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For this study, the computational fluid dynamics (CFD) technique was used to investigate
the combined effects of different geometric parameter relationships; inclination angle variation
of the secondary fluid inlet, different lengths of the mixing chamber, and different separation
values between the nozzle outlet and the input of the mixing chamber, in an air-air ejector
used in a subsonic regime. As a working fluid, the air was used as an ideal gas and its viscosity
was expressed as a constant both in the primary and secondary fluids. The renormalization
group (RNG) k —¢ turbulence model was used to predict more accurately the way the pressure
recovers along the ejector and suitability /applicability to for recirculation flows. It was found
in the numerical results that there is an optimal value of the inclination angle for the secondary
fluid inlet, the length of the mixing chamber and the separation between the nozzle outlet and
the mixing chamber inlet, where the ejector obtains its maximum mass flow ratio. In addition,
it was found that the efficiency of the air-air ejector is related to the inclination angle of the
secondary fluid inlet.
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1. INTRODUCTION

Ejectors are static pumping devices that use the kinetic energy of a primary
fluid to create a low pressure and drag a secondary fluid. They are made up



258 J.F. HINCAPIE-MONTOYA et al.

of four parts: nozzle, suction chamber, mixing chamber and diffuser [1]. The
primary fluid leaves the nozzle at high velocity and drags a secondary fluid from
the surroundings of the nozzle, called the suction chamber. The suction chamber
can be of two types: axial input or circumferential input. The mixing process of
the two fluids takes place in the constant cross-sectional area, called the mixing
chamber. In the diffuser, at the end of the mixing chamber, the mixture slows
down to the discharge velocity and pressure, see Fig. 1. The ejector’s advantages
lie in simple construction, easy installation, low cost and no moving parts, so it
does not require periodic maintenance.
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FiG. 1. Ejector diagram: a) ejectors with axial inlet suction chamber, b) ejectors with circum-
ferential inlet suction chamber.

The ejectors are crucial for industrial processes such as: corrosive liquid
pumping, nuclear reactor cooling systems, steam compression cooling systems,
and industrial ventilation in power plants, in which, due to the operating con-
ditions, the implementation of traditional ventilation equipment becomes un-
feasible [2—4|. Therefore, the high efficiency of the device is critical. The ejector
efficiency is defined as the amount of energy transferred from the secondary fluid
to the primary fluid.
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Experimental studies have been conducted about the efficiency of the air-air
ejectors by changing its geometric parameters: a mixing chamber length, the
separation between nozzle outlet and mixing chamber inlet, and the diffuser an-
gle. In addition to these geometrical parameter changes, MEAKHAIL et al. [5]
increased the number of nozzles in the ejector. They found that changing the
number of nozzles in the ejector does not have a notable effect on its efficiency.
FLOREAN et al. [6] made measurements of the velocities and their fluctuations
using the f particle image velocimetry (PIV) in the mixing chamber for three dif-
ferent geometries of a jet pump. On the other hand, A1ssA [7] worked with sonic
and supersonic ejectors, where the secondary fluid entered the mixing chamber
through two coaxial tubes to the nozzle. Experimental results showed that low-
pressure ratio ejectors have a higher efficiency than high-pressure ratio ejectors.
However, in these experimental studies, the secondary fluid was circumferentially
introduced into the suction chamber and was supplied by an air compensation
tank that controlled and measured the flow rate entered, regardless of the geo-
metric parameters of the secondary fluid inlet and suction chamber.

Nowadays, the application of computational tools is required to test, modify
and analyze geometric parameters that can influence the efficiency of ejectors.
The computational fluid dynamics (CFD) technique provides more detailed in-
formation on complex phenomena taking place in ejectors. For example, MAN-
ZANO et al. [8] used this technique to determine the influence that the geometry
of a Venturi injector’s geometry on the pressure losses for different throat mor-
phologies. They demonstrated that using rounded edges in the suction chamber
would delay the development of cavitation and reduce pressure losses. LISOWSKI
and MOMENI [9] performed CFD simulations of the fluids present in a new
prototype jet pump. They evaluated three different nozzle designs, and pre-
sented their influence on the ejector pressure head. Liu and COSTIGAN [10],
using CFD, modeled the formation of supersonic swirling flows in a prototype
ejector. GENC et al. [11] conducted CFD simulations to investigate the influ-
ence of the inclination angle of the secondary fluid on the performance of ejec-
tors used in solid oxide fuel cells. They found that the resistance of the pri-
mary fluid decreases by increasing the inclination angle of the secondary fluid,
therefore, improving ejectors’ performance. Through the conducted CFD simula-
tions, they concluded that the swirling effect helps in mixing the flows, decreas-
ing the central velocity and increasing velocity near the walls of the prototype
ejector.

Experimental and CFD work has been carried out on different geometric pa-
rameters separately in the ejectors, and similar results in air-air subsonic ejector
efficiency performance were obtained. However, few articles present CFD investi-
gations of subsonic ejectors with different geometric parameters at the secondary
fluid inlet.
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In this work, the efficiency of an air-air subsonic ejector was studied by CFD,
considering the combination of different geometric parameter relationships: the
variation of the inclination angle of the secondary fluid inlet, for different lengths
of the mixing chamber versus its diameter, and the separation between nozzle
outlet and mixing chamber inlet versus the injector diameter. In addition, exper-
imental work is carried out that is mainly used for the validation of the model

by CFD.

2. BEJECTOR MODELING

2.1. Ejector geometric parameters

The subsonic ejector model used in this work is shown in Fig. 2. The main
parts of the ejector are the suction chamber with an axial inlet at an inclination
angle of 3, the mixing chamber with a length L,,,. and a constant diameter D,
and the converging nozzle with an outlet diameter d,. Additionally, there is the
separation H between nozzle outlet and mixing chamber inlet. By the point p,
a primary fluid enters at a pressure P, and with a volumetric flow of @),. The
primary fluid leaves the nozzle at point o, creating a low-pressure region in the
nozzle outlet and around the suction chamber. Because of this, the secondary
fluid is dragged freely, from point s, at a pressure P and with a volumetric flow
of Q5. The entrained secondary fluid mixes with the primary fluid in the mixing
chamber. The mixture leaves by point d, with a discharged pressure P; with
a volumetric flow Q4. In this work, the diffuser was not used at the end of the
mixing chamber.
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F1a. 2. Subsonic ejector representation: a) geometrical parameters, b) commercial ejectors.

The main geometric parameters of the commercial ejector used in this work
are the inclination angle of the secondary fluid inlet towards the suction chamber,
5 = 20°, the mixing chamber diameter, D,,. = 43.9 mm, the nozzle outlet
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diameter, d, = 15.76 mm, and finally, the separation between the nozzle outlet
and mixing chamber inlet, H = 97 mm. For the mixing chamber length L,,.,
a stainless-steel tube of the same diameter coupled to the ejector was used.

The performance of air-air ejectors is presented in the form of the mass flow
ratio of secondary fluid and primary fluid (¢) versus pressure ratio (R,), from
the axial suction inlet to the mixing chamber outlet. The efficiency of air-air
ejectors was calculated by CHOU [1] using the following equation:

_pst(Pd*Ps)

21) = piQi (P; — Py)

-100 = ¢R,.

2.2. Ezxperimental method

The schematic diagram of the experimental system used in this study, which
includes the air supply unit and its measuring instruments, is shown in Fig. 3. For
the primary fluid line, a centrifugal fan is used to enter a constant air volumetric
flow rate. The pressure and volumetric flow rate of the primary fluid are adjusted
by the valve. While for the secondary fluid line, the pressure is atmospheric and
the volumetric flow is dragged on demand. An anemometer was installed at the
mixing chamber outlet to quantify the outlet velocity of the mixture.
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F1G. 3. The schematic diagram of the experimental system.

The CFD analysis consisted of combining three different geometric parameter
relationships of the ejector. The first relationship refers to the inclination angle
of the secondary fluid inlet versus the suction chamber, where the angle took
the values between 20° < 3 < 90°. The second relationship refers to the mixing
chamber length versus the mixing chamber diameter, where five relationships
were used: Ly, /Dem = 2, 4, 6, 8, 10. Moreover, the third relationship refers to
the separation between the nozzle outlet and mixing chamber inlet versus the
injector diameter, where three relationships were used: H/d, =0, 1, 2.

3. CFD MODEL

All governing CFD equations for the air-air subsonic ejector, turbulent and
three-dimensional in steady-state, were performed as follows.
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3.1. Mathematic model

The continuity, momentum and energy equations for stable state flow used
to solve the system are shown below:

oU;
(3.1) 0z 0,
(3.2) pU] 8£Cj N 8561 + a’E]’ [Neff (895] + 8561) puiuj:|7
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where U, P and T are the components of velocity, pressure and temperature;
w, and T" are the fluctuant components of the velocity and temperature; p, peg
and Pr are density, effective dynamic viscosity and Prandtl number of the fluid,
respectively. Effective dynamic viscosity is equal to peg = p+ ur, where, turbu-
lent viscosity pr is calculated by pr = Cpp (/12 / 5).

Turbulent stress tensor —pu;u;. was calculated by the RNG x — & turbulence
model [12]. Among Reynolds-averaged Navier-Stokes (RANS) turbulence mo-
dels, the RNG k — € model can more accurately predict pressure recovery along
the ejector and is suitable for flows with recirculation [13, 14|. The equations
that model turbulent kinetic energy x and the dissipation ratio € are as follows:

0 9] Ok
4 T (pUik) = — Al -
(3.4 5 0U) = 5o [anueﬁ axj £ pe,
0 0 Oe € g2
(3.5) 8750] (pUje) = Tx] [asﬂeﬁaxj + Cl;G - PC2;7

where a, and «. are the inverse effective Prandtl numbers for x and ¢, respec-
tively. The turbulent kinetic energy production ratio G is calculated by

ou;  oU,\ 90U,

3.6 G= L4 L
( ) r (al’k 8£Ej> 8:Ck
the RNG k — ¢ turbulence model assumes different values for the coefficients,
evaluated by the standardization group theory as follows:
Cyn3 (1 — (n/4.8))

1+0.012n3
with n = % and S = |/251S;k, where n is the turbulent average stress timeline
and S is the tensor of the average deformation rate. The constant parameters

of the RNG k — € turbulence model are given by C,, = 0.0845, C; = 1.42, and
o, = 0. = 0.7194.

(3.7) Co =1.68+
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3.2. Numeric solution

Continuity, momentum, energy and turbulence equations were solved using
ANSYS FLUENT software based on the finite volume method. In all cases, air
as an ideal gas was used as a working fluid and its viscosity was expressed con-
stant due to small temperature changes in the ejector. To solve these equations,
appropriate boundary conditions must be applied on each of the ejector surfaces.
At the inlet of the nozzle, the primary fluid is with a constant mass flow equal
to 0.031 kg/s. A static pressure inlet condition was implemented at the mixing
chamber inlet. Meanwhile, a static pressure outlet condition was implemented
at the mixing chamber outlet. The adiabatic boundary condition and non-slip
without roughness were implemented on all ejector walls. The flow near the walls
was treated with standard wall functions.

The computational domain was discretized using a structured mesh. The
size and number of elements along the central axis of the nozzle and mixing
chamber were controlled, better capturing the secondary fluid entrainment and
the mixture in the mixing chamber. The mesh size for the whole ejector was
exploited to improve accuracy and computation time, see Fig. 4.

Fia. 4. Details of the ejector’s computational domain structured mesh.

The number of elements used in the computational domain has a strong in-
fluence on the obtained results. Therefore, a mesh independence analysis was
carried out to ensure the accuracy and reliability of the results in a shorter
calculation time. The pressure and velocity at point s, at the secondary fluid
inlet, and at point d, at the mixing chamber outlet, are used to perform the
independence analysis. In addition, the computational model was validated by
comparing the mass flow ratio, ¢, experimentally obtained and by CFD. In Ta-
ble 1 it can be seen that errors are very close to each other, and with 308 660
elements, the most acceptable errors for the three comparisons are obtained.
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Table 1. Analysis of mesh independence and verification of results
at points s and d.

Point s Point d

Number Error

. Pressure | Error | Velocity | Error | Pressure | Error | Velocity | Error | ¢ Exp.|¢ CFD G
of cells o [%]

[Pa] [%] [m/s] [%] [Pa] [%] [m/s] [%]

210 544 100 768 — 31.61 - 101 303 — 71.67 — - -
244760 100754 |0.01389 31.19 1.3354 101300 |0.00296 71.50 0.232 0.2884 | 0.5597
288 436 100752 [0.00199 31.18 0.0093 101300 |0.00000 71.27 0.332 0.29 0.2897 | 0.1138
308 660 100752 [0.00000 31.12 0.1927 101300 |0.00000 71.15 0.163 0.2899 | 0.0276
329944 100737 |0.01489 30.73 1.2479 | 101299 [0.00099 70.39 1.066 0.2894 | 0.2052

4. RESULTS AND DISCUSSION

To investigate the geometric parameter relationships of the air-air ejector
in regard to its performance and efficiency, a series of CFD simulations were
performed based on the mathematical model mentioned above. The results are
presented as follows.

4.1. Effect of mizing chamber length

Geometric parameters of the mixing chamber are critical to obtain a better
mass flow ratio in the ejector, especially because this is where the mixture of
primary fluid and secondary fluid carried on demand occurs, and large changes
in velocity occur along the axis. For a single inclination angle of the secondary
fluid input 8 = 20°, the variation of the mass flow ratio ¢ with the mixing
chamber length ratio versus the diameter of the mixing chamber L, /Dy, for
three different separation ratios between the nozzle outlet and mixing chamber
inlet versus the injector diameter H/d, = 0, 1, 2, and for a single inclination
angle of the secondary fluid input g = 20°, are is shown in Fig. 5.
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F1a. 5. Comparison of the mass flow ratio for relationship Lep, /D for different ratios of H/d,.
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For the three H/d, ratios, increasing the Ly,./Dyy,. ratio increases the mass
flow ratio to a maximum mass flow value. It can be seen that there is an optimal
range for the L,,./Dpc ratio so that the ejector reaches its maximum mass
flow ratio. The maximum mass flow ratio for all three H/d, ratios was found
around Ley,/Dep &= 7. For Ley,/Dem < 7 ratios, the mass flow ratio increases
for the three H/d, ratios, because a longer length helps to mix fluids better,
therefore their kinetic energy exchanges more efficiently. For the Ley,/Dep > 7
ratios, the mass flow ratio slightly decreases, for the three H/d, ratios, because
friction losses increase along the mixing chamber. Previous research suggested
that the maximum mass flow ratio is in a range of 5 < Ly, /Dem < 10 15, 16].

Another notable trend observed in the results is that for L.y, /Dem < 7
ratios, the mass flow ratio increases at a greater ratio of H/d,. Meanwhile, in
the Lepm/Dem > 7 ratios, there is no significant increase in the mass flow ratio
by increasing the H/d, ratio, so a part of Fig. 5 is enlarged to see this behavior
better.

4.2. Inclination angle effect (secondary fluid)

The geometric parameters of the secondary fluid inlet are mainly the tube
inlet diameter Dy, length of the tube Lg, and an inclination angle of the se-
condary fluid input 8. In this work, the geometric parameters Dg and L for the
secondary fluid input remained constants. The variation in the ejector efficiency
with the variation of the inclination angle between 20° < g < 90°, with the
mixing chamber length ratio versus the mixing chamber diameter, Ley, /Do = 2,
4, 6, 8, 10, and the separation between nozzle outlet and mixing chamber inlet
versus of the injector diameter, H/d, = 0, 1, 2, are shown in Fig. 6.

For the H/d, ratios, by increasing the inclination angle at the secondary
fluid inlet S from 20° to 90°, the ejector efficiency decreases significantly, around
~ 25%, for all the Ly,./ D, relationships, because it increases the passage resis-
tance of the secondary fluid. By increasing the H/d, ratio, for the Ly,./Dpe =
2, 4 ratios, the efficiency increases significantly. For the L.,./Dpe. = 6, 8, 10
ratios, there is no significant increase in efficiency because the Ly,./ Dy, ratio is
close to its maximum efficiency value (maximum mass flow ratio).

4.8. Ejector velocities features

The velocities contours in the ejector of the primary, secondary fluids and
the mixture of them in the mixing chamber are caused by the high velocity with
which the primary fluid leaves the nozzle. The variation of the ejector velocity
contours for different inclination angles 3, where Ly,./Dy = 6 and H/d), = 0,
are shown in Fig. 7.
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F1a. 7. Ejector velocity contours depending on the tilt angle, the display of recirculation zones.

In the ejector, the highest velocities are at the nozzle outlet, 155.15 m/s.
Then, the velocities decrease in the mixing chamber, and the exchange of kinetic
energy between the primary and secondary fluids is done. For the secondary fluid
velocity, there is a reduction as the inclination angle S increases. The average
velocity at the inlet of the inclined tube for a § = 20° is 32.11 m/s, and for
a 3 =90°is 28.4 m/s, due to the passage resistance of the secondary fluid. It is
observed that the distribution of velocities in the mixing chamber is asymmetrical
with respect to the central axis of the nozzle.

The secondary fluid is influenced by the inclination angle 8 and by the inner
walls of the mixing chamber, where recirculation zones occur (see Fig. 7, red
circle) in the lower part of the secondary tube, and a second circulation zone
(see Fig. 7, black circle) occurs around the middle of the mixing chamber. These
recirculation zones become larger as the inclination angle [ increases. This in-
creases friction between the primary fluid and the secondary fluid, increases the
loss of kinetic energy, and decreases ejector efficiency.
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5. CONCLUDING REMARKS

In this work, CFD simulations were performed to study the influence of
geometric parameters, the inclination angle of the suction chamber inlet, the
mixing chamber length versus its diameter, the separation between the nozzle
outlet and the mixing chamber inlet versus the injector diameter, in the mass
flow ratio and the air-air subsonic ejector efficiency.

The analysis for the different geometrical relationships shows an optimum
value of the mixing chamber length and the separation between the nozzle out-
let and the mixing chamber inlet, where the ejector obtains its maximum mass
flow ratio and efficiency. Before this optimum value, every geometrical change
causes a big change in the mass flow ratio and ejector efficiency. After this opti-
mum value the mass flow radio and ejector efficiency tend to remain invariant.
Additionally, it was found that by increasing the inclination angle of the secon-
dary fluid inlet to the suction chamber, the efficiency of the ejector decreases by
approximately 25% for all geometric relationships. Also, the recirculation zones
in the lower part of the secondary tube and in the mixing chamber, for the
secondary fluids and the fluid mixture, are greater when this angle is increased.
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