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ABSTRACT. The ejectors are developed and used for gas turbine engines, to generate
effective exhaust noise attenuation without losing engine thrust, but even if possible with
thrust increase. Also ejectors are used for subsonic rocket propelled vehicles as thrust
augmenting devices, as result of increasing their propulsive efficiency. In this paper, a
combined numerical and experimental study is conducted to establish an optimum design
of compressible subsonic air ejector as a thrust augmentor and noise attenuator. The
theoretical solution of the flow through the exhaust system with ejectors is done
numerically by using "Fluent 6.1" package. The package solved the steady 2-D compressible
viscous flow by using the finite volume technique. While the experimental measurement of
the flow field of the considered problem is done by using Particle Image Velocimetry (PIV)
technique. The obtained results help to understand the flow behavior and the physical
phenomena occurring in the flow through ejectors, and give optimum design of exhaust
ejector to give optimum thrust augmentation and optimum design to give optimum noise
attenuation.
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NOMENCLATURE
ARp Diffuser area ratio, = (Dp/Dk)? Ve Nozzle exit average jet velocity without ejector,
(m/s)
ARe Ejector area ratio, = (De/Dn)? Mg, Air mass flowrate at ejector exit, (kg/s)
De Ejector diameter, (m) M, Primary air mass flowrate, (kg/s)
Db Diffuser exit diameter, (m) Mg Secondary air mass flowrate, (kg/s)
D~ Nozzle exit diameter, (m) Patm Ambient pressure, (Pa)
L Ejector length, (m) PpE Static pressure at ejector entrance, (Pa)
Ls Nozzle axial position with respect to | pop Total pressure of primary air, (Pa)
ejector entry, (m)
M Mach number Pop/Patm Nozzle pressure ratio
UX) The center line velocity of the jet at Tre Total temperature of primary air, (K)
any position downstream, (m/s)
U(0) The center line velocity at the jet Ve Nozzle exit average jet velocity with ejector,
nozzle exit, (m/s) (m/s)
Ve, Mixed air velocity at ejector exit, X Axial position, (m)
(m/s)
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1. INTRODUCTION

Ejector is a fluid dynamic pump with no moving
parts. Fig. 1 is a schematic drawing of an ejector. The
ejector system configuration consists mainly of four
parts, namely, the primary nozzle, inlet section,
mixing section, and diffuser. In the ejector, the kinetic
energy of the primary driving fluid is used to create a
low pressure region entraining the secondary fluid
stream. Mixing of the two fluid streams occurs in the
mixing chamber of the ejector and the resultant fluid
mixture is compressed down-stream out in the
diffuser. The resulting exhaust jet has a higher flow
rate and a lower velocity than the original primary
flow. Such ejector systems can provide thrust
augmentation, jet noise reduction, IR (infrared)
suppression, and exhaust cooling on jet engines. The
interest with the ejectors stems from their application
to propulsive machines like jet engines. They have the
capacity to increase thrust, since they increase the
mass flow in the jet and reducing the jet noise, since
they lower the jet velocity. The ejector advantages lie
in its simplicity, ease of operation and rugged
construction, having no moving parts and requiring
little maintenance, and it has a long service life. Many
types of nozzles are used with ejector; the famous
types are conventional nozzles, hypermixing nozzles
(Goethert B. H. [1]) and lobed nozzles (O'Sullivan
M.N. [2]).
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Fig. 1. Fig. 1 Definition of ejector geometry with
conventional nozzle.

The conventional nozzle is a nozzle of
conventional shape, with circular or rectangular
shape at exit, in which the exhaust flow (primary jet)
is parallel to centerline of nozzle. Viscous forces are
generated in the mixing region of the primary jet and
transfer the flow energy from the primary fluid to the
secondary fluid. There have been several previous
investigations into these phenomena. The one-
dimensional analysis of an ejector flow was
intensively studied by Keenan and Neumann [3] for
compressible flow and Von Karman [4] for
incompressible flows. The interest in these devices
stems from their application to propulsive machines
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like jet engines. They have the capacity to increase
thrust, since they increase the mass flow in the jet.
Recent reviews by Quinn [5], and Porter et al. [6],
Bevilaqua [7] gave accounts of the various advances
made in the analysis of thrust-augmenting ejectors. A
compressible flow analysis of the flow through a
thrust augmenting ejector has been described by
Alperin and Wu [8 and 9]. They presented the results
of an investigation of the performance of thrust
augmenting ejectors operating in and with
compressible gases and utilizing energy from the
discharge of conventional gas generators. The
circulation theory of aircraft lift was applied to
calculate the static performance for thrust
augmenting ejector by Bevilaqua, P.M. [10]. Fisher,
S.A. and Irvine, R.D. [11], investigated the effect of
applying axisymmetric ejector with a constant area
mixing tube followed by a diffuser on the increase of
static rocket thrust which can be achieved by air
augmentation. EL-Banna, RAM [ 12 ], study the
effect of a diffuser on thrust-augmenting ratio for
subsonic conventional ejector. Whitley, N. et al. [13]
conducted a theoretical analysis of the compressible
flow through a constant-area jet-engine ejector in
which a primary jet mixes with ambient fluid from a
uniform free stream. Due to the assumptions made,
the analysis provides idealized values for the thrust-
augmentation ratio and the mass flux entrainment
factor. Raman and Taghavi [14] provide a detailed
experimental evaluation of rectangular multi-element
jet mixer-ejector nozzle, the obtained results showed
that the ejector configuration that produced the
maximum entrainment ratio also exhibited the lowest
wall pressures in the inlet region and higher thrust
augmenting. Also, their data includes details of
acoustics of mixer-ejector that are important for jet
exhaust noise suppression. An experimental and
numerical calculation were performed on the flow
field of a model ejector ramjet configuration to
investigate fundamental fluid dynamic aspects of its
shear and mixing effect by Okai, et al. [15]. Aissa,
W.A, [16 and 17] performed an experimental and
analytical analysis of the effects of cylindrical length
on the mass flow ratio and wall pressure distribution
of an ejector at low primary to secondary stagnation
pressure ratios.

Kabeel et al. [18] conducted an experimental study to
determine the ideal compressible subsonic air ejector
design for use as an IR suppression tool. Using the
Particle Image Velocimetry (PIV) technique, the flow
field of the problem wunder consideration is
experimentally measured. The experimental study
showed that, the optimum exhaust mixed air
temperature is achieved for an ejector with length-to-
diameter ratio of LE/DE = 7, the axial position of
primary nozzle relative to the ejector inlet LS = - 0.5
DE and mixing suction to nozzle exit area ratio ARE =
36. At this optimum exhaust mixed air temperature;
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the emissive power is suppressed to 330 %.in
addition, the exhaust mixed air temperature reduces
by 40% about no ejector case. In order to increase
pumping performance and augment thrust, ejector
nozzles have been developed in conjunction with
unique mixer nozzles [19]. Since increasing the
mixing capacity of the primary nozzle is essential to
enhancing the ejector's performance, this capacity is
examined using both  computational and
experimental techniques. The primary uses of very
small turbojet engines outside of model aircraft
propulsion are in military reconnaissance and target
drones such as the Airbus Do-DT-25.Consequently,
due to their low overall efficiency (5-10%) and
requirement for aircraft integration, relatively tiny
turbojet engines need to be updated [20]. Higher
turbine inlet temperatures and pressure ratios are
needed to boost thermal efficiency.

A problem which greatly strains the operation of
the ejector concept is the mixing of the primary and
secondary streams. If this mixing is incomplete, thrust
augmentation suffers and various loss mechanisms
emerge. It is necessary to achieve this mixing in as
short a distance as possible in order to minimize the
size and weight penalty caused by the engine.

The previous literatures have not obtained the
optimum configurations of exhaust ejectors to give
optimum thrust augmentation and or optimum noise
suppression based on the effect of the variation of all
geometrical and operational parameters. So that, the
aim of this paper is to determine the optimum
configurations of exhaust ejectors to give optimum
thrust augmentation ratio and optimum noise
reduction. The design of ejectors is a complex
problem; many geometrical and operational
parameters can affect ejector performance. These
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factors include: ejector length-to-diameter ratios
(Le/Dk), ejector area ratio (ARe), diffuser area ratio
(ARp), half-divergence angle of the diffuser (0),
nozzle pressure ratio (pop/pam.), total temperature of
primary air (Tr) and the axial position of primary
nozzle relative to the ejector entry (Ls).

2. THE EXPERIMENTAL TEST RIG
The  experimental investigation
conducted using an open aerodynamic circuit. The

was

experimental test rig is shown schematically in Fig.
2. The experimental facility consists
reciprocating compressors which compress air to air
tank. Each compressor is driven by an electric-motor

of two

having an output power of 7.5 kW. The air comes
from the tank to the settling pipe through
compressed air line. The primary air mass flow rate
is (mp) controlled using a valve fitted downstream
of tank, whereas it is measured by orifice meter
mounted within the settling pipe. The settling pipe
was connected to a settling chamber through a
divergent section. The settling chamber supports the
heaters and screens. Each heater is a cylindrical
shape bar of diameter 6 mm and one-meter length
generates a thermal power about 1 kW. The settling
chamber is connected to a tail pipe through a
convergent section. The air from the settling
chamber flows to the convergent nozzle via a tail
pipe. The K-type thermocouple is supported in the
first of tail pipe wall to measure the total
temperature of the primary air. The air flowing
through the nozzle is exhausted to ejector and
finally into the atmosphere.
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Fig. 2. Fig. 2 Experimental test rig.
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Two Pitot-static tube are used whereas the
first mounted upstream of nozzle (mid of the tail
pipe) to measure the total pressure. The second
Pitot-static tube is located at the centerline of the
exit nozzle, to measure the velocity and static
pressure of primary air. The used Pitot-static tubes
are calibrated with standard Pitot-static tube. The
primary jet of air entrains additional air from the
surroundings and discharges the mixture of
primary jet and entrained air (secondary air)
through to For
determination of the secondary air mass flow rate,
the tail pipe, nozzle and entrance part of ejector are

mounted inside entry chamber, which is a box made

the ejector the atmosphere.

of Perspex. The secondary air is drawn from four
holes in upstream side of entry chamber. These
holes are symmetrical with respect to the tail pipe
and connected to a secondary flow pipe via four
tubes. The mass flow rate of the secondary flow
() is measured by orifice meter mounted within
secondary flow pipe. The air flow field through the
ejector is measured in meridonal plane using
Particle Image Velocimetry (PIV).

An experimental and numerical investigation
of the effect of geometrical and operational
parameters variations on the thrust augmentation
ratio (¢) and noise attenuation of ejector with and
without diffuser is presented. The ejectors are made
of transparent Perspex in order to measure the air
flowfield from out side surface of the ejectors using
PIV. Ejectors have cylindrical mixing sections of
length-to-diameter ratios (Le/Dk) is varied from 2 to
13, ejector area ratio (ARe) from 11 to 75, diffuser
area ratio (ARp) varied from 1.3 to 2 and half-
divergence angle (0) of diffuser varied from 4 to 8
degrees. The casing of the tested diffusers was
fabricated from a single transparent Perspex sheet
by rolling it around a wooden conical section
having the required dimensions. Convergent nozzle
with 50 mm length and has area ratio 11.1 is used.
The series of computations and experiments are
repeated for nozzle pressure ratio (pop/pam.) varying
from 1.1 to 1.8. The axial position of primary nozzle
relative to the ejector inlet (Ls) varied from - 2 Dk
(the nozzle outside the ejector) to 2 De (the nozzle
inside the ejector) and total temperature of primary
jet (Tr) varying from 300 to 500 K. Thrust
augmentation ratio (¢) is the ratio of the thrust of
the ejector to the thrust of the baseline primary
nozzle expanded to ambient pressure, Refs. [8], [9],

[12] and [13], @ =[M] Where,
mpVp

.= Air mass flowrate at ejector exit, (kg/s), =ntp +
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g
Ve
ejector, (m/s)

Vp = Nozzle exit average jet velocity with ejector,
(m/s).

The noise generated is measured with a

= Nozzle exit average jet velocity without

precision integration sound level meter type 2236,
Bruel & Kjaer. In the presence of ejector there are
two major noise sources, the first is jet mixing noise
at the ejector inlet and a second one behind the exit
of the ejector, so that a 10 mm microphone is moved
in a circular path with a radius of 1 meter from the
center of the exit plane of the primary nozzle, in
horizontal plane containing the nozzle center line.
The overall sound pressure levels are measured at
four locations, and the mean value is calculated
which represents the overall sound pressure level.
As a note all noise measurements are conducted
without entry chamber, where it causes damping for
mixing noise and give uncorrected value for sound
level meter. The sound level meter is calibrated with
sound level calibrator type 4231.

3. NUMERICAL SOLUTION

3.1. SOLVER
The steady
compressible flowfild in the ejector is governed by

two-dimensional turbulent
continuity, momentum and an energy equation
together with the application of the turbulence
standard k-&¢ model. After setting up the governing
equations, which describe the ejector air flow, a
numerical model is used to change it into a set of
algebraic equations. Then, the computational fluid
dynamics method using a packaged "Fluent 6.1" is
used based on the "SIMPLE" technique introduction
by Patanker [22].

3.2. BOUNDARY CONDITIONS

The boundary conditions at the flow inlet are
the prescribed total pressure and total temperature
for both primary and secondary flows. At the
diffuser exit plane, the static pressure was specified.
In addition, zero temperature gradient is considered
at diffuser exit plan. This means that the pressure
ratios are specified prior to calculation and the mass
flow rate is determined by solver. Walls are treated
as no-slip condition. The wall has a fluid on each
side, it is called a “‘two-sided wall", to couple the
two sides of the wall no additional thermal
boundary conditions are required, because the
solver will calculate heat transfer directly from the
solution in the adjacent cells. The wall flow field
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governing equations are a collection of semi-
empirical formulas and functions that in effect
“bridge" or 'link" the solution variables at the near-
wall cells and the corresponding quantities on the
wall. The wall functions comprise: laws-of-the-wall
for mean velocity and temperature (or other scalars)
and formulas for near-wall turbulent quantities. The
standard wall functions are based on the proposal of
Launder and Spalding [23].

3.3. MODEL VALIDATION

The validity of the model is verified by
comparing results obtained in the present work
with corresponding experimental results reported
by data of Carletti et. al. [21] is shown in Fig. 3.
Where, The vertical axis shows the center line
velocity of the jet flow at any position downstream
(U(X)) normalized by the center line nozzle exit
velocity (U(0)). The horizontal axis represents the
distance downstream of the jet nozzle normalized
by the diameter of nozzle (Dn).

1.2
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Fig. 3. Comparison between the predict centerline velocity
and the exp. data by Carletti et. al. [24].

4. RESULTS AND DISCUSSION
In the following section, the results noise
attenuation at different operating parameters:
total to static pressure total
temperature of primary air, nozzle axial position

nozzle ratio,
with respect to ejector entry section Ls and ejector
configuration are presented. These results included
the numerically calculated results and measured
PIV velocity vectors map which connects with
calculated contours of velocity magnitude. Also, the

-73-

results included the measured noise attenuation due
to ejector application.

4.1. EFFECT OF EJECTOR WITH DIFFUSER ON NOISE
REDUCTION.

Diffusers are widely used to slow down a
mean flow, converting its kinetic energy into
pressure energy. So that the flow is more uniform at
ejector exit in the presence of diffuser and the noise
reduction of the ejector is better. The noise reduction
increases by 2.5 dB due to presence of diffusers at
por/pam= 1.1. As shown in table 2, the ejector with
ARE = 36, Le/De= 9, ARp=1.8, and 6=4° has the best
overall noise suppression which is about 5 dB at
Pop/pam=1.5. The mean value of turbulence kinetic
energy at ejector exit for different diffuser area

ratios are presented in table 5.

The center line velocity decay is increasing if
a diffuser is fixed behind the mixing duct. Also, the
diffusers increasing entrained mass flow rate. Fig. 4
is illustrated the effect of diffuser area ratio on exit
center line velocity at half-divergence angle 0 = 4°
of the diffuser, ARe= 22, Le/De =7, pop/pam=1.5. The
results indicate that, the best center line velocity
decay was obtained at diffuser area ratio ARb=1.8,
half-divergence angle O = 4% and Lg/De= 9, under
this condition an exit center line velocity decreases
by 8 % about no diffuser case. On the other hand,
an increase in ARp decrease the energy transfer
efficiency, EL-Banna, R.A.M [ 12 ], so that the exit
center line velocity increase when ARp> 1.8.
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Fig. 4. Effect of ARp on centerline velocity decay for AR
=22 and Le/De=7 at 0 = 4
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Table 1. Noise reduction (dB) for various ejector geometries at pop/pam= 1.5, Tr= 300 Kand Ls= 0.

Noise reduction dB

ARk Le/De ARp=1 ARp=1.3 ARpb=1.6 ARp=1.8
6=0 0=4° 6° 80 0=4° 60 80 0=4° 60 80
3 -0.5 -0.3 0.2 0.2 - - - - - -
5 0.5 0.7 1 0.9 1.0 0.9 0.9 1.3 1.2 1.0
11 7 1 1.3 1.2 1.2 2.5 2.2 2 2.8 2.5 2.4
9 1.4 2.2 2.0 1.9 3 2.8 2.7 3.2 3.1 3.1
11 1.3 2.3 2.1 2.1 3.2 3.1 3 3.3 3.2 3.2
3 0.2 0.4 0.7 0.5 - - - - - -
5 1 15 1.6 1.2 2.3 2.2 2.1 2.7 2.4 2.3
22 7 1.9 24 2.2 2.1 3.6 3.4 3.1 3.7 3.5 3.3
9 2.7 3.3 3.0 2.9 4.1 4 3.9 44 43 4
11 2.6 3.5 3.3 3.2 4.3 4.1 4 4.6 43 4.2
3 0.3 0.55 0.8 0.6 - - - - - -
5 1.2 2.6 2.8 2.7 2.8 2.5 2.4 3 2.8 2.8
36 7 2.2 3.2 3.8 3.6 3.8 3.6 3.4 4.2 3.9 3.6
9 3.3 3.9 4.8 4.4 4.6 4.4 4.2 5 4.8 4.6
11 3.2 3.8 4.8 4.6 4.5 4.2 4.1 49 4.8 4.5
3 0.3 0.6 0.9 0.5 - - - - - -
5 1.2 2.5 2.7 2.6 2.9 2.7 2.5 3 2.7 2.6
54 7 2.1 3.1 3.8 3.5 3.7 3.6 3.2 4.1 3.8 3.5
9 3.2 3.8 4.7 4.5 4.5 4.4 4.1 4.8 4.7 4.6
11 3.2 3.7 4.6 4.4 4.4 4.3 4.1 4.7 4.7 4.4

4.2. EFFECT OF AXIAL POSITION OF PRIMARY
NOZZLE (Ls) ON NOISE REDUCTION.

The axial distance of primary nozzle relative
to the ejector entrance (Ls) is varied from — 2Dk to
2De. Fig. 5 shows the effect of varying the axial
position of the primary nozzle relative to the ejector
entrance, for ARe= 36 at a fixed nozzle pressure ratio
of 1.5, on the sound pressure reduction. From this
figure the noise reduction depends on the position
of the nozzle exit with respect to the ejector
entrance, it can be seen that the sound pressure
reduction increases when the nozzle is inside the
ejector and the level of noise increases when the
nozzle out side the ejector. The best overall noise
suppression occurred at Ls=0.75Dg, the noise
reduction increased by 2 dB in case Ls = 0.75 De
compared to Ls = 0 at ARe= 36, Lt /De= 9 ARp=1.8,
and O =4°. When Ls has positive value (the nozzle
inside the ejector) the inlet area of ejector becomes
smaller and causes drop in entrainment air mass
flow rate, as results the turbulence kinetic energy is
minimum at ejector inlet, and consequently the
mixing noise becomes minimum. While for the
nozzle located outside ejector the mixing noise
becomes larger which leads to higher noise.

-74 -

Fig. 6 illustrate the effect of varying the axial
position of primary nozzle relative to the ejector
inlet (Ls) on center line velocity for ejector have
ARe=36, Le/De=5 at pop/pam=1.5. It can be observed
from Fig. 6 that, the exit center line velocity
increases when the nozzle is outside the ejector (-
Ls). While, in Fig. 7, the result can be generalized in
this way, the center line exit velocity decreases
slowly with increasing the distance (the nozzle
inside the ejector) up to Ls = 0.75Dg, there after
center line exit velocity increases with increase in

positive axial distance. Fig. 8 shows the effect of
ejector position on turbulence kinetic energy at exit
of ejector has area ratio ARe= 36 and at different
axial position.

4.3. EFFECT OF TOTAL TEMPERATURE OF PRIMARY

AIR ON NOISE REDUCTION.

The ejector entrains cold secondary air to mix
with a hot fast primary stream to reduce the velocity
of the jet leaving the ejector. This reduction in jet
velocity decreases the intensity of the turbulent
mixing process between the exhaust jet and ambient
air and thereby reduces the generated noise. From
level meter the noise

sound measurements,

reduction of the ejectors grows significantly with
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increase of the total temperature of the primary flow
Tr (in the present experimental work from 300 K to
400 and 450 K), the same results was previously
obtained by Goethert, B. [1] and Raman, G. and
Taghavi, R. [14]. With increase of ejector length,
temperature and presence of the diffusers, a steady
increase of the noise reduction to the maximum of
8.1 dB, that's for the ejector with ARe =36, Le/De=9,
ARp=1.8, 0= 4°, Ls=0.75De and at T=450 K. On the
other hand, the influence of the flow temperature at
constant nozzle pressure ratio can be attributed the
higher exhaust velocities and increase the total
entrained air.

Figure 8 shows the effect of total temperature of
primary air on center line velocity at ARe = 22. From
this figure the center line velocity decay of the
ejector decreases with increasing the total
temperature of the air. Where, the influence of the
flow temperature at constant nozzle pressure ratio
attributes the higher exhaust velocities and increase
the total entrained air. The results indicate that,
when air temperature 300 K the exit center line
velocity decreases by 16% about jet velocity, but
decreases by 21% when air temperature 450 K, that
at ARe=36, Le/De =9, Ls=0 and pop/pam=1.5.

4.4. EFFECT OF NOZZLE PRESSURE RATIO
(POP/PATM.) ON NOISE REDUCTION
The sound level mater is used to study the effect of
nozzle pressure ratio on the noise reduction and the
measurements. The results of noise reduction show
that, the noise suppression decreases with the
nozzle pressure ratio increase due to jet velocity
increase. The noise reduction decreases from 7.5 dB
to 3.4 dB between pop/pam=1.1 and 1.6, at ARe=36,
Le/De =9, Ls=0, 0 = 6, ARp=1.8 and T=300 K. Since,
with increasing the jet velocity the time is not
enough for complete mixing of the secondary
primary flow to reach more uniform flow.

and
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Fig. 5. Fig. 5 Noise reduction (dB) for ARe=36 at different
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Ls, ARp=1.8and 6= 4°.
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5. CONCLUSIONS

The numerical and experimental studies are
conducted to establish an optimum design of
subsonic air ejectors to give optimum noise reduction.
The following results at total temperature of primary
air Tr=500 K and nozzle pressure ratio pop/pam=1.5 are
obtained:-

1- Combination of noise, turbulence intensity,
centerline velocity and flowfiled to explain nature of
flowtiled.

2- Selection of the ejector configuration according to
object (optimization):

e The optimum noise attenuation is achieved for
an ejector with length-to-diameter ratio Le/De
=9, ejector area ratio ARe = 36, diffuser area
ratio ARp = 1.8, half-divergence angle 0 = 40
of the diffuser and the axial position of nozzle
relative to the ejector inlet Ls = 0.75Dk (the
nozzle inside the ejector).

e Depending upon the major objectives of the
ejector application, a design for optimum r
for noise attenuation must be selected. If both
thrust increase and noise attenuation are
equally important, an ejector with Le/De = 7,
ARe =22, ARp = 1.6, 0 =4%and Ls = 0 is the
optimum and the reduction of the exhaust
noise was found to increase to 4.8 dB.

3- At ejector having length-to-diameter ratio 2.5 noise
reduction about 0.3 dB, so that length-to-diameter
ratio must be between 3 <Le/De<9 in any case.

4- Developing numerical solution flow through
ejectors with selector of suitable boundary condition,
which validated by experiment and other researcher
experiments whereas good coincidences exist.

6. FUTURE SCOPES

Based on the findings of the current study, it is
concluded that the new techniques might be used to
improve ejectors performance, such as:

1- Determine the exhaust temperature at various
design conditions.

2- Determine the best state for a higher thrust
augmentation..
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