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ABSTRACT. A fluid dynamic pump without moving elements is called an ejector. 

Traditional ejector systems move energy from a high velocity primary stream to a lower 

energy secondary stream via viscous forces. Such ejector systems can cool jet engines' 

exhaust systems and provide IR (Infrared) suppression. In this paper, experiments are 

carried out 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 under consideration is experimentally measured. The obtained results provide the 

best guidance for exhaust ejector design and aid in understanding the flow behaviors and 

physical phenomena that occur in the flow through ejectors. In addition, the optimum 

exhaust mixed air temperature is achieved for an ejector with length-to-diameter ratio of 

LE/DE = 7, mixing suction to nozzle exit area ratio ARE = 36, and the axial position of primary 

nozzle relative to the ejector inlet LS = - 0.5 DE. Under these conditions the exhaust mixed air 

temperature reduces by 40% about no ejector case. At this optimum exhaust mixed air 

temperature; the emissive power is suppressed to 330 %. 

KEYWORDS: Infrared suppression, thrust augmenting, two-dimension flow, ejectors of jet 
engines.

 
 
 

1. INTRODUCTION 

 A fluid dynamic pump without moving 
elements is called an ejector. An ejector is seen 
schematically in Fig. 1. The primary nozzle, intake 
section, mixing section, and diffuser are the four key 
components that make up the configuration of the 
ejector unit. The primary driving fluid's kinetic 
energy is utilized in the ejector to produce a low-
pressure area that entrains the secondary fluid 
stream. The mixing of the two fluid streams takes 
place in the ejector's mixing chamber, and the 
resulting fluid combination is squeezed and released 
downstream into the diffuser. Compared to the initial 
primary flow, the exhaust jet that results have a 
higher flow rate and a lower velocity. Such ejector 
systems can increase thrust, reduce jet noise, suppress 
IR, and cool jet engines' exhaust systems. The 
advantages of the ejector are in its simplicity, ease of 
use, sturdy construction, lack of moving parts, low 
maintenance requirements, and lengthy service life. 
Military operators are aware of the effectiveness of 
current exhaust ejectors as IR suppressors. For 

military objectives, a drop in exhaust temperature 
lowers the exhaust flow's infrared signature. For some 
combat aircraft, this is advantageous because the 
exhaust gases give off a lot of infrared radiation, 
making the aircraft visible. Infrared radiation is 
decreased by lowering the temperature of the exhaust 
gas.  Toulnay, F. [1] tested an exhaust ejector twin-
engine helicopter and found that the suppressors 
reduce the IR radiation emitted by the hot parts. Birk 
and Davis [2] tested an exhaust ejector for naval 
applications. Also, Power et al. [3] used the ejectors to 
minimize infrared radiation signals for military 
aircraft. Additionally, many warships, including 
frigates, cruisers, and even aircraft carriers, are 
propelled by gas turbine engines in the navies of 
more than two dozen different nations. According to 
Birk and Davis [4], it is crucial to pay close attention 
to the fighters, tanks, and even commercial ships' low 
heat (i.e., infrared) signature and quietness. 

 The scientists and engineers working on this 
technology have struggled with how to cool the parts 
that come into contact with the hot exhaust gases 
from engines without suffering an unbearable 
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performance loss. The ejectors are also applied in gas 
turbine engines test cells as efficient cooling devices 
instead of using forced cooling systems. The cooling 
of the tail pipe and nozzle of jet engine is enhanced by 
providing an extension cooling concept that includes 
variable area and length ejectors. The entrainment air 
used to cool the surfaces upstream of the ejector (the 
tail pipe and nozzle) to avoid overtemperature of the 
components. The air ejector as a simple, light-weight 
unit for pumping cooling air is promising solution to 
the high temperature problems. Presz and Michael [5] 
set several ejector pumps in series. Their results 
indicate that, the new device generates higher 
diffusion rates and more efficient wall cooling. 

 In order to increase pumping performance and 
augment thrust, ejector nozzles have been developed 
in conjunction with unique mixer nozzles [6]. The 
primary nozzle's mixing capacity is investigated 
using both computational and experimental methods 
because this is the key to improving the performance 
of the ejector. Military reconnaissance and target 
drones like the Airbus Do-DT-25 are the main 
applications for very small turbojet engines outside of 
model aircraft propulsion. Future applications will 
place even higher demands on propulsion systems, 
such as autonomous area reconnaissance or air cargo 
delivery [7]. As a result, relatively compact turbojet 
engines must be upgraded for both aircraft 
integration and their low overall efficiency (5-10% 
[8]). In order to increase thermal efficiency, a greater 
pressure ratio and higher turbine inlet temperature 
are required. 

 The mixing of the primary and secondary 
streams is a problem that makes the ejector idea 
extremely difficult to operate. Incomplete mixing 
results in a variety of loss processes. To reduce the 
size and weight penalty the engine imposes, this 
mixing must be accomplished in the shortest amount 
of time. 

 The previous literatures have not obtained the 
optimum configurations of exhaust ejectors to give to 
give minimum exhaust mixed air temperature and or 
for nozzle and tail pipe 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 minimum exhaust mixed air 
temperature (IR suppression) without losses of thrust. 
The design of ejectors is a complex problem; many 
operational and geometrical parameters can affect 
performance of ejector. These factors include: ejector 
length-to-diameter ratio (LE/DE), ejector area ratio 
(ARE), the axial position of primary nozzle relative to 
the ejector entry (LS), total temperature of primary jet 
(TP) and nozzle pressure ratio (pop/patm.), as shown in 
Fig. 1. 

 

 
Fig. 1. Definition of ejector geometry with 

conventional nozzle. 

2. THE EXPERIMENTAL SETUP 

 The experimental investigation was conducted 
using an open aerodynamic circuit. The experimental 
test rig is shown schematically in Fig. 2. The 
experimental facility consists of two reciprocating 
compressors which compress air to air tank. Each 
compressor is driven by an electric-motor having an 
output power of 7.5 kW. Through a compressed air 
line, air is delivered from the tank to the settling pipe. 
A valve installed downstream of the tank is used to 

control the primary air mass flow rate ( Pm ), 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. A convergent section connects the 
settling chamber to the tail pipe. A tail pipe carries the 
air from the settling chamber to the convergent 
nozzle. 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. The K-type thermocouples are 
supported a long tail pipe and nozzle walls to 
measure the temperatures of the primary air, tail pipe 
wall and nozzle wall.  The air exiting the nozzle was 
exhausted through the ejector before being released 
into the atmosphere and the temperature of exhaust 
air are measured using four thermocouples. 

  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 the ejector to the 
atmosphere. 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 
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a box made 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 ( Sm ) 
is measured by orifice meter mounted within 
secondary flow pipe. The air flow field through the 
ejector is measured in meridional plane using Particle 
Image Velocimetry (PIV).  

 An experimental investigation of the effect of 
geometrical and operational parameters variations on 
the exhaust mixed air temperature for nozzle and tail 
pipe of ejector with and without diffuser is presented. 
The ejectors are made of transparent Perspex in order 
to measure the air flow field from outside surface of 
the ejectors using PIV. Ejectors have cylindrical 
mixing sections of length-to-diameter ratios (LE/DE) 
varied from 2 to 13 and ejector area ratio (ARE) from 
11 to 75. 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/patm.) varying from 1.1 to 1.8. The axial 
position of primary nozzle relative to the ejector inlet 
(LS) varied from - 2 DE (the nozzle outside the ejector) 
to 2 DE (the nozzle inside the ejector) and total 
temperature of primary jet (TP) varying from 300 to 
600 K.  

 The Spectral emissive power (Eλ) can be 
calculated from Plank's formula: 

( )1/

5

1

2 −
=

−

TC
e

C
E





      W / m2. μ m                  

Where, 

C1 = 3.742 × 108,     W. μ m4 / m2 

C2 = 1.4387 × 104 ,    μ m . K 

 λ   = Wave length,      μ m  

T  = Average temperature of air,    K 

The following parameters are used: - 

a- Exhaust temperature ratio defined as (TEe/TNe) as a 
measure of IR signature suppression. 

Where, 

 TEe= Average exhaust mixed air temperature at 
ejector exit, (K) 

  TNe= Average primary air temperature at nozzle 
exit without ejector, (K) 

b- Nozzle wall temperature ratio defined as  
(TNw/TNwl)  and Tail-pipe wall temperature ratio 
defined as (TTw/TTwl) as a measure of exhaust 
system cooling. 

Where, 

TNw= Average nozzle wall temperature with 
ejector, (K) 

TNwl = Average nozzle wall temperature without 
ejector, (K) 

TTw=Average tail pipe wall temperature, with 
ejector (K) 

 TTwl = Average tail pipe wall temperature without 
ejector, (K) 

 
Fig. 2. Experimental test rig 
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3. RESULTS AND DISCUSSION 

 In the following section, the results of average 
exhaust mixed air temperature reduction (IR 
signature reduction) and reduction of walls 
temperatures for nozzle and tail pipe at different 
operating parameters including: nozzle total to static 
pressure ratio (pop/patm.), total temperature of primary 
air (TP), nozzle axial position with respect to ejector 
entry section (LS) and mentioned ejector configuration 
are presented.   

3.1. EXHAUST TEMPERATURE RATIO (TEE/TNE) 

 The effects of geometrical parameters of the 
ejector performance are studied at the selected 
nominal operating parameters. These nominal 
operating parameters are nozzle pressure ratio 
pop/patm.=1.5 and nozzle axial position with respect to 
ejector entry section LS= 0. 

3.1.1. EFFECT OF EJECTOR GEOMETRY ON 

EXHAUST TEMPERATURE RATIO. 

 The ejector geometry depends on both ejector 
length to diameter ratio (LE/DE) and area ratio (ARE). 
Fig. 3 indicates the variation of average mixed air 
temperature (TEe) at ejector exit with ejector length to 
diameter ratio (LE/DE) at different total temperature of 
primary air (TP). Fig. 3 shows that, the exhaust 
temperature (TEe) decreases continuously as the 
length of the ejector increases, due to the increased 
mixing process, where the secondary mass flow rate 
increases with increasing ejector length to diameter 
ratio, Fig. 4. The same result was previously obtained 
by Whitley, N. et. al. [9]. And the exhaust temperature 
ratio decreases to LE/DE=7 after it decreases slowly 
with increasing ejector length to diameter ratio. Since, 
the higher length gives higher size and weight of 
ejector and gives more drag, so that The cylindrical 
length to diameter ratio corresponding minimum 
exhaust temperature is LE/DE=7 may be considered as 
an optimum value.  

 It is appeared also from Fig. 4 that, the mass 

entrainment ratio ( PS mm  /
) increases with 

increasing length to diameter ratio approximately up 
to LE/DE = 9, and then further increasing of length to 
diameter ratio nearly has no effect on secondary air 
entrained, where the mass entrainment ratio 
approximately remains constant from LE/DE = 9 to 
LE/DE = 11 and then decreases slowly for further 
increasing in ejector length. The entrainment ratio 
increases with increasing length to diameter ratio, 
since increasing the length of ejector lead to decreases 
the static pressure at the ejector entrance which in 
turn increases the acceleration of surrounding fluid, 
as shown in Fig. 5. In addition, it can be noticed from 
Fig. 3 that, the rate of decreasing of average exhaust 

temperature ratio (TEe/TNe) increases with primary air 
temperature.  Where, the results indicate that, 
increasing the primary air temperature causes a 
significant increase in jet velocity and create more 
pressure drop at ejector inlet, which increases the 
entrained mass flow rate. 

 
Fig. 3. Effect of LE/DE on TEe/TNe for ARE = 36 at 

different TP. 

 
Fig. 4. Effect of LE/DE  on ms/mp at different ARE.            

3.1.2. EFFECT OF EJECTOR AREA RATIO ON 

EXHAUST TEMPERATURE RATIO. 

 Fig. 6 indicates the calculated variation of 
average exhaust temperature with ejector area ratios 
(ARE). The results indicate that, the trend of the 
variation of exhaust temperature with ejector area 
ratios is opposite to that of the mass entrainment ratio 
(ms/mp), Fig. 4. Where, the mass entrainment ratio 
increases with increasing area ratio of ejector 
approximately up to ARE= 36 and then decreases 
slowly for further increasing in area ratio of ejector, 
but the exhaust temperature decreases with 
increasing area ratio of ejector approximately up to 
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ARE = 36 and then increases slowly for further 
increasing in area ratio of ejector, as shown in Fig. 6. 
So the ejector area ratio corresponding minimum 
exhaust temperature ARE = 36 may be considered as 
an optimum value. Where, the mass entrainment ratio 
(ms/mp) is maximum value. 

 Finally, minimum exhaust temperature was 
obtained when the ejector has area ratio about ARE = 
36 and length to diameter ratio about LE/DE= 7, at 
different primary air temperatures. Under these 
conditions table 1 shows the values of exhaust 
temperature ratio (TEe/TNe) at different primary air 
temperatures. 

 
Fig. 5. Effect of LE/DE  on static pressure at entrance 

of different ejector. 

Table 1 The values of exhaust temperature ratio 
(TEe/TNe) at different primary air temperatures (TP) for 
ARE = 36 and LE/DE= 7. 

TP  (K) 300 400 450 500 600 

TEe/TNe 1 0.805 0.730 0.665 0.620 

  

 From PIV velocity measurements, Fig. 7 show 
half section of the velocity vector maps in the entrance 
of different ejector area ratios at LE/DE= 7. It can be 
indicated from this figure that, the secondary mass 
flow rate increases with increasing the ejector area 
ratio. 

3.2. EFFECT OF NOZZLE PRESSURE RATIO 

(POP/PATM.) ON EXHAUST TEMPERATURE 

RATIO.                    

Fig. 8 shows how the exhaust temperature ratio 
(TEe/TNe) of the exhaust flow varies with the nozzle 
pressure ratio (pop /patm). It can be observed from this 
figure that, the exhaust temperature ratio increases 
with nozzle pressure ratio at all temperatures of 
primary air (TP). The last observation is due to that the 
increasing primary mass flow rate is large than the 

secondary mass flow rate with increasing primary 
pressure. Also, Fig. 8 shows the increasing exhaust 
temperature ratio is higher with higher temperatures 
of primary air (TP). 

 
Fig. 6. Effect of ARE on TEe/TNe  for LE/DE= 7  at 

different TP. 

 
Fig. 7. The half section of the velocity vector maps in 

the entrance of ARE = 11 and 36. 

3.3. EFFECT OF NOZZLE AXIAL POSITION (LS) ON 

EXHAUST TEMPERATURE RATIO. 

Fig. 9 shows the effect of varying the axial position of 
the nozzle relative to the ejector entry with ejector 
area ratio ARE= 36 for a fixed nozzle pressure ratio of 
1.5, on the exhaust temperature ratio (TEe/TNe) of the 
exhaust flow. The axial distance of the nozzle LS has 
negative value when the nozzle is outside the ejector, 
while LS is positive as the nozzle becomes inside the 
ejector. It can be seen that the optimum position 
occurs when the nozzle is outside the ejector 
approximately at LS= -0.5DE. 

 The results indicate that, when the position of the 
nozzle exit is outside the ejector entry by about LS= -
0.5DE the static pressure at ejector entry has minimum 
value compared to others position of nozzle. So that 
the amount of entrainment air is maximum at this 
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position, Fig. 10, and consequently the exhaust 
temperature ratio has an optimum value.  

 
Fig. 8. Effect of pop/patm  on TEe/TNe for   ARE =36  

LE/DE= 7,at different TP. 

 
Fig. 9. Effect of LS/DE on TEe/TNe for ARE = 36, 

LE/DE= 5 and 7, at different TP. 

3.4. THE SPECTRAL EMISSIVE POWER (EΛ)  

A decrease in the exhaust temperature reduces the 
infrared signature of the exhaust flow. Fig. 11 shows 
the spectral emissive power (Eλ) with and without 
ejector, whereas the vertical axis shows the spectral 
emissive power (Eλ), while the horizontal axis 
represents the wave length (λ). As shown in Fig. 11, 
the spectral emissive power decreases in the presence 
of the ejector, and as the area under curves represent 
the energy emission then the area between the curves 
represents the reduction in energy emission.  

 

 
Fig. 10. Effect of LS/DE on ms/mp for ARE = 36, 

LE/DE = 5 and 7. 

 
Fig. 11. Infrared emission (Eλ) 

4. CONCLUSIONS  

To determine the best design for subsonic air ejectors, 
an experimental investigation is being done to give 
minimum exhaust mixed air temperature (IR 
suppression) and minimum wall temperature for 
nozzle and tail pipe. The following results at total 
temperature of primary air TP = 500 K and nozzle 
pressure ratio pop/patm.=1.5 are obtained:- 

1- The optimum exhaust mixed air temperature is 
reached for an ejector with length-to-diameter 
ratio LE/DE = 7, mixing suction to nozzle exit 
area ratio ARE = 36, and the axial position of 
primary nozzle relative to the ejector inlet LS = - 
0.5 DE. Under these conditions the exhaust 
mixed air temperature reduces by 40% about 
no ejector case. At this optimum exhaust mixed 
air temperature; the emissive power is 
suppressed to 330 %. 

2- The optimum nozzle cooling is achieved at an 
ejector with length-to-diameter ratio LE/DE = 7, 
mixing suction to nozzle exit area ratio ARE = 
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36. Under these conditions the nozzle wall 
temperature reduces by 23 % about no ejector 
case,  

3- The optimum tail pipe cooling is obtained at an 
ejector with length-to-diameter ratio LE/DE = 7, 
mixing suction to nozzle exit area ratio ARE = 
36, Under these conditions the tail pipe wall 
temperature ratio reduces by 25.6% about no 
ejector case. 
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