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Abstract 

 

An ejector is a fluid dynamic pump with no moving parts.  

Traditional ejector designs use viscous forces to transfer 

energy from a high velocity primary stream to a lower energy 

secondary stream.  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 suppression, and exhaust cooling on jet engines.  

Forced mixers increase the mixing rates in ejectors resulting in 

shorter, more compact systems.  Properly designed 

mixer/ejector systems are shown to operate at near ideal 

ejector performance predictions and have numerous fluid 

machinery applications.  Such mixer/ejector systems though, 

are efficient only for low area ratio designs. Newer concepts 

using multistage mixer/ejectors have the potential to improve 

the performance of ejector systems over a wide range of 

applications. The multistaging consists of connecting several  

ejector pumps in series. This paper presents both  analytical 

predictions defining the potential of such systems, and new test 

data verifying such potential. Several new applications of 

multi-stage mixer/ejector systems are presented and discussed. 

The result is a new device that generates higher diffusion rates, 

more efficient wall cooling, better flow mixing and potentially 

higher thrust augmentation than conventional mixer/ejectors. 

The same multi-stage systems are also shown to be less 

sensitive to installation effects than conventional ejectors, and 

are quite effective in mixing out flow non-uniformities. 

  

Nomenclature 

 

Symbol 

A = Area 

C.V. = Control Volume 

#m  = Mass Flow Rate 

P = Pressure 

T = Temperature 

Th = Thrust 

V = Velocity 

f = Thrust Augmentation,
Th

mVp p
#

. 

r = Density 

Subscript 

a = Airplane  

amb = Ambient Conditions 

e = System Exit Station 

p = Primary Stream 

s = Secondary Stream 

t = Stagnation Conditions 

1, 2, 3, én = Stage Number 

 

 

Introduction  

 

Background 

Jet engines generate thrust by expanding a source of fluid with 

higher than ambient pressure through an exhaust nozzle to 

ambient pressure.  The thrust generated is proportional to the 

mass flow rate times the fluid exhaust velocity.  The energy 

needed to generate the thrust is proportional to the mass flow 

rate times the square of the fluid exhaust velocity.  Therefore, 

considerable exhaust flow energy is expended while generating 

thrust.  The thrust efficiency of such systems can often be 

increased by transferring more of the primary flow energy to 

some of the ambient fluid before exhausting the flow through 

exhaust nozzles.  Such energy transfer for thrust augmentation 

can occur through pressure forces, or through viscous forces.  

A turbine and fan combination uses pressure forces to transfer 

energy from a primary flow to a secondary stream of ambient 

fluid.  Such an energy transfer, ideally, would be isentropic. 

Heiser (Reference 1) refers to such an isentropic device as an 

ideal augmentor.  An ejector, on the other hand, uses viscous 

forces to pump ambient fluid.  An ejector is a pump with no 

moving parts.  Figure 1 is a schematic of an ejector. The key 

components of an ejector 
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Figure 1 - Ejector Schematic 

 

include a primary nozzle and a mixing duct, or shroud as 

shown.  Shear, or viscous forces generated in the mixing 

region of the primary jet, transfer the energy from the primary 

fluid to the secondary fluid.  Ideally, the flow exiting the 

mixing duct will be uniform.  For such an ideal ejector system, 

the primary nozzle exit pressure decreases, the exit velocity 

decreases, and both the flow rate and static thrust increase.  

For these reasons, ejectors potentially have numerous aircraft 

applications (Reference 2). 

 

Applications 

Traditional ejector designs require considerable length (thus 

weight) because they rely on the viscous shear layer mixing of 

coaxial streams. In the late 1980ôs, a new hyper-mixing 

technology emerged as a solution to improving cumbersome 

ejector designs by using inviscid driven mixing processes to 

very rapidly mix coaxial streams over very short distances with 

low flow losses (References 2-8).  This novel  

 

 
Figure 2 ï A Schematic of the ALMEC Suppressor 

 

technology has resulted in numerous unique and patented 

mixer/ejector concepts for aircraft application.  Figure 2 

presents a schematic of the patented ALMEC mixer/ejector 

system (Reference 9 and 10) for low bypass ratio jet engines. 

The exit area of the shroud to the nozzle exit area is about two. 

The primary lobed nozzle generates streamwise vorticity that 

enhances mixing, increases secondary flow pumping, and 

decreases the ejector mixing length required. Ideally, the lower 

velocity-higher mass flow rate of the mixer/ejector exhaust 

provides static thrust gain while reducing take off jet noise 

(sideline noise). The mixer/ejector effectively increases the 

bypass ratio of the aircraft jet engine. Figure 3 is a photograph 

of the same ALMEC system installed on the Gulfstream GIIB 

aircraft. Figure 4 is a comparison of predicted ejector ideal 

thrust augmentation and the actual measured thrust 

performance of the ALMEC system on the Gulfstream aircraft. 

Thrust augmentation is presented as a function of non-

dimensioal airplane flight velocity as defined in Reference 11. 

This flight similarity parameter for ejectors allows cold and 

hot flow performance results to be compared.  The results 

demonstrate that properly designed mixer/ejector systems 

operate at near ideal ejector performance. The ALMEC 

mixer/ejector system is seen to generate a static thrust gain of 

7% on the Gulfstream aircraft while decreasing jet noise. This 

thrust gain decreases with flight speed and  

 

 
 

Figure 3 ï Flight Tests of The ALMEC Suppressor 

 

 
 

Figure 4 ï Mixer/Ejector Performance System Predictions 

 

approaches zero at cruise flight conditions (Labeled óFlightô in 

Figure 4). Thus, properly designed mixer/ejectors can be very 

useful devices for reducing jet noise since they can actually 

increase aircraft thrust over a wide range of flight operation.   
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A patented (Reference 12) mixer/ejector is also currently used 

on the Comanche helicopter for cooling and exhaust IR 

suppression. Figure 5 is a photograph, with insert, from 

Reference 13 where the exhaust system is discussed. The insert 

shows a blow-up of the lobe system present in the  

 

 
 

 

 

 

Figure 5 ï Comanche Mixer/Ejector Exhaust Suppressor 

 

region identified by the arrow shown in the figure. This 

mixer/ejector rapidly mixes the turbine engine hot gases with 

cool ambient flow before they are exhausted to ambient 

(Reference 5). The suppressor system prevents hot flow from 

impacting and damaging the helicopter composite surfaces, 

and lowers the IR signature of the helicopter engine exhaust 

gases. The system also provides line of sight blockage to the 

exhaust system hot parts.  

 

The sample applications presented show the benefits of 

mixer/ejector systems for noise suppression, thrust 

augmentation, and IR suppression on current and advanced 

aircraft. Such mixer/ejector system applications are currently 

effective only for low area ratio exhaust systems.  High area 

ratio, single stage ejectors generate very little system pressure 

rise. Also, with high area ratio designs a single stage mixer 

lobe can not effectively mix out the primary and secondary 

flow streams in the short lengths needed for near ideal 

performance. Rapid, low loss mixing is necessary for efficient 

ejector performance. Multi -stage mixer/ejectors can provide 

such mixing even for large area ratios. 

 

Multi -staging 

Multi -stage ejectors have the potential to improve the 

performance of ejector systems over a wide range of 

applications. The multi-staging consists of connecting several  

ejector pumps in series. Figure 6 presents a five-stage 

mixer/ejector system. The system shown has five ejector stages 

since there are five secondary inlets. Each secondary inlet 

represents one ejector stage. The result is a new device that 

generates higher diffusion rates, more efficient wall cooling, 

better flow mixing and potentially higher thrust augmentation 

than conventional mixer/ejectors. The multiple 

             
 

Figure 6 ï Multi -stage Ejector System 

 

mixer lobes provide rapid, efficient mixing even at high 

ejector area ratios. The multiple secondary inlets  provide the 

necessary surface contours for the generation of large thrust 

augmentation. This paper presents new analytical predictions 

and test data for multistage mixer/ejectors (References 14-18). 

 

The multi-stage ejector performance parameters developed 

include: 

 

¶  pumping, 
#

#

m

m

s

p

 , 

 

¶  pressure coefficient, Cp = 
P P

V

amb

p

- 1

21

2
r

, 

 

¶  thrust augmentation, F =
Th

mVp p
#

. 

 

These three parameters provide a measure of the performance 

potential of such ejector systems in jet engine exhausts. The 

pumping, 
#

#

m

m

s

p

, measures the amount of secondary flow 

pumped by the ejector. Secondary flow pumping can provide 

natural exhaust nozzle cooling, or can be used to increase the 

bypass ratio of a jet engine. The pressure coefficient, Cp, is a 

measure of the decrease in backpressure generated by the 

ejector system. The larger the pressure coefficient the higher 

the pressure rise through the ejector and the lower the exit 

pressure of the primary flow nozzle. Lower primary nozzle 

exit pressures can result in a more efficient thermodynamic 

cycle for a jet engine. Thrust augmentation, F, is a measure of 

the increase in static thrust generated by the ejector system. 
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The thrust increase is obtained by more efficiently using the 

kinetic energy of the exhaust flow. Energy is transferred from 

the primary flow to the secondary stream resulting in an 

increase in gross thrust. The thrust increase is usually 

generated as pressure suction forces on the ejector secondary 

inlet lip as described in Reference  10. 

 

 

  

Ejector Performance Predictions 

 

Conventional Ejectors (Incompressible) 

Conservation principles and control volume analyses were 

used to generate ideal performance predictions for ejectors.  

Figure 7 presents a conventional ejector with the internal  

 

 
 

Figure 7 - Conventional Ejector with internal  Control Volume  

control volume used. Station 1 is at the exit of the primary 

nozzle. Station 2 is at the exit of the mixing duct.  Ideal ejector 

assumptions are used.  The flow is assumed uniform in the 

secondary and primary streams at station 1, and in the mixed 

flow stream at station 2.  The mixing duct is assumed to be a 

constant area duct.  Wall friction in the mixing duct is 

neglected.  The static pressure is assumed constant through 

both streams at station 1 and is below ambient pressure due to 

viscous entrainment effects of the primary flow.  The static 

pressure is assumed constant, and at ambient pressure at 

station 2.  All losses are neglected in the secondary flow 

between ambient air and station 1:  therefore Bernoulliôs 

equation of energy conservation is used between these two 

stations.  Reference 11 shows that density , molecular weight 

and temperature effects do not play a major role in the physics 

of ejectors.  An approximate Munk and Prim principle was 

used to collapse the data of ejectors with such variations into a 

single performance curve.  Therefore, secondary and primary 

flow density are assumed to be the same for this analysis.  

Applying conservation of mass and momentum to the control 

volume in conjunction with Bernoulliôs equation to the flow 

entering the control volume, one obtains the following 

equations for pumping, pressure coefficient, and thrust 

augmentation: 
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Ideal pumping as presented in equation (1) is seen to be 

independent of pressure ratio and only a function of the 

secondary to primary area ratio. Figure 8 graphically presents 

ejector pumping as a function of area ratio; As/Ap .  Ejector 

pumping is seen to continually increase as the secondary area 

of an ejector increases. 

 

 

Ideal Pumping Curve
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Figure 8 - Convention Ejector Pumping 

The ideal pressure coefficient of an ejector, Cp, or the non- 

dimensional pressure drop generated at the primary nozzle exit 

plane, is presented in equation (2).  Cp  is seen to be a function 

of ejector pumping and area ratio.  Since pumping is a function 

of area ratio only, Cp can also be presented as a  

function of area ratio only.  Figure 9 graphically presents 

ejector pressure coefficient as a function of total area ratio of 

the ejector. Ae is the area of the ejector at the shroud exit 

station and is defined by the following equation: 
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              Ae = As + Ap     .                                 (4) 

 

 

 
 

Figure 9 -  Ejector Pressure Coefficient Variation 

 

The pressure coefficient is seen to increase with total area 

ratio, maximize at an area ratio of two, and then to decrease  

dramatically at high area ratios. Therefore, single stage 

ejectors with high area ratios generate very little system 

pressure rise. If an ejector is to be used to lower the 

backpressure on a nozzle, the optimum area ratio is two. 

 

 The ideal static thrust augmentation of an ejector is 

presented in equation (3).  Thrust augmentation is a non 

dimensional measure of the thrust increase associated with an 

ejector.  A value of 1.0 means no gain, or the ejector generates 

exactly the same thrust as the primary nozzle would if it was 

expanded to ambient pressure.  The thrust augmentation is 

seen to be a function of both ejector pumping and ejector area 

ratio.  Since pumping is a function of area ratio, and area ratio 

is a function of pumping; thrust augmentation can be generated 

as a function of pumping only.  This approach is consistent 

with Heiserôs approach in Reference (1), and allows a 

comparison of ejector thrust performance with ideal 

augmentors.  Figure 10 presents ejector thrust augmentation 

versus pumping or mass flow ratio. An ideal augmentor thrust 

curve is also presented for comparison purposes.  The ejector 

thrust augmentation is seen to be close to an ideal augmentor 

at low pumping rates, to increase with pumping rate increase, 

and to asymptotically approach 2.0 at high pumping rates.  The 

ejector thrust  
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Figure10 - Ejector Thrust Augmentation Variation 

 

augmentation is always lower than the ideal augmentor curve, 

and diverges away from it at high pumping rates.  The 

difference between these two curves is a result of the entropy 

rise due to the viscous losses in the ejector energy transfer 

process. 

 

 

 

Multi -Stage Ejectors (Incompressible) 

Figure 11 presents a schematic of a generalized multistage 

ejector/mixer system. The mixer nozzles shown provide low 

loss rapid mixing, and when properly designed should operate 

at near ideal ejector performance. This system has n stages. A 

control volume analysis is used to calculate the ideal 

performance for such multistage ejector systems. Although all 

the performance equations are derived for a general multi-

stage system, the predictions presented are for systems with 

equal area ratios for all ejector stages. In order to determine 

the total pumping done by a multistage system, the pumping of 

each stage must be summed.  The definition of total pumping 

for n stages is shown in equation (5): 
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Figure 11- Multi -Stage Ejector/Mixer System 

 

The total pumping for a twoïstage system is given by equation 

(6): 
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Rearranging and substituting 112 spp mmm ### +=  gives: 
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This is the total pumping of a two-stage system.  Similar steps 

are taken in order to determine the total pumping for n stages.  

The following recursion equation is the result of that 

derivation: 
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Figure 12 shows a plot of ideal pumping versus Ae/Ap.  Ideal 

pumping is seen to change very little as the number of stages  
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Figure 12 ï Pumping versus Ae/Ap for Multistaged Ejectors 

 

increase.  The pressure coefficient is only dependent upon the 

pumping and the area ratio for that stage.  Therefore, the 

general equation can easily be determined as follows: 
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Figure 13 shows a plot of the pressure coefficient versus the 

area ratio Ae/Ap.  This plot shows there is a large back 
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Figure 13 ï Pressure Coefficient versus Ae/Ap for Multistaged 

Ejectors 
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pressure benefit to multi-staging. A two stage ejector decreases 

the maximum primary nozzle exit pressure by over 30% when 

compared to a single stage system. Additional benefits 

decrease as the number of stages increase.  As a result, a four 

stage system generates most of the total system benefit 

available with multi-staging. Figure 13 also demonstrates that 

pressure coefficient benefits of a four stage system decrease 

very little at high area ratios. 

 

The total thrust augmentation for a multistage system includes 

thrust gains from Stage 1 to Stage n, and is given by: 
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Figure 14 shows a plot of thrust augmentation versus Ae/Ap.  

Multistaging increases thrust augmentation.  The biggest 

impact occurs for area ratios greater than four.  Again, most 

the gain is accomplished with a four stage system and is a  
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Figure 14 ï Thrust Augmentation versus Ae/Ap for 

Multistaged Ejectors 

result of inlet lip suction. The multi-staging also provides more 

secondary inlet projected area for suction pressures to generate 

the thrust increase.  

 

 

 

 

Comparisons With Data  

 

Figure 15 presents a schematic of a special case of a two-stage 

mixer/ejector system.  An end view of the lobes are also shown 

for perspective. The lobes in the two stages are shown lined 

up, but could be offset as well. No lobes are on the last ejector 

shroud. This two-stage mixer/ejector system was used as a 

simple study model for multi-stage ejectors, and both 

analytical predictions and scale model tests results are 

presented to demonstrate the potential of multistage 

mixer/ejector systems.  

 

 

 

 
 

 

Figure 15 ï Two Stage Mixer/Ejector Schematic 

 

Scale model testing was conducted and compared to analytical 

predictions. Computer aided design and data acquisition in 

conjunction with stereolithography fabrication were used to 

develop and test simple single and two stage mixer/ejector 

systems.  Figure 16 presents schematics of the single and two 

stage systems, along with photographs of the actual models 

built and tested. These models were tested in multiple facilities 

including the turbofan test facility presented in the photograph 

of Figure 17.  A computer controlled  traverse mechanism was 

used to measure the flow profiles at each ejector system exit. 

Both the single and two-stage ejector system had the same 

overall length and exit plane area. The two stage system had 

equal area ratios for both ejector stages. Measured pumping 

for the two ejectors are compared to the ideal values in Figure 

18. This graph shows that the single and two stage ejectors 

pump about the same flow. These results are consistent with 

the ideal predictions for pumping.  

 

 

 



9 

 
 

Figure 16 ï  Ejector Model Hardware 

 

 
 

Figure 17 ï Ejector Test Facility 

 

 
Figure 18 - Pumping Results 

 

Figure 19 compares measured and predicted ideal pressure 

coefficients ( Cp ). The two-stage ejector out-performs the 

single stage ejector by a large margin. The two-stage ejector 

Cp approaches the ideal curve, where as, the single stage 

ejector Cp does not come close to the ideal single stage curve. 

Thus, the two-stage ejector would reduce the backpressure on 

a jet engine much more than the single stage ejector. The 

larger Cp and pressure rise generated by the two stage ejector 

means that it would also be much less sensitive to 

backpressure  and inlet blockage effects. 

 

 
 

Figure 19 - Pressure Coefficient Results 

 

The above new technology was used to design a state-of-the-

art jet engine exhaust suppressor prototype (References 15-

18). The patented suppressor uses Staggered lobes for more 

complete mixing, a Two stage ejector for higher diffusion 

rates, an Efficient rounded first stage ejector for engine 

matching, a Turning shroud duct for line of sight blockage and 

Slanted lobes for faster mixing (STETS). Figure 20 presents 

the prototype STETS suppressor model built 

 

 
First Stage Turning Shroud 

 

 
 

Figure 20 -  Complete STETS Suppressor Model 


