress transport (SST) of the k – ω turbulence model is in good
agreement with the test data. Mohamed et al. [22] applied a 2-D axisymmetric modelling of an ejector using Pentane as the working ﬂuid
by CFD. They proved that the numerical results have approximately
10% error compared to the experimental ones. Metin et al. [23]

thermal diﬀusivity (m2 s−1)
angle (o)
speciﬁc heat (J kg−1 K−1)
Kronecker Delta function
ejector energy eﬃciency
ejector exergy eﬃciency
Viscosity of ﬂuid (Pa.s)
stress (Pa)
entrainment ratio
density of ﬂuid (Kg m−3)
turbulent viscous dissipation function

numerically analyzed the impacts of the primary nozzle position, geometric characteristics of the eﬀective area of the secondary ﬂow, and
the converging angle of the mixing chamber on the transference of the
energy to the secondary ﬂow area using Fluent software. The results
indicated that changing the primary nozzle position can increase the

Fig. 1. Manufactured ejector geometry used for validation.
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a carefully designing can develop suction pumps with eﬃciencies on
the order of 30–40% [28].
There is diﬀerent instruction for designing the ejector components,
based on the primary and secondary working ﬂuid. The one-dimensional method is often used for engineering design purposes. Despite its
relative simplicity, it has been shown that it yields consistent and reasonably accurate results [29]. The simplest of them is for single phase
ejector; therefore, it was selected in this study. Pump eﬃciency is deﬁned as the ratio of the secondary ﬂuid to the energy extracted from the
primary liquid. It is evident that the pressure and the ﬂow rate are
critical parameters for designing any pump. M (ﬂow ratio) and N
(pressure ratio) which should be carefully speciﬁed for the design
process are:

N=

(Pd − Ps )
N
(P − Ps )
or
= d
(Pp − Pd )
N+1
(Pp − Ps )

(1)

M=

Qs
Qp

(2)

Hence, the ﬁrst law eﬃciency can be obtained from:

Fig. 2. Operating ratios diagram respect to b.

Qs (Pd − Ps )
= MN
Qp (Pp − Pd )

ηІ =

entrainment ratio (ratio of the secondary ﬂow rate to the primary ﬂow
rate) about 6%; however, variation of the converging angle of the
mentioned part of an ejector can raise the entrainment ratio up to 9%.
In addition to the ﬁrst law analysis of the ejectors, the exergetic
analysis can be used to discern the energy destruction sources in an
ejector. Exergetic investigation is eﬀective to distinguish the position,
sources, and the magnitude of the destroyed exergy. The physical exergy can be divided into thermal exergy, and mechanical exergy which
are mainly due to the temperature and the pressure, respectively [24].
Yari [25] investigated the eﬀect of using an ejector on second law efﬁciency of a refrigeration cycle. He found that the ejector can improve
the coeﬃcient of performance (COP) of the cycle up to 16% and reduce
the overall destroyed exergy about 24%. More recently, Hakkaki et al.
[26] made a CFD-based model to optimize the performance parameters
of the ejector through minimizing the entropy generation. Since entropy generation and performance losses are equivalent, minimizing
entropy generation can be used as a tool for performance optimization.
It is worth noting that owing to the inﬂuence of the ejector in the whole
system, it could be evaluated as the most important part of an optimization investigation causing to determine its operational conditions
and the geometric parameters, which leads to maximizing the performance of the system [27].
This concise summary apparently declares that a deep comprehension of the ﬂow characteristics happening inside the ejector is crucial to
be able to accomplish a precise design and enhance the ejector performance. The main aim of this work is presenting a robust analysis of
ﬂow phenomena, and the processes that lead to the generated entropy
inside an ABE. In fact, despite the adverse nature of the entropy generation in the mechanical systems, it is demonstrated that the major
reason for more accessibility of an ejector is its entropy enhancement.
Moreover, the results for air have been validated through experiments,
based on which choosing the k – ε model for the simulation of the
ejector is recommended.

(3)

For the numerical investigations of the present work, M is considered as 0.676. The theoretical pressure characteristic (N) for the
pump can be presented as a function of measurable parameters N (b, M,
Kn, Kdt, Ken) by combining the momentum equations of the ejector
components. The parameters K stand for friction loss coeﬃcient inside
the ejector components (Ken is the exit nozzle friction loss coeﬃcient).
The nozzle-to-throat area ratio b (=Dnt/Dth) is the only geometric
parameter in design of LJL ejector. Bonnington and King [30] found
that peak eﬃciency is highest for b = 0.2–0.3. This optimum performance parameter is because the eﬃciency depends on two unavoidable
losses (friction and the mixing loss). It is recommended that b = 0.25 is
good for starting the ejector design [31]. Generally, the K coeﬃcients
and the area ratio b remain constant and operating values of M and N
can be obtained using Fig. 2.

Mop = 0.676 and Nop = 0.428
The energy eﬃciency of a typical ejector is obtained 28.93 from Eq.
(3). Now, the inlet condition of the primary ﬂuid and its ﬂow rate can
be speciﬁed from Eq.(1) and Eq.(3) by having the values of the secondary pressure (Ps = 40kPa), the pressure at the outlet of the diﬀuser
Lit
(Pd = 101.325kPa), as well as the secondary ﬂow rate (Qs = 0.25 s )
are:

Pp = 244.416kPa and Qp = 0.37

Lit
.
s

According to the momentum equation for the nozzle and friction
loss coeﬃcient (Eq. (4)) which is known as Kn, the jet velocity head (Z)
is obtained. Then, the primary air velocity inside the nozzle can be
determined by Eq. (5) which is used to denote the size of the nozzle
(Dnt) and throat (DthDth):

Z=

Pp − Pd
(1 + Kn )

2. Design and manufacturing procedure

un =
The ejector in Fig. 1 is a typical single phase ejector. This system
contains a primary nozzle, a suction chamber, a mixing chamber, and a
diﬀuser nozzle. The diﬀerence between the pressure and the velocity of
primary ﬂow leads to entrain the secondary ﬂow into the mixing
chamber, and then simultaneous mixing and compression process
happen for the two streams in the next parts [26]. Beside the advantages of ejector, its main drawback is its low thermodynamic performance: both frictional and mixing losses are imposed. Nevertheless,

An =

= 136277.78

2Z
m
= 16.93
ρ
s
Qp
un

→ Dnt =

(4)

(5)

D
4An
= 0.0053m → Dth = n = 0.0106m
π
b

(6)

Then, the primary and secondary ﬂows mix in a highly irreversible
process in the mixing chamber. The throat ought to be long enough to
cause a complete mixture; however, the throat length must be as short
as possible to make the frictional losses minimum. Lth = 6Dth is
3
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governing equations in cylindrical coordinate can be estimated as [38]:

considered in the simulations. The selected length of the constant-area
mixing section (Lth) ensures a fully developed ﬂow before the diﬀuser
[28]. In order to size the diameter (Dd) and length (Ld) of the diﬀuser,
the divergence angle should be speciﬁed. A diﬀuser with a diverging

(

• Continuity equation
ρur
∂
∂
(ρu x ) +
(ρur ) +
=0
∂x
∂r
r

)

D 2

angle of 5°and the diﬀuser area ratio of a = D d 2 = 0.224 has length of
approximately

Ld =

Dd − Dth
2 tan αd

= 0.069 m

th

and

diameter

of

(7)

• Momentum equations

Dth2
a

Dd =
= 0.023 m . A shorter diﬀuser might be favorable; however,
waste of the kinetic-energy would be higher [28]. The best convergence
angle to avoid the creation of objectionable shock and eddy losses at the
convergence inlet should be considered. The role of the angle of converging section and diameter of the suction chamber on the rate of
entrainment of the secondary ﬂuid has been reported in literature. A
conical or tapered entry with an angle between 5 and 25 has been recommended [31,32]. Therefore, in this work, the diameter of the suction chamber and its convergence angle is selected 48 mm and 20°,
respectively.
Geometric conﬁguration of the ejector is obtained by alteration of
the primary nozzle position, which is introduced by Aphornratana et al.
[33]. As for the primary nozzle positioned at zero, the outlet exit is
considered at the beginning of the constant-area mixing chamber that
the positive direction of x-axis is regarded towards the inside of the
ejector [4]. Sanger [34] found that highest eﬃciency (above 40%) is
gained when Lne/Dth is close to zero. It is recommended that the ejector
ought to be manufactured assuming Lne/Dth = 1 [28] in order to remove a small gap between the primary nozzle and the wall of suction
chamber that can impose restrictions on the secondary ﬂuid ﬂow and
reduce the ejector performance. Characteristics and dimensions listed
in Table 1 are taken from the manufactured ejector for the experimental
study.

1 ∂
1 ∂
(rρu x u x ) +
(rρur u x )
r ∂x
r ∂r
1 ∂ ⎡ ⎛ ∂u x
2
1 ∂ ⎡ ⎛ ∂u x
∂ur ⎞ ⎤
−∂P
rμ 2
u )⎞⎤ +
rμ
+
=
+
− (∇ . →
3
r ∂r ⎢
r ∂r ⎢
∂x ⎠ ⎥
∂x
⎠⎥
⎦
⎣ ⎝ ∂r
⎦
⎣ ⎝ ∂x
(8)

1 ∂
1 ∂
(rρu x ur ) +
(rρur ur )
r ∂x
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1 ∂ ⎡ ⎛ ∂ur
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1 ∂
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u )⎞⎤ +
=
+
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⎢ ⎝ ∂r
r ∂x ⎣
3
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x ⎞⎤
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(∇ . →
u) + ρ x
− 2μ 2r +
⎢
⎥
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r
3
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r
∂
∂
⎝
⎠
⎣
⎦

(9)

With the velocity divergence in cylindrical coordinate:

∂u x
∂ur
u
∇. →
u =
+
+ r
∂x
∂r
r

(10)

• Energy Equation

→
∇ . (→
u (ρE + P )) = ∇ . [K eff ∇ . T − ( τ . →
u )]

(11)

_

where Keﬀ is eﬀective thermal conductivity (W/m K) and stress tensor τ´
and total energy E are:

∂uj ⎞
∂u
2
∂u
τ = μeff ⎜⎛ i +
μeff k δij
⎟ −
∂
∂
x
x
3
∂xk
j
i
⎝
⎠

3. Experimental setup

_

As shown in Fig. 3, an experimental set-up has been constructed to
be tested by air as the working ﬂuid. The experimental system is mainly
comprised of a compressor, ejector and measuring devices. The pressurized air to supply the continuous motive ﬂow in the ejector was
provided by air compressor, and the pressure gauge was connected to
the entrance of the primary nozzle to adjust the primary ﬂuid pressure.
The air stream has been taken from the surrounding atmosphere. The
ejector's components were made from PolyTetraFluoroEthylene (PTFE).
The primary nozzle, the ejector body, and the diﬀuser were screwed
with suitable grooves in the main body and then sealed. (See Fig. 4
once.)

E=h−

ρ=

(12)

u2

P
+
ρ
2

(13)

P
RT

(14)

where μeﬀ represents the dynamic viscosity (Ns/m ) and δij is Kronecker
delta function. For the compressible ﬂuid, the ideal gas model has been
used.
Inasmuch as the ejector motive stream is turbulent, a turbulence
model must be considered for calculating the ﬂuid properties. In this
work, three popular turbulence models have been used and a detailed
description of them can be found in [35].
2

4. Computational procedure

1- Spalart-Allmaras.
2- Shear Stress Transport (SST) k-ω.
3- Realizable k-ε.

The main purpose of this study was obtaining more data by CFD
procedure; therefore, we tried to simplify the ﬂuid ﬂow process inside
the ejector, and consider it as a 2D-axisymmetric process similar to how
Pallares et al. [35] conducted the ejector simulations. Meanwhile, as
mentioned in the literature, there exists little diﬀerence between 2-D
and 3-D analyses of an ejector.
In the ejector, the ﬂuid ﬂow is governed by the axisymmetric form
of the conservation equations. Some basic assumptions were made in
order to solve the equations. The below presumptions cause the solution become relatively simple and time-saving [36]:

Table 1
Geometrical dimensions of the ejector.

(1) The inner wall of the ejector is adiabatic.
(2) A steady-state ﬂow is considered inside the ejector.
Assumption (1) demonstrates that the heat transfer between the
environment and the ejector is negligible. Although Reynolds number
can be low in speciﬁc areas, the ﬂow is generically turbulent in the
computational domain [37]. On the basis of the cited assumptions, the
4

Characteristic

Unit

Dimension

Throat diameter of the primary nozzle
Outlet opening diameter of the primary nozzle
Diameter of the suction chamber
Convergence angle of the suction chamber
Nozzle position relative to the constant-area mixing section
Diameter of the constant-area mixing chamber
Length of the constant-pressure mixing section
Length of the constant-area mixing chamber
Length of the ending diﬀuser
Diameter of the outlet of the diﬀuser
Divergence angle of the diﬀuser

Dp
Dnt
Ds
βs
Lne
Dth
Lmp
Lth
Ld
Dd
βd

12 mm
6 mm
24 mm
20o
0, −10 mm
11 mm
11 mm
66 mm
69 mm
23 mm
5o
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Fig. 3. Three-dimensional model of the ejector used in experimental validation (a) nozzle, (b) suction chamber, (c) mixing section and diﬀuser, (d) assembled ejector.

∼ ∼ ∼
Sg, μ = Sg, μ (mean) + Sg, μ (fluc )

The balance equation for the entropy in the ﬂow ﬁeld is expressed as
[35]:

ρ

q
Ds̿
= −∇ . ⎛ ⎞ + Sg
Dt̿
⎝T ⎠

where,
∼
Sg, μ (mean)

(15)

in which s, q, T, and Sg are the speciﬁc entropy, the heat ﬂux vector, the
local absolute temperature, and the entropy generation per unit volume
at an arbitrary point in the medium. Sg is obtained from [35]:

Sg = Sg, h + Sg, μ = −

μ
1
q . ∇T + Φ
T
T2

=
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∂u͠ 2
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2
⎥
⎢ ⎝ ∂r ⎠
∂
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T⎨
r
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x
3
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2
⎛ 1 ∂ (r . u͠ r ) + ∂u͠ x ⎞ ⎫
∂
∂
r
r
x
⎝
⎠⎬
⎭

(16)

Ex des =

−1
q . ∇T + μ Φ
T

(19)

(24)

−1

where,

∼ αfluc∼
Sg, h (fluc ) =
Sg, h (mean)
α

(23)

Ex rev = ṁ p [(hi − ho) − T0 (si − so)]
ηІІ = 1 −

(18)

(22)

Moreover, in terms of exergy analysis of the ejector, the following
equations are applied to the numerical investigations.

(17)

∼ 2
∼ 2
∼
K ⎡ ∂T ⎞
⎛ ∂T ⎟⎞ ⎤
Sg, h (mean) = − 2 ⎢ ⎜⎛
⎟ + ⎜
⎥
T ⎝ ∂r ⎠
⎝ ∂x ⎠ ⎦
⎣

(21)

∼ ρε
Sg, μ (fluc ) = ∼
T

where Sg, h, Sg, μ, and Φ are the local entropy generation rate due to the
heat transfer, the local entropy generation rate due to the friction, and
turbulent viscous dissipation function, respectively. In order to obtain
an equation for the mean entropy, the Favre averaged of Eq. (15) must
be computed due to the turbulent ﬂow. Thereafter, the mean entropy
equations for the heat transfer contribution and the ﬂuctuating contribution are [35]:

∼ ∼ ∼
Sg, h = Sg, h (mean) + Sg, h (fluc )

(20)

q . ∇T + μ Φ
Ex des
T
=1−
Ex rev
ṁ p [(hi − ho) − T0 (si − so )]

(25)

The ejector is presumed to be axisymmetric along the x-axis; hence,
just half of the ejector is modeled. The governing diﬀerential equations
(continuity, momentum, and energy) are discretized by the ﬁnite volume method (FVM). For all equations, convective terms are discretized
using a second order upwind scheme and a central diﬀerence scheme is
used to discretize the diﬀusions terms. The SIMPLE algorithm is applied
to solve the nonlinear coupling sets of discretized equations for the

Moreover,

Fig. 4. Detail of the mesh grid used in the simulations.
5
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operating conditions which are important to analyze the generated
entropy inside the ejector. In this part, validation of the numerical
approach is given for the static pressure of the secondary ﬂow. The
main focus of the present work is to determine the impact of working
ﬂuid, nozzle exit position and the primary pressure on the value of the
entropy generation inside the ejector by using CFD.
Table 2 presents the values of the static pressure of the secondary
ﬂow obtained by CFD-based simulations and corresponding to the
available experimental values for air as the working ﬂuid. Simulations
were performed for diﬀerent primary ﬂow pressures of 200, 300 and
400 kPa, while the discharged ﬂow pressure remained constant at
ambient pressure. As previously mentioned, in the case of compressible
ﬂows involving shock waves, choosing the best turbulence model is
noteworthy. Therefore, Spalart-Allmaras model is not good due to its
problem with simulating rapidly changing ﬂows as well as areas with
high turbulence intensity [41]. As it is expected, CFD can predict
ejector performance well and can be used to reveal the eﬀect of operating conditions on the ejector performance. The diﬀerence between
the static pressure of the secondary ﬂow predicted by numerical simulation and experimental one is 9.9% by Realizable k-ε turbulence
model for the primary stream operating pressures of 200 kPa and increases for 300 and 400 kPa which is acceptable. This validation demonstrates the ability of CFD to simulate the ejector ﬂow analysis with
reasonable ﬁdelity. According to the level of agreement between the
experimental data and the simulations, the Realizable k-ε turbulence
model is selected to predict the ejector operation at other conditions to
illustrate the phenomena that occurs inside the ejector.

pressure and velocity. The non-uniform structured mesh is used in the
computational domain. The boundary layer mesh was regarded near
the wall where gradients are intensive. In this paper, the mean value of
y+ = 70 has been employed as the standard wall function (See Fig. 5).
An acceptable grid formulation was utilized; scalar quantities (pressure
and thermo-physical properties) are stored at the nodes in the center of
the control-volume, and vector quantities (velocities) are stored at ones
at the surface of the control volume. When all residuals (for the momentum, the energy, and the turbulent equations) are below 10−6, it
can be claimed that convergence is achieved. The grids of the 2D ejector
are selected 22,840 after performing a grid independency examination.
In order to simplify the analysis, it is presumed that the kinetic
energy at the inlet of the primary ﬂow and the outlet of the diﬀuser are
negligible [39]. Hence, the inlet boundary is deﬁned as the inlet pressure and the outlet one is deﬁned as the outlet pressure. The turbulence
intensity is 5% in the inlet. Also, the body forces and the heat transfer
between the ﬂuid stream and the solid walls are negligible due to the
high velocity of the ﬂuid ﬂow inside the ejector, and the thermal isolation without any heat ﬂux. So, the ejector walls are assumed smooth,
adiabatic, and the no-slip condition is considered.
5. Uncertainty investigation
While implementing the experiments, creation of errors through the
measurement devices is certain due to many factors, such as calibration
errors, measurement errors, and etc. Hence, conducting an uncertainty
analysis is vital to indicate the data are acceptable. Assume W as the
experimental result depending on some input variables Yi. Then, the
acquired uncertainty can be obtained using Eq. (20) regarding the impacts of all input variables on the examined output [40].
N

⎛
δW = ⎜∑
⎝ i=1

2

1

⎡ ∂W δYi ⎤ ⎞
⎟
⎥
⎢
⎦⎠
⎣ ∂Yi

7. Results and discussions
In as much as obtaining more data in the experiments are often
expensive, and diﬀerent diﬃculties would be encountered, a CFD
analysis has been conducted to resolve this issue. At ﬁrst, the CFD
model was validated and then, the eﬀects of operating conditions and
the ejector geometries on the behavior of the ﬂuid ﬂow inside the
ejector were investigated. Moreover, this study investigated the thermoﬂuid characteristics of an ejector considering the primary ﬂow pressures of 100, 150, 200, 300 and 400 kPa. It must be cited that all investigated primary pressures are reported as relative pressures to the
atmospheric state. On the other hand, the energy losses in a suction
system like ejector due to exchanging of the energy form from velocity
to pressure and vice versa lead to the entropy generation. Therefore,
obtaining the amount of entropy generation and factors, which aﬀect its
value, could help to understand the second law eﬃciency of the ejector,
and raise its performance in any cycles.

2

(26)

∂W
∂Yi

is the coeﬃcient of sensitivity of the output W with regard
where
to the input variables, Yi. Moreover, the term δYi presents the uncertainty limitation for that input variable. In the present study, the
accuracy of manometer measurements was estimated about 1 mm. The
maximum uncertainty of pressure was obtained 1.11% using Eq. (26).
From an engineering viewpoint, if the present experiment was repeated
using the same apparatus and techniques, the reported values would be
the best estimate for the results with 95% conﬁdence.
6. Validation
The CFD analysis is conducted in two steps. First, the same condition as the experiment was simulated in order to validate the CFD
model and selecting the turbulence model which has good agreement
with the experimental data. Second, more data (which is complicated to
be obtained by the experimentations) has been achieved by using numerical technique in order to study the inﬂuence of working ﬂuid and

7.1. The phenomena inside the ejector
In this part, the selected CFD model has been applied for illustrating
the behavior of ﬂow ﬁeld inside the ejector. Fig. 5 describes the velocity
(in terms of m/s) and the static pressure (in terms of Pa) contours of the

Fig. 5. Velocity (up) and static pressure (down) contours of the ﬂow inside the ejector for Pp = 150 kPa.
6
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Table 2
Experimental data and CFD results for the static pressure of the secondary ﬂow.
PP (kPa)

200
300
400

PS (kPa)

Simulation error (%)

Experimental

K−ε

K−ω

S−A

K−ε

K−ω

S−A

−39.99
−57.33
−69.33

−43.95
−48.49
−51.72

−43.97
−49.67
−51.84

−44.25
−50.34
−54.15

9.9
−15.41
−25.4

9.95
−13.36
−25.22

10.65
−12.19
−21.89

ﬂow inside the ejector for primary pressure of 150 kPa. It can be noticed
that the primary ﬂow velocity enhances quickly, while the ﬂow exits
the nozzle outlet. The exit ﬂuid from the nozzle creates a ﬂow with high
velocity, which sucks the secondary ﬂow with low velocity inside the
suction chamber. Then, a thick boundary layer between the two ﬂows
(high-speed and low-speed ﬂows) is constructed. Within the mentioned
boundary layer, both primary and secondary ﬂows mix together with
intensive interaction, and the type of energy alters. Also, the velocity of
the primary ﬂow keeps declining, and the secondary ﬂow velocity keeps
growing until thoroughly mix with each other, and their speeds approximately reach the same values. During this process, thermal and
frictional losses will happen. As the velocity of the mixing ﬂuid regularly decreases in the diﬀuser, the pressure form of the energy becomes predominant over the kinetic energy, so the pressure of the
mixed ﬂow enhances.
As the contours show, as the highly-pressurized primary ﬂow moves
towards the nozzle, its pressure reduces quickly. Afterwards, a lowpressure area, which is below the secondary ﬂow pressure, is formed at
the nozzle outlet. According to this pressure diﬀerence, the secondary
ﬂuid ﬂow is dragged towards the suction section. Within the distance
between the nozzle outlet, and the mixing section, the pressure of the
ﬂuid ﬂow oscillates, which leads to forming a vortex. It is mostly related
to drastic changes of the velocity. This vortex shows the main role of the
distance between the nozzle exit position and the mixing section inlet in
determining the application of the ejector. In fact, by altering either this
distance or the primary ﬂow pressure, the application of the ejector as a
suction pump, or a mixer will be speciﬁed.

As mentioned before, the mixing and friction are the origins of the
losses in ejector. These are originated from the change in the energy
form, and the strain rate parameter can be used to demonstrate them.
On the other hand, entropy generation is equal to the irreversibility
because of losses in the system. As it can be seen in Fig. 7, the high
value of strain rate (dissipation) is in the region, which momentum get
exchanged from pressure form to velocity form; hence, it is responsible
for generating high value of entropy.

7.3. On the role of exit nozzle position
The inﬂuence of the position of the nozzle on the secondary pressure
and the ﬂow velocity (in terms of m/s) inside the air ejector for two
positions of the nozzle were illustrated in Fig. 8. In this ﬁgure, the
primary pressure was set at 150 kPa and the nozzle was adjusted in two
diﬀerent positions (Lne at 0 and − 10 mm). The results are typical of all
data collected. Generally, the jet length which penetrates into the
constant-area region of mixing channel was found to rise up by increasing of Lne and more suction was produced in the mixing chamber.
According to the literature, the ejector design must be in proportion to
its application that is expected. In other words, if the ejector is used as a
suction pump, it is needed that the mixing must happen in limited
space; therefore, the pressure drop due to the conversion of pressure
and velocity will occur in a conﬁned space to obtain more vacuum. On
the other hand, in mixing applications, the energy exchange area must
be such that particles of two ﬂuid have enough time and space to mix
together in order to enhance the mixing eﬃciency. Thus, the eﬀect of
the nozzle position on the mixing eﬃciency and the value of irreversibility are considerable.
In order to study the quantitative eﬀect of nozzle exit position,
secondary pressure and entropy generation values are presented in
Table 4. The distance between nozzle position and the mixing chamber
inlet considerably aﬀects the suction pressure. Moreover, it is observed
that a large momentum diﬀerence occurs between the primary and
secondary ﬂows, which can lead to generating more entropy inside the
ejector. It is evident that although the vacuum increases by increasing
this distance, more entropy produces. In other words, the velocity
gradient, and the strain rate occurs in the region, in which the pressure

7.2. On the role of the primary ﬂow pressure
Table 3 demonstrates the eﬀect of inlet pressure of the primary ﬂow
(Pp) on the generated suction values in the ABE.
It can be witnessed that in the vicinity of the design pressure
(144 kPa), the predicted suction pressure by the Realizable k-ε model is
in good agreement with experimental values. Moreover, it was experimentally revealed that by increasing the inlet pressure, more entropy
will be generated inside the ejector. In addition, Ps increases by increasing of the primary ﬂow pressure. Clearly, it is observed that the
more vacuum, the more entropy generation value, which is the key
characteristic in the ejectors operation. The most important feature is
the jet ﬂow geometry shown in 6. Another signiﬁcant trait that should
be analyzed is the speciﬁc ﬂow structures (e.g. vortices). Fig. 6 shows
the streamlines of ﬂow and formation of vortices at the mixing section
and velocity contours (in terms of m/s) for observation of jet penetration length. Vortices can provide additional information for the purpose
of these investigations, although they are strongly unfavorable in
ejector operation. By means of raising the primary pressure, the vortices
move to the suction part and aﬀect the ejector applicability.
It can be observed that the jet shape signiﬁcantly depends on the
primary pressure. Furthermore, the length of the jet, which penetrates
into the constant-area region of mixing channel, decreases by increasing the primary pressure. So, the energy conversion happens inside
the diﬀuser throat and in the vicinity of the nozzle exit (See Fig. 7). On
the other hand, when the momentum choke occurred at a further distance from throat entrance of diﬀuser, the ejector can produce more
vacuum and then, its performance increases.

Table 3
Secondary static pressure and entropy generation for diﬀerent primary pressures by the Realizable k − ε model for the ABE.

7

PP (kPa)

PS (kPA)
Experimental

PS (kPa)
K-ε

Sg
W/m3.K

50
60
100
130
140
150
200
250
260
300
350
400

−11.99
−13.33
−22.66
−26.66
−31.99
−37.33
−39.99
−47.99
−50.66
−57.33
−63.99
−69.33

−19.99
−22.50
−31.83
−36.36
−35.81
−38.96
−43.95
−47.37
−47.96
−48.49
−51.36
−51.72

125.62
177.78
205.52
254.14
274.14
287.08
365.4
442.6
459.62
543.48
632.92
739.84
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Fig. 6. Velocity magnitude and streamlines (a) Pp = 150 kPa, (b)
Pp = 200 kPa, (c) Pp = 300 kPa, (d) Pp = 400 kPa.

Fig. 7. Strain rate and entropy dissipation (a) Pp = 150 kPa, (b) Pp = 200 kPa,
(c) Pp = 300 kPa, (d) Pp = 400 kPa.

form of energy dominates the kinetic sort of energy leading to creation
of more suction which is the main purpose of this device.

thermodynamic analysis of the ejector. The suction pressure and the
entropy generation values have been compromised based on diﬀerent
motive inlet pressures. In addition, Fig. 10 illustrates the energy and
exergy eﬃciencies of the air ejector for two positions of the nozzle. It
shows that the −10 mm nozzle position presents more energy and
exergy eﬃciencies for the ejector than the 0 nozzle position. Besides,

7.4. Thermodynamic analysis of the ejector
Table 5 indicates the summery of the numerical results in terms of
8
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After that, the eﬀects of primary inlet pressure, and the nozzle exit
position on the generated vacuum, entropy generation, energy and
exergy eﬃciencies within the ejector were conducted both experimentally and numerically.
This work showed that these parameters aﬀect the value of generated entropy inside the ejector and in this way created a new idea for
designing the ejector which is a highly usage device in various industries. The following key points are derived from this study:

• The highest agreement between the CFD results and the empirical
data was acquired for the Realizable k-ε turbulence model.
• The diﬀerence between the numerical and experimental results increases by a move away from the design gauge pressure (144 kPa).
• Increasing the primary pressure is not necessarily the right option
Fig. 8. (a) Pressure in terms of Pa, (b) velocity contour in terms of m/s at
Pp = 150 kPa, Lne = 0 (up) -10 mm (down).

•

Table 4
Secondary static pressure (kPa) and entropy generation (W/m3.K) for diﬀerent
primary pressures by the Realizable k − ε model for the ABE.
Pp (kPa)
Lne (mm)
0
−10

Parameter
Ps
S″gen
Ps
S″gen

100
−31.83
205.52
−36.08
241.78

200
−43.95
365.4
−50.17
427.96

300
−48.49
543.48
−55.69
563.54

Apparently, the strain rate and the temperature gradient are two
parameters that can be extracted from the entropy generation concept.
These parameters can be obtained by solving the ﬂuid ﬂow equations.
In this study, the generated entropy has been derived by adding the
heat transfer and frictional components. The generated entropy due to
the frictional losses is considerable, which is inﬂuenced by the movement of the nozzle exit position, and the motive inlet pressure.

400
−51.72
739.84
−72.18
2230.44

Table 5
Secondary static pressure and entropy generation for diﬀerent primary pressure
by k-ε model for the ABE at NEP = 0 mm.
Pp (kPa)

PS (kPa)

Sg (W/m3.K)

Exrev (KW)

ηІ

ηІІ

100
200
300
400

−31.83
−43.95
−48.49
−51.72

205.52
365.4
543.48
739.84

0.62
1.26
2.27
3.16

0.32
0.21
0.16
0.12

0.71
0.74
0.79
0.51

for enhancing the eﬃciency. It is true that increasing the primary
pressure provides more vacuum; however, irreversibility generation
rate also enhances. Even though the entropy generation has been
demonstrated as a parameter that always reduces the thermodynamic cycle eﬃciency, in this work it has been indicated that the
cost of vacuum production yields an increase in entropy of the
system.
The −10 mm exit nozzle position presents better thermodynamic
eﬃciency compared to the 0 one.
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the eﬀect of exit nozzle position on the energy eﬃciency is more than
that on the exergy eﬃciency of the ejector. It is implied that this ejector
ought to be designed for air due to the reasonable ﬁrst and second law
eﬃciencies of the ejector. Moreover, the interesting point is that the
ejector was designed on the basis of the 144 kPa primary gauge pressure, and Fig. 9 demonstrates the eﬀectiveness of this design parameter
based on both ﬁrst and second law evaluations. The maximum ﬁrst law
eﬃciency of the designed air ejector is reported about 37% and the
maximum second law eﬃciency of the proposed ejector is 82% implying losing minor amount of energy while producing vacuum. Furthermore, the maximum amounts of uncertainties for the energy and
exergy eﬃciencies were obtained as 2.1 and 1.8%, respectively.

90
80

Efficiency (%)

70

NEP=-10 mm, First law eficiency

60

NEP=0 mm, First law eficiency
NEP=-10 mm, Second law eficiency

50

NEP=0 mm, Second law eficiency

40
30

8. Conclusion

20
The general understanding of ejector function in cycles provided by
thermodynamic models, are unable to completely consider all the
parameters involved in the ejector operation. As a matter of fact, this
mechanical device ought to be investigated through ﬂuid mechanics. In
the present study, a single-phase ejector was designed and tested by air
as the working ﬂuid on diﬀerent conditions with simple setup, and
mathematical assumptions. Then, the ﬂow characteristics of the ejector
were evaluated by three diﬀerent numerical turbulence models validated by experimental results to select the most compatible model.

10
0
100

200

Pp (kPa)

300

400

Fig. 9. First and second law eﬃciencies of the designed air ejector for diﬀerent
primary pressures, and diﬀerent exit nozzle positions.
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