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FOREWORD

The Ejector Workshop for Aerospace Applications was con-

ducted August 2-5, 1981, at the Bergamo Center, Dayton, Ohio,

hosted by the Air Force office of Scientific Research, Boiling

Air Force Base (Boiling AFB), Washington, D.C., and the Flight

Dynamics and Aeropropulsion Laboratories of the Air Force Wright

Aeronautical Laboratories, Wright-Patterson Air Force Base,

(W-PAFB), Dayton, Ohio.

The Flight Dynamics Laboratory Technical Monitor was Dr. K.

S. Nagaraja. The Aerodynamics/Energy Conversion Group, Aerospace

Mechanics Division, University of Dayton Research Institute

(UDRI), Dayton, Ohio, conducted the workshop under Contract

Number F33615-81-K-3032, Project Number 2307, Task Number N4,

Work Unit 17. The senior administrator and proceedings editor

for the workshop was Dr. Richard P. Braden, Research Engineer.

Government, industrial, and private groups in the United

1 States, Canada, Europe, and India participated in the workshop.

The list of attendees is included. Also included are the meeting

agenda, a short summary of and recommendations by the workshop,

and the results of the daily wrap-up sessions which were con-

ducted on August 3, 4, and 5.

Also included are the papers which were presented at the

workshop, plus some additional papers which were in preparation

at that time. The additional papers are presente.d in the

- interest of completeness since they add to the state of the art.

The papers were regrouped according to topic for publication; in

some cases they were presented in a different order.

The editors of the proceedings, Dr. R. P. Braden, Dr. K. S.

Nagaraja, and Dr. Hans J. P. von Ohain, wish to acknowledge the

special assistance of approximately 50 attendees who read and

corrected the preliminary drafts of the proceedings.
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INTRODUCTION

The following is an excerpt of the "Welcome" presented by

Colonel Robert R. Rankine, Commander, Air Force Wright

Aeronautical Laboratories (AFWAL).

"It is a pleasure for me to be here this morning, and it is

a pleasure to welcome you to this Workshop on Ejector Technology

for Aircraft Applications..

"Although ejector technology is perceived to offer signifi-

cant advantages, the fact that we do not yet have an operational

ejector thrust augmented or ejector integrated aircraft indicates

we have yet to reach the level of acceptance and maturity

required for practical applications.

"Many milestones must be satisfied before we can venture

into fabricating the ejector. We at AFWAL are committed to

advancing innovative technology promising potential. The

workshop has been organized to assist us in defining such a

course in the ejector technology goals. As a result of some of

these studies, some areas of high potential have been revealed.

Among these are the prospects for supersonic mixing. AFWAL would

like to see this body of technical experts consider all the

aspects of technology and come up with a better definition of

potential and related problems, as well as clear recommendations

for futher development.

"The results of the deliberations of this workshop are

desired to insure that support is focused with results to date,

or continuation of specific efforts.

"It is advisable, and we are still looking at some fun-

damental problems, that all of the interested organizations work

in coordination fashion. I am reassured with the fact that AFIJAL

is maintaining close liaison with both the Navy and NASA, and will

continue to maintain such as useful cooperative approach to con-
tinued development in this technology area.



"Ejector technology has interesting possibilities for STOL

and VTOL aircraft applications, primarily because of the charac-

teristically benign exhaust. However, questions of the aircraft

volume required and its distribution, as well as the mechanical

complexity, must be addressed if ejector systems are to be com-

petitive with other approaches to high performance aircraft

design.

"The challenge, then, is to obtain a high level of thrust

augmentation in very compact form, without creating a maintenance

catastrophe when placed in service. Payofts which ejectors can

impose upon performance of the total system have to be carefully

assessed. Although fundamental investigations are very intriguing

and challenging, ultimately it is the integrated system which

will provide the e'vel of performance gained, which is

anticipated.

"Questions relating to thermodynamic capabilities, scale

effect, lightweight hardware, and other significant parameters

have to be determined so that what is achieved in the laboratory

will still meet the performance goals under the constraints of

flight hardware performance.

"AFWAL encourages you to fully deliberate on all the issues

of technology, both pro and con.

"My best wishes for a successful conference."

2



S SUMMARY

The first day's presentations included papers on the more

fundamental aspects of ejector technology: an overview of

current research; jet mixing phenomena; entrainment; pulsating

flows; swirling flows; ejector scaling; and inlet and diffuser

effects. The wrap-up session which followed late in the after-

noon centered on these issues:

(1) The lack of both analytical and experimental data for

the same identical one- or two-dimensional ejector configurations

subjected to pressure ratios and primary/secondary flow tem-

peratures common to turbine engine exhausts and aerospace

vehicles.

(2) The conflicting reports on the effects of temperature

scaling (from a cold flow laboratory model to hot flow, airworthy

hardware).

(3) A conflict in reported scaling effects (laboratory

models to full-scale demonstration hardware).

(4) The utility of one- and two-dimensional integrated

continuity, momentum, energy equation models versus finite dif-

ference models.

(5) The nature of the basic mixing/entrainment phenomena,

and the effect of large scale turbulence on the mixing process.

The second day's presentations included: an overview of the

Navy's interests in VTOEL/STOL aircraft; systematic approaches to

determining theoretical upper bounds of ejector performance; the

supersonic primary/bupersonic secondary ejector; jet flaps; ejec-

tor wings; and the disparity between laboratory and full-scale

experimental results with ejectors. The wrap-up session in the

evening centered on these issues:

3



(1) The existence of the supersonic "second solution" with

supersonic primary inlet flow, subsonic or supersonic secondary

inlet flow, and supersonic mixed flow at the ejector outlet.

(2) The advisability "f further full-scale demonstration

work versus continued small-scale laboratory studies and

experiments.

(3) Continued discussions on scaling effects and tem-

perature effects (laboratory model versus full-scale hardware

results).

The third day's presentations began with an overview of NASA

spo'Isored ejector research. This was followed by reports on

experimental and analytical work on ejector applications for VTOL

and STOL, and supersonic aircraft/missiles. The wrap-up session

was conducted at noon on August 5, and invited discussion on all

of the three days' presentations. The discussion centered on

these issues:

(1) Positive and negative ground effect with VTOL/STOL

aircraft.

(2) Problems in "packaging" ejectors on high performance

aircraft.

(3) Lessons learned from the XVF-12A program.

(4) The need for higher pressure ratio propulsion engines

for VTOL and STOL.

(5) The need for a flying demonstration VTOL/STOL high per-

formance aircraft.

"* Major Keel, AFWAL/FIMM, whose group hosted the workshop,

closed the meeting with a short discussion of the avenues open to

the participants to insure a coordinated VTOL/STOL research

effort in the coming years.

4



RECOMMENDATIONS

Based upon the papers presented at the Ejector Workshop, the

discussions at the end of each paper, the comments offered at the

daily wrap-up sessions, and the written comments by the par-

ticipants after the workshop, the group recommnends~ that:

(1) Futher basic research be conducted to determine the

limits of the "second solution ejectors," since the supersonic

mixed flow should result in higher thrust augmentation than that

achieved with subsonic mixed flow. Applications of such ejectors

for V/STOL., as well as for in-flight regimes such as cruise and

manuvering, need to be explored.

(2) Basic studies should be conducted to develop methods of

achieving higher thrust augmentation ratios either with or

without complete mixing of the primary and secondary flows with

minimum length ejectorfs. Higher thrust augmentation must be the

goal, not necessarily better mixing techniques.

(3) Basic understanding of ejectors through continued fun-

damental research efforts are required, since they are the key to

the advancement of aerospace application of ejectors.

(4) Although fundamental research in the field of ejectors

is still recommended, the knowledge of ejectors is sufficiently

advanced that meaningful ejector application efforts can be

undertaken. These efforts should include analytical and experi-

- mental techniques for modeling the flow through the ejector as

design aids for aerospace ejector applications, some of the goals

being to develop ejectors applicable for a wide range of flight

speeds and angles of attack. Also, ejectors must become a part

of the aircraft structure, not appendages to the existing

airframe.

(5) Small-scale laboratory tests should be conducted to

optimize those parameters which contribute most directly to

3 overall ejector performance. Emphasis should be applied to
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ejector concepts that currently show the most promise for

aircraft integration. Temperature, scaling, and pressure ratio

effects on ejector performance must be determined through both

analysis and long-term laboratory testing.

(6) The laboratory test results should be validated with

large or full-scale boilerplate models incorporating aircraft

propulsive systems which show promise for tactical aircraft.

Both fluid dynamic and mechanical problems in the particular

aircraft installation should be addressed, both in hover and

throughout transition flight.

(7) Many questions on the suitability of particular ejector

configurations for particular portions of the flight envelope can

only be adequately resolved by large-scale wind tunnel and flight

tests. Because of the many potential advantages available with

ejectors (e.g. , benign footprint, fuel savings, synergistic

effects such as supercirculation, etc.), at least one large-scale

test and evaluation program should be maintained in the future.

(8) Ejector applications should not be limited to VTOL

aircraft, but should be equally considered for STOL as well as

forward flight applications.

(9) Engine manufacturers must be encouraged to develop

variable cycle, high pressure ratio propulsion engines suitable

for V/STOL aircraft.

(10) Systematic studies on ejector packaginxg, ejector

integrated aircraft structural problems, as well as relevant

problems relating to the use of metals, composites, and ducting

systems, need to be made. Problem areas should be defined and

methodologies for resolving the problems should be explored and

established.

6



EJECTOR WORKSHOP

First day's wrap-up session, Monday, 3 August 1981,

6-7 P.M. Dr. James Wilson, Chairman.

DR. J. WILSON: When the idea for this workshop was born,

the meeting was expected to have more of a workshop format:

fewer papers and more informal discussions. We have gone the

other way. Nevertheless, it is probably a good thing to take

some time at selected points in the proceedings to take stock of

where we are.

one of the points of the meeting was to give the research

sponsors some insights into what the community of researchers

feels are some of the key issues which require more work -- areas,

perhaps, that are being overlooked, or approaches to ongoing

research about which there may be reservations.

It was hoped that there would be fairly free interaction.

1* This evening there is not a lot of time for discussion. So the

first thing I would like to do is reopen any of the papers that

we have seen so far to further discussion. There are, in partic-

ular, two papers in which there are unanswered questions. The

discussions started and were terminated for lack of time. They

both fall into the overall subject of this phase of the workshop

and that is the basic research issues associated with energy

exchange and thrust augmenting ejectors of a class that would be

of interest in V/STOL applications.

If you look again at the sheet that you have in your
handouts, this would be Roman numeral I, questions of a fundamen-

tal nature relating to mixing and entrainment, and their signifi-

cance to ejector performance.

DR. J. FABRI: I was very much impressed with the amount of

work that is going on in the area of thrust augmenting ejectors;

both sides, fundamental and experimental work going on; but was

5 quite surprised by the fact that these are treated as two
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different things. Some people make computations, some people

make experimental tests, and very seldom can you see both of them

on the same problem. You can see in some fundamental cases, when

you have constant cross-section for example, then you have both

tests and fundamental calculations. But when you have more

complex ejectors, which fit better in the subject of thrust

augmentation, then we did not see much calculations. Nobody

tries to make these calculations.

Perhaps you have had a chance to see the paper Chinese

scientists presented at the last meeting in Bangalore. It is

finite computation for ejectors. A friend of mine who attended

the meeting claims they get easily good results, and the method

seems to be suited to the geo~metries you have discussed here.

DR. V. SAROHIA: In most analyses, assumptions are made at

the very start which produce beautiful profiles. But they go

away from what happens in real life. We have a problem here; we

don't understand how turbulent air flows under adverse pressure

gradients. These effects are absent, and we are making some

gross assumptions which are so strong that the real physics of

the problem is eliminated right at the very first step you make

in your computational technique.

DR. G. OATES: I would make a comment that I agree with you.

It would seem to me that to conduct a full numerical investiga-

tion of thrust augmenting ejectors, you must know the transport

properties rather well, because that is what is governing the

driving mechanism. And it would also seem to me that quite a few

of the papers today have no relevant techniques to enhance the

transport mechanisms. Certainly, it would be hard to simulate

them even to get the differences between the various approaches

that have been advanced here, because they are very novel

approaches, and there isn't a bank of experimental data to draw

from.

DR. SAROHIA: At least we are trying to document this and

see how the realistic profile evolves in connection with inlet

8



3flow, pressure gradient, jet flow, and mixing. But I think it is

crucial that this information should be available t(, analytical

personnel.

DR. W~ILSON: I think one of the things that has slowed the

development of computational methods is just that. We haven't

had much information about what is going on inside the shrouds.

Traditionally, you take a few outlet profiles and measure the

forces, and that is all that the modelers have to go on.

DR. P. BEVILAQUA: The first two papers tomorrow morning are

going to be presentations of the computation methods we at

Rockwell International have developed. The first paper, on ejec-

tor shroud aerodynamics, is an application of potential flow

theory to calculate pressure distributions on an ejector shroud.

This analysis also gives the inlet velocity distribution, distor-

tion factor, and so forth.

The second paper is a discussion of ejector nozzle design.

A finite difference analysis which uses a two equation model for
turbulence closure has been developed. We use this program to

analyze the mixing of deflected jets in order to trade off the

loss in primary thrust due to jet deflection for the gain in

augmenting thrust due to increased mixing.

There will be a third paper in the afternoon on

viscid/inviscid interaction analysis, in which we iterate between

the two programs. we use the viscous program to calculate the

jet entrainment, which defines an equivalent sink strength; we

use the sink strengths in the inviscid programs to calculate the

secondary flow field. This is fed back into the viscous program

to update the velocity effect on the entrainment.

So, in summary, there are three or four different ways you

can analyze the ejector. The one-dimensional methods we have

seen today have their place, because they allow you to

arbitrarily vary one of the parameters, like the exit velocity

distribution, and see what the effect on performance is.

9



However, more sophisticated methods are also available to analyze

methods of obtaining a particular exit velocity distribution.

Thus each method has its place.

DR. WILSON: What is the generality of the most detailed

method?

DR. BEVILAQUA: The only real limitation is that the ejector

shroud is assumed to be two-dimensional (the ejector isn't

tapered). The nozzle is completely general.

DR. WILSON: Compressible flow?

DR. BEVILAQUA: Yes, compressible, hot flow. This was men-

tioned briefly in the scaling study in which we calculated tem-

perature effects. That was done by solving the energy equation,

in addition to the mass and momentum equatioas.

DR. SAROHIA: The secondary fluid velocities shown in the

scaling paper are very low. How can we be sure the results are

correct?

DR. BEVILAQUA: They are to scale.

DR. SAROHIA: You are not clearly scaling up when you go
from small scale to full scale.

UNIDENTIFIED: But the area of full scale in that area is
also up.

DR. SAROHIA: You cannot scale the results. It's alright if

you transfer from low condition one to low condition two. But it

-* cannot be scaled with the data you get on a lab scale.

DR. BEVILAQUA: I think it can. We have experimental

results to show you can do good scaling between the models.

DR. K. GREEN: Concerning some of those issues with respect
to temperature scaling: my understanding is that the Rockwell

work was done with a small-scale cold flow test, and it was com-

pared to a large-scale hot test. There is also some data that

was published several years ago by Rockwell showing that if you
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maintain the temperature, and look at geometry scale changes,

there was an effect. The augmentation ratio did not scale, so I

am wondering about the issues that have been raised in the past

about the geometric scale and the temperature scale compensating

each other as you go from small-scale cold to large-scale hot;

perhaps we are missing something.

DR. BEVILAQUA: Those "scaling tests" were not truly scaling

tests. We did not build three ejectors and run each of them to

compare performance. It was actually the same ejector with the

throat opened up, and the flaps extended to try to simulate a

scale change. That was the point of the second part of the paper

we presented today: about the necessity for scaling, the inter-

nal geometry, keeping the nozzle gaps scaled, and so forth.

We believe the results of the older study are suspect, due

to configuration changes. It was not a pure geometric scaling

study; it was actually one ejector that was patched up to simnu-

late three different scales. Some of the things that remained

V the "same" actually had detail changes and that is what intro-

duced the difference in cold flow performance.

UNIDENTIFIED: Did you scale the inlet?

DR. BEVILAQUA: We scaled geometric parameters -- inlet area

ratios.

UNIDENTIFIED: They were maintained fixed?

DR. BEVILAQUA: They were fixed, but in fact we used the

same nozzles and the same Coanda surface. We opened the gap,

which meant we didn't have the same ratio of gap to surface

radius. There were other detail changes in the models which

probably clouded the results of this study.

In the more recent study, the scale model was an exact copy

of the full size ejector. In this case, the correlation was very

good. In fact, if you go back to the old Boeing and De Havilland

,daata where the full scale performance seemed to be less than the
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scale model, we are always comparing airplane hardware to an

idealized model. I believe the detail changes, the addition of

brackets, and braces, and hinges etc., which were necessary on

the airplane, reduced performance.

If the model had included scale brackets, and so forth, we

would have probably gotten the same poor performance.

DR. K. NAGARAJA; I have a few questions. First, I would

like to bring up this question of temperature effect. I was

intrigued from the compressible analyses that were done some time

ago that even in the ideal case there was very significant tem-

perature effect on the performance of ejectors in which mixed

flows are subsonic.

However, looking at the Rockwell plot that was presented

this morning, I am confused. In addition to what Dr. Green

brought up that perhaps you are trying to compare results from

two different types of tests, there is still the fundamental

question of the temperature effect. One may have to consider the

pressure effects too, simultaneously.

Now, here you have the Rockwell analytical data and Rockwell

experimental data, and there is a discrepancy between the two.

This has to be looked at more critically.

DR. BEVILAQUA: The data shown by RI today are for dif-

ferent ejector configurations. The Rockwell data represents a

test that was performed on a hot full-scale ejector. The methods

used to cool down the primary flow (water injection) also changed
the properties of the primary jet. That test was a pure tempera-

ture change; it was a way to get a handle on the temperature

effect.

The analysis was not performed for that ejec*-'r configura-

tion. It was performed for the XV-12 airplane configuration. It

shows that when you increase the temperature, there is a small

decrease in performance.
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We don't propose in this paper that we have answered all the

questions on scale effects. We don't even know what the effect

of Mach number is. We say that if you run a model, run at the

same Mach number as full size.

DR. NAGARAJA: Maybe the question is still not completely

answered. I would still like again to go back to what was

brought out this morning and what other people have shown, that

there may be some coupling effects because the flow is unsteady,

and we know in the unsteady case the temperature has opposite

effect of what you have in the steady flow. Maybe there is some

compensating effect.

DR. BEVILAQUA: Entirely possible.

DR. NAGARAJA: So we do not have that kind of analysis.

This is still an open question, perhaps, that will have to be

looked at.

Now, the other question that I have is the question of one-

dimensional approach that was brought up a little while ago. In

the absence of a knowledge of detailed flow phenomena in ejectors

we have no recourse other than to take a one-dimensional approach

where we can assign some average values to the flow properties.

Some experiments done at W-PAFB some years ago by Colonel Nelson,

who is still at Wright-Patterson, shows that when you have super-

sonic mixed flow there are some significant two-dimensional

effects. But we don't know what they are at this point. Maybe

we have to explore in some way how to take account of other

effects due to two- or even three-dimensional aspects.

The question of the approach that the Chinese scientists

presented at a meeting in Bangalore has been brought up. I've

seen that paper in a very cursory fashion. I didn't go through

it in detail. I still don't know how a complete 3-D approach can

be developed, and in fact, Dr. Ken Green may be able to make some

comments on that, because he has seen a more complex computation

3-D computational methodology developed some years ago. Perhaps
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he would like to make some comment on how difficult or how prac-

tical the method is.

In regard to the total flow structure problem, there are

some questions about energy dissipation and sources of energy.

Dr. Foa has discussed the energy exchange processes in a crypto-

steady mixing device. Some have said it is not realistic because

it dissipates energy. We also want to know the structure of the

mixing process in different flow conditions. Unfortunately, a

lot of research is being done in fundamental fashion, but because

of the limitation of the facilities, experiments are done which

may not have any relation to realistic problems that we have.

one group is concerned with the design of an airplane,

another is involved only with ejector design. It is necessary, I

think, that we develop a systematic approach to do the right type

of research which includes both airplane and ejector design.

Rockwell will probably have some comments to make on that later

on.

DR. GREEN: Concerning 3-D solutions to ejector problems:

we have looked at a finite element code that was developed at

Bell Aerospace which has a number of modes of operation. one of

these modes handles ejectors. It is rather complex to use, and

very expensive to run fcr any kind of a reasonable ejector con-

figuration. If you are talking slot nozzles with no BLC control,

things like that, then you can use it.

As soon as you introduce boundary layer control nozzles into

the problem atnd you are modeling a relatively complex primary

* nozzle, the number of finite elements jump up greatly. It gets

very expensive to run, so we did not pursue it.

DR. WILSON: Thank you.

A lengthy discussion on the merits of 2-D and 3-D solutions

over the currently available l-D solutions followed. Then Dr.

Bevilaqua was asked to discuss Rockwell's modeling techniques.
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DR. BEVILAQUA: What I have sketched on the beard is the

very simplest kind of ejector. We have a center-body nozzle

ejecting air through a very simple shroud. In order to compute

the performance, we needed to take a look at what the mixing

mechanisms are, and where the thrust augmentation comes from.

The basic mechanism is entrainment by the primary jet, which

draws the secondary flow through the ejector inlet. If we repre-

sent the entrainment by a sink, which is the effect of the jet on

the external flow, we can compute the streamlines which are set

up by the jet. There is a stagnation point near the ejector

inlet which separates the flow drawn through the ejector from the

flow that goes around it. The ejector shroud is very similar to

an airfoil. If you rotate your view 90 degrees, the ejector

shroud looks like an airfoil. The force on the ejector, the

augmenting force, is just like the lift that develops on a wing.
To compute the force, you need to combine a potential flow analy-

sis (which determines the external flow) with a viscous analysis

which gives the entrainment of the jet. Since it is not prac-

tical to solve the complete Navier-StokeS equations for the

entire flow field, it is necessary to treat each region of the

flow separately. An inviscid analysis is used to determine the

force on the shroud, and a viscous analysis is used to determine

the thrust of the jet. A solution is obtained when these forces

are equal but opposite. The iteration is begun by guessing a

value for the secondary velocity at the ejector inlet. The

viscous program is then used to compute the jet entrainment, from

which the equivalent sink strength is defined.

A potential flow panel method is then used to compute the

secondary velocity field for the given sink strength. The

inviscid solution satisfies the Kutta condition for the shroud

section. This yields an estimate for the inlet velocity which is

used to update the jet entrainment calculation. The solution is
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thus determined by satisfying the Kutta condition on the shroud

for given jet mixing characteristics.

In simpler solutions, the inviscid solution and Jutta con-

dition are replaced by some simple requirement on the exit

pressure. For example, the approximation that the exit pressure

is equal. to atmospheric pressure.

DR. WILSON: You are using physical reasoning to put

together a model?

DR. BEVILAQUA: The basic question we are trying to answer

is: where did the augmentation come from? As you answer that

question, you move toward a proper model of the ejector. It is

necessary to have a physical model of the augmentation process,

an ejector theory, in order to put together a mathematical model.

However, the predictions of the model may lead to better under-

standing of how the ejector works, and then to a better theory.

DR. H. VIETS: Having done that, we still have to ask the

question, is the problem properly specified? What is it we

should do from the empirical point of view to enhance our

understanding? Are the solutions close to that achieved by

experiment?

DR. BEVILAQUA: The answer to a question like that is a

philosophical one. The theory is correct when it is useful for

you. if one-dimensional analysis can answer a question like

"wa is the effect of inlet distortion?" then it is a satisfac-

tory model. You go to experiment, and what the model says should

happert, does happen. Newtonian mechanics is not adequate for

atomic physics, but is a perfectly good theory for calculating

the flight of an airplane. I am not suggesting that we

understand everything about the ejector. I am saying this is a

useful theory for developing the ejector.

If you work hard to increase the mixing in an ejector, but

don't understand that the augmenting thrust has to appear on the

shroud and that the shroud has to have sufficient inlet radius to
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carry the load, you may not see the increase in performance which

a simple analysis leads you to expect.

DR. VIETS: Don't misunderstand me. I am not criticizing.

You answered me.

DR. BEVILAQUA: It is similar to the Kutta condition. You

need the viscosity to set the rear stagnation point at the

trailing edge, but then once you establish that condition, you

can do an inviscid analysis of the whole problem.

With the ejector, you need the viscosity and the mixing to

start the entrainment. Something has to draw that secondary

fluid into the ejector.

DR. FABRI: The primary flow span gives you enough low

pressure to suck the flow in.

DR. BEVILAQUA: Is that not the tail wagging the dog?

DR. FABRI: No.

DR. BEVILAQUA: The jets tend to be thin and the pressure in

the jet is imposed by the external stream rather than the

pressure in the external stream adjusting to the jet pressure.

DR. FABRI: That may be true. That may be during the tran-

sient condition at the start of the process. It is necessary to

have the viscous effects, but once you have the pressure viscous

condition the main effect is distribution effect.

DR. BEVILAQUA: Something has to draw the secondary fluid

in.

DR. FABRI: When the sinks are already fixed, the inlet

part of the ejector is enough to fix all the conditions in that

case. I don't talk of any other than that case -- in the case of

constant area, you have no change in impulse between the inlet

and outlet.

DR. BEVILAQUA: Supposing you had a convergent supersonic

nozzle. The pressure inside the jet in that case will certainly
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be different than in the secondary flow, and your pressure condi-

tion is not matched.

DR. FABRI: No you have pressures compatible with the two

flows, and the advance pressure is enough to drive the flow in.

DR. BEVILAQUA: But you don't have the same pressures in the

choked jet and the secondary flow, and yet the flow is still

drawn into the ejector.

DR. FABRI: You still have compatibility between the primary

and secondary flows.

DR. BEVILAQUA: If you replace the jet boundary by a solid

body, would you get an ejector?

DR. FABRI: This is not the case.

DR. BEVILAQUA: Once you have a solution, you should be able

to repl~ce a streamline by a solid body, and not change the flow.

In an inviscid analysis, you can replace any streamline by a

solid surface.

DR. WILSON: Are there other points of view?

DR. SAROHIA: I think what everybody is saying is that this

should be a very simple analytical problem, but I think it is a

very complex fluid mechanics problem. Physically the geometry is

very simple, but the interactions are very complex. We are going

to have this confusion for a long time.

DR. N. MALMUTH: I think it is a question of relative worth.

If you work the one dimensional problem that Dr. Bevilaqua wants

to do, I think that is very useful. But if you want to get a

certain resolution of the flow and have consistency of all the

conservation laws, you really should be working with something

like the two-dimensional model with viscous interactions with it,

rather than the one-dimensional model. If you really want to get

into the nitty-gritty of what is going on, trying to explain some

of the experiments, I think we have to get more sophisticated in

our modeling.
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E DR. WILSON: Thank you. There is one other topic, one

other area that I wanted to bring up, but hasn't come up. Dr.

Nagaraja mentioned it. It was the business of energy exchange

that Dr. Foa was talking about earlier today. There was some

discussion at that point that wasn't finished, and why don't we

take ten minutes, if there is anyone else that would like to com-

ment on it. In the energy exchange process with large scale vor-

tical structures present, is work done on the entrained fluid by

both normal stresses and shear stresses? Is this a helpful

viewpoint in trying to understand the process?

DR. BEVILAQUA: Are you asking a big eddy versus little eddy

question?

DR. WILSON: I am referring to the role of the large

structure.

DR. BEVILAQUA: I think it is pretty well agreed the large

eddies are responsible for energy extraction from the mean flow,

and it is the large eddies that pass the energy down to the small

scale eddies where they are dissipated. There is disagreement

about how the large eddies extract the energy, what the mecha-

nisms are.

DR. WILSON: Yes, but in ejectors we have seen'large

scale eddies; they exist. A lot of people go to a lot of trouble

to generate them. A lot of the unsteady flow devices seem to

generate them. Dr. Viets shows in his paper that they do exist.

Is that what you are getting from the introduction of

unsteadiness?

DR. VIETS: I have an opinion, too. I think there are two

different kinds of m~echanisms that perhaps fall under that

general heading. One is the one you alluded to with the large

eddies, where you get some mass transfer from one position in the

flow to another in terms of gulping. I think that you can call

the other pressure transfer, although I would tend to call it

more entrainment, and I would treat it as a quasi-viscous kind of

thing, although it is a large-scale.
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The other possibility is, if you do have a moving mass of

fluid moving more or less as a lump by itself, at least for a

short interval of time, I think that this mass of fluid has the

possibility, under the right circumstances, to transfer energy

through a more normal force kind of arrangement. For some time

it may exist as an entity, and transfer energy to the flow in

front of itself.

Now the scales involved are quite another thing. You can do

it with a vortex ring that fills a duct entirely, and it will

work very well. That has been shown by Lockwood's experiments.

If you don't fill the entire flow, then the question arises

whether or not the transfer is really a question of normal force

energy transfer or whether it is just simply the fact that you

have enhanced the mixing.

Then it gets back to the question: Is it a large eddy that

is dragging this material in, or is there really some pressure

transfer of energy? Conceptually it would be a lot more effi-

cient to transfer energy by this pressure method than it is by

the viscous method. It is not only more efficient, but it can be

accomplished in a shorter distance.

So if we can generate flows that produce large energy

transfer, they offer lots of advantages.

There is also the possibility that this kind of transfer is

caused by acoustics. That is, if you can find a method by which

the acoustics can be generated to produce a normal force directed

in the way that you want the stream to go, you may have another

chance of transferring the energy that way.

DR. WILSON: Dr. Foa.

DR. J. FOA: Dr. Viets is absolutely correct in what he

said. However, I find it very difficult to accept that you have

pressure exchange when the eddies fill the entire interaction

space and not when they don't.
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A discontinuous transition from full pressure exchange when

the eddy spans the interaction space, to no pressure change when

the eddy is any smaller, seems physically implausible. My

hypothesis is that eddies, and particularly large ones, exert

surface pressure forces on the surrounding medium and that since

the eddies move, these pressure forces do work. The transfer of

energy will, therefore, consist in part of the work of surface

pressure forces, which is an efficient mode.

DR. WILSON: Dr. Viets, can you respond?

DR. VIETS: I am sure if you look back in the transcript you

will find I did not say it is not possible. I say it is a lot

easier for it to occur if you fill out the entire duct. I do not

mean to say it is not possible if you do not fill out the entire

duct. It is just a lot less clear how efficiently one can do it

or whether or not it happens at all.

I believe it happens, but on a much more limited scale, if

you don't fill out the entire duct and allow no pressure around

the formation of the flow.

DR. A. KROTHAPALLI: I think there were two cases which I

showed this atternoon, one in which the object i~s completely

expanded in a very small distance, and mixing is quite enhanced.

You can see large-scale motions. In the second case you don't

see large-scale motions.

The question is: is the first case, which fills the duct so

fast, is that better than a case where we have a jet which goes

straight out without spreading until much further down the mixIn

tube? Which one is most efficient? I don't know the answer

between the two right now.

DR. VIETS; I think the question is one that has been looked

at by several people, and it is a question of whether or not you

want the mixing to be relatively complete by the end of the duct.

You don't want the mixing to be complete one-fourth of the way

down, and suffer all the wall losses from there on. You want the
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duct to be only as long as it needs to be for the mixing to be

complete.

If it is any longer, from there on you are going to suffer

losses and those losses will make it worse, not better. So a

duct that is longer than it has to be is bad.

DR. L. BERNAL: I have a question, perhaps, of semantics

here. I think there are only two types of forces. We are

talking about either pressure forces or viscous forces, as I

understand, and the question is really a question of organization.

Highest order viscous forces are negligible for our purposes,

but there is always going to be an effect on pressure forces.

I don't think viscous forces are going to have any effect.

DR. KROTHAPALLI: Yes, if the jet is not completely filling

the channel.

DR. BEVILAQUA: If we look more deeply into the basic energy

transfer process there isn't a difference between the unsteady

pressure mechanism and the steady viscous mechanism. We are

really talking about a collision between the jet and the secon-

dary stream. It is similar to shooting a bullet into either a

block of wook or a bale of straw, both of which have the same

mass. The energy gets dissipated in different ways. When a

wooden target is used the bullet gets smashed up, whereas with a

straw target, the bullet hardly gets damaged at all, but the same

amount of energy is dissipated because the velocity is the same.

It is the mass ratio between the tasget and bullet that deter-

mines the energy loss and momentum transfer. The details of the

* . transfer mechanism, whether the bullet is deformed or the target

is deformed, or some combination of the two, does not affect the

net energy loss.

The same is true of jet mixing within the ejector. Whether

there are pressure forces or only viscous forces, the net energy

transfer is the same if the same degree of mixing is achieved.
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How long it takes might depend on how you do it, but if you

transfer so much energy from the primary jet to the secondary

flow, you are going to end up with so much augmentation, and

there is nothing you can do to increase it (beyond that limit).

DR. OATES. I am not sure I completely understand the com-

ments made here, but I would like to remind myself, anyway, that

these are momentum devices, not energy devices, and I feel that

when one deals with the pulsating device, there is energy tied up

with the pulsation mechanism, and if you get pulses out the back,

that to me represents wasted energy. I think there will be a

penalty that will come with that. It may be true that you get

the other benefits -- enhanced mixing, (for example); and con-

sequently, better mass to the flowrate, and so on, but we have to

be a little careful talking about energy transfer when it is

really the momentum generated that results in thrust.

DR. BEVILAQUA: The momentum is always conserved. Some of

the energy is dissipated, but in the end,. what you need to do is

transfer momentum. Energy is transferred as a "by product".

DR. OATES; The device is going to feel the result of the

momentum transfer, so you want to have the energy shared by the

streams in a way that enhances the momentum.

DR. BEVILAQUA: My point was that the momentum is conserved,

and in the process a certain amount of energy is dissipated. How

much is determined by the conservation of momentum and the mass

ratio. It doesn't matter how the transfer occurs.

*DR. FOA: It does, because the collision velocity itakelf
depends on the mode of energy transfer.

DR. OATES: I don't agree with the comment the momentum is

conserved. If we make the problem simple and shut the front, so

that we have the internal flow prescribed, we have two streams

f with a nozzle at the back of all of this. Then you will get more
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thrust, (assuming appropriate conditions, that is higher tempera-

ture in one stream than the other) and you will get more thrust

if mixing occurs because the momentum of the departing mixed

streams is larger.

DR. BEVILAQUA: We are talking of thrust augmenting ejectors

which draw air from the atmosphere and eject it back into the

atmosphere; in that case momentum must be conserved. The thrust

of the jet at the ejector exit equals the thrust of the jet at

the inlet plus the secondary stream thrust. But the kinetic

energy at the exit is less than the kinetic energy at the inlet,

because some is dissipated as turbulence and heat during the

mixing process.

DR. M. ALPERIN: The forces are equal to the change of

momentum. Looking at this from an engineering point of view,

what you really want to do is increase the stagnation pressure so

that you can get the thrust. That can't be done by pressure; it

can only be done by some viscous interaction.

DR. R. BRADEN: Professor von Ohain, did you have a comment?

DR. H. VON OHAIN: I say the impulse function is conserved

in the constant mixing duct, and if you take the control volume,

including the inlet and exit nozzle, then the impulse function is

increased because you have thrust augmentation. So you have to

be careful where you put your control volume.

UNIDENTIFIED: I feel that the purpose of our discussion

this evening is to map some plans for where one should go in this

ejector business. I would have to say I think that the ejector

designer analyst needs every possible tool that he~can get his

hands on, and I don't think that we want to consider eliminating

one-dimensional analyses. Perhaps two-dimensional analyses are

required where you have short ejector shrouds, nonconstant area,

or similar non-uniform effects. But the one-dimensional model

has its place.
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These are all attempts at modeling, and I think the ultimate

goal should-also be to have a multi-dimensional finite difference

model, at least starting with simple configurations, not these

really complex cases that I think you encounter in thrust augmen-

tation devices. But I think we should at least get started, for

example, analyzing the constant area ejector by finite difference

techniques.

We shouldn't eliminate other modeling techniques; for a long

time they will be the only way we will get reasonable engineering

answers. There are problems where you have higher compression

ratios, or a smaller induced flow rate. Here you enter domains

where mixing is a dominant factor; for example, in supersonic jet

entering a mixing shroud. Empirical solutions have done a

terrific job in looking at this problem.

I believe as an objective one should have finite difference

analysis of simple configurations. I think one should have a

systematic approach in trying to model the various other

configurations, and of course, always keeping in mind that in

many cases one-dimensional analysis will give you a quick and

very good idea of what might happen. But one must not place

total faith in these quick analyses.

DR. GREEN: I would like comments from the group with

respect to having modeling going on simultaneously with fun-

damental experimental work. Sometimes I get very concerned that

after your experimental work is done, somebody goeiv back and

-*tries modeling, and the experimental work never r-L.aliy measured

some of the upstream conditions, so these things are guessed at,

and because of that, it adds one other dimension of unknown to

the solution.

So I would be very interested in the comment of the group as

to the need of coupling both an experimental and analytical

approach together in one program.

DR. J. C. DUTTON: I would like to address that question, or

that request. I think Professor Addy from the University of
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Illinois has made, for the higher pressure-ratio ejectors, both

systematic analytical and experimental investigations of super-

sonic ejector systems. He has shown that for the higher

compression type ejectors, one-dimensional analysis works very

well if the secondary flow rate is reasonably high. If the

secondary flow rate is low, viscous effects are very dominant and

you have to couple the viscous and inviscid flows. Perhaps he

will tell us more about this tomorrow.

DR. WILSON: We have come to the end of this-discussion.

One more comment.

UNIDENTIFIED: One final comment about modeling and

experiments. I think it would be ideal if we could have some

experiments planned that would be very closely coordinated with

theoretical analyses which are fundamental in nature, and also

the more technological hardware type development where you might

want t~o put this practical application. Many times. when you

encounter experimental data, the experimentalist does not measure

all of the stated variables which the analyst must include in his

model. Consequently there can be no comparison between the

experiment and the supposed "model" of the physical phenomena.

DR. GREEN: Maybe someone would comment on the need for

having both analytical work and experimental work done at the

same facility, or can they be done at separate facilities as long

as there is communication. Or does that get to be a problem?

UNIDENTIFIED: At the same laboratories, you can communicate

rapidly and observe the results and compare it.

DR. K. KARANCHETI: I would like to comment on that. That

was one of the objects of the program at Stanford. We want to

compare the analytical with the experimental. We have just

started working on it.

26



DR. SAROHIA: I would like to make a comment. If the same

group is doing both the analytical and experimental work, it is

very possible for them to reach agreement even when the data is

bad.

DR. OATES: Perhaps I could quote a rather well known

person, but not give his name, who had established an unim-

peachable reputation as an experimentalist. He said before he

died that he wanted to publish a lot of absolutely nonsensical

data and wait for the theoreticians to match it.

DR. WILSON: I know in the 1968 Stanford conference on

turbulent flows, they had a few blind cases; they didn't give

anyone the results until the computations had been made. There

is something to be said for that.

Further comments?

UNIDENTIFIED: Since we are talking experiments, didn't you

mention in the preliminary comments a little while ago about the

role of so-called large-scale structures?

DR. WILSON: I mentioned that, yes.

UNIDENTIFIED: I would like to make a comment, if I may.I

think, first of all, the question has been repeatedly asked to

what extent large-scale structures are important to enable us to1 model turbulent flows, to what extent large-scale structures

play a part in the generation of aerodynamic flows, and perhaps

we can ask the same question here in respect to energy. Do we

spend a lot of time and money trying to study large-scale

structures because it is fashionable, or because they play a part

in the understanding of ejectors?

I would suggest a simple program to determine the role of

large-scale structures before we spend a lot of time and money on

their analysis.

DR. NAGARAJA: Perhaps what we need is an ejector tomography
a. to really understand what is happening internally, to decide

27



whether we are looking at the large-scale structure, whether they

do exist under the stream aerothermodynamic conditions, and then

say if the tomography gives any reasonable result. Then we can

probably undertake a more systematic study of the problem.

DR. WILSON: Under adverse experimental conditions or in

compressible flows, can you even find them?

DR. NAGARAJA: Not if you simplify the problem. To see

realistic operating conditions, we probably need a test airplane.

DR. WILSON: I understand that, but I don't think that is a

simple thing to do.

DR. NAGARAJA: It is not simple.

DR. K. AHUJA: I have a few slides showing results that shed
considerable light on the role of large-scale structure on jet

mixing, and if the audience is interested, I would like to show

these.

(The group gave its consent.)

DR. AHUJA: I think this session can be concluded by four

slides I am going to show. In relation to large-scale turbulence

structures, what we have been doing at the Lockheed-Georgia

Company has little to do directly with ejectors, but has

something to do with exciting a jet with upstream sound at

discrete frequencies.

First of all, we have conducted a flow visualization study

to determine what is the shape of the so-called large-scale tur-

bulence structure.

Most shadowgraphs and schlieren photographs, particularly

those for axisymmetric flows, display a certain degree of con-

fused detail resulting from small-scale turbulence in the jet,

and from thermal convection in the ambient air. A method of

removing these sometimes unwanted details, and thereby high-

lighting essential characteristics, is the application of a pho-

tographic averaging technique. This is an effective method for
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revealing orderly turbulence structure in a jet. The method

involves repeated triggering of a light source and superposition

of all the schlieren images on a single photographic film. By

this means, the images of the coherent structure associated with

the trigger signal are reinforced and those from the random tur-

bulence tend to cancel.

This method was used in our experiments but a new and very

simple method of synchronizing the source of light was used. The

laser beam passing through a Bragg cell was the source of light.

The Bragg-cell shutter was synchronized with the excitation

signal itself, thus the strobe frequency was the same frequency

as that of the acoustic signal used to excite the jet. Some

optical schlieren pictures obtained in this way will be seen in

the next three slides.

The first slide here (Figure la) shows typical schlieren

pictures of an unexcited jet and an excited jet. Here the light

source was synchronized with the acoustic signal but the film

plate was exposed only once. These pictures show quite clearly

how the jet plume has widened considerably as a result of

upstream excitation. Besides a general disruption in the move-

ment of the small-scale turbulence, new large-scale vortices

appear to be formed some distance downstream of the exit. These

vortices travel downstream, and, where they appear in the ach-

lieren photographs, depends upon the phase relationship between

this orderly vortex structure and the strobe signal.

To prove that these vortices are indeed orderly, the film

plate was exposed 30 times using the technique of photographic

* ~ave~raging I just talked about, and the resulting photograph is

shown in the second slide (Figure lb).

The vortex structure seen here is the so-called large-scale

structure, also called by some researchers the "instability

wave."

The third slide here (Figure 2) shows the motion of the same

large-scale structure at different times.
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Figure la. Schlieren Pictures of an (a) Uniexcited and
(b) Excited Jet.

Figure lb. Photographic Averaging of Excited Jet.
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The last slide (Figure 3) shows the variation of the large-

scale turbulence pressure magnitude with distance (x/D), along

the axis. Here the jet was excited with a discrete tone at

Strouhal number, S e = 0.5. The topmost curve was obtained at a,

excitation level of 141 dB3. On the same figure is shown the

pressure variation with the flow turned off but with the excita-

tion level kept at 141 dB. It is clear from this figure that, in

the presence of the jet flow, the acoustic signal is dominant

close to the nozzle exit up to about 1/2 diameter. Thereafter,

the hydrodynamic wave magnitude starts rising very rapidly,

reaches a peak, and is then followed by a gradual decrease in

level. The fluctuating pressure due to the large-scale structure

is about 35 decibels higher than that due to the acoustic signal.

Curves of the large-scale instability wave are not neces-

sarily parallel to each other for various excitation levels as

seen here (Figure 3) for three different excitation levels,

namely, 141 dB, 136 dB and 128 dB. Close to the nozzle exit the

behavior is linear, but further downstream there is considerably

less amplification at the higher excitation levels. At large

distances downstream, in fact, there is even a decrease in the

measured pressures for an increase in excitation level.

These results can be explained as follows. When the jet is

excited'by a low-level acoustic source, the large-scale instabi-

lity wave tends to lock onto it, and produces a response which is

in agreement with the iinear shear-layer, instability theory. It

extracts energy from the mean flow in the initial region of the

jet, indicated by the initial rise of the curve here (Figure 3).

However, further downstream, due to large jet width, the growth

rate of the instability wave is decreased, and as the wave

decays, part of its energy is transferred back to the mean flow.

Thus, at low excitation levels there is basically a back-and-

forth exchange of energy between the instability wave and mean

flow. At higher excitation levels, however, the wave extracts

considerable energy from the jet mean flow, and the response
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becomes nonlinear as some of this energy is converted into tur-

bulent energy. This interaction involves both the generation of

random turbulence and its transport.

The increase in the level of the random turbulent kinetic

energy causes a more rapid spreading of the jet flow through an

increase in turbulent stresses. Thus, for high-level excitation,

some distance downstream of the nozzle exit (e.g. beyond the peak

of the upper curve in Figure 3), the wave transfers more energy

to the random turbulence than it gains from the mean flow, and it

begins to decay rapidly.

I think that's about it on large-scale structures. Thank

you.

(Workshop recessed at 7:00 o'clock, P.M. to reconvene at

8:30 A.M. August 4, 1981.
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EJECTOR WORKSHOP

Second day's wrap-up session, Tuesday, 4 August 1981,

6-7 P.M. Dr. Ken Green, Chairman.

DR. VON OHAIN: Many people have suggested that Professor

Sears should discuss any impressions he may have had in this

meeting.

DR. NAGARAJA: Because of Professor Sears' background and

noted experience, and his association with the Rockwell VTOL

program, I think any comments he might make may be very

worthwhile. His observations on specific developments, and com-

ments as to what needs to be done, will be useful.

DR. W. SEARS: It seems to me that ejector technology is

quite an old subject, but one that was never carried through in

the past to the kind of application that we are thinking of.I

guess the mechanical engineers and various other people tried

j some applications in the past, but now we have modern ideas of

using the jet exhaust to produce vertical or nearly vertical

flight through thrust augmentation. We went into new areas, and

as could be anticipated, since it was a rather old technology, it

was considered to be fairly well understood. But it really

wasn't that well understood. We've all heard many new things in

the last two days at this workshop, things that were in the

literature but they weren't in everybody's minds just because

they were in the literature.

The Wright Field people did a lot of good work when they got

interested in ejectors a few years ago, specifically Hans von

Ohain's group at ARL, and some of the best experts in this sub-

ject were working developing those cruciform nozzles, hypermix

nozzles, and things like that. It all looked so attractive to

put these devices to work in high performance airplanes. Well,

we saw the history of what happened. It was very interesting to

hear Dr. Green go over the history of VTOL the way he did,

I because we all get very smart looking at it in retrospect. it
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turns out, as Dr. Green pointed out to us, that it was supposed

to be a program with big payoffs and high risks. That is what it

turned out to be -- high risk. A lot of good work has been done

in these last few years. Mistakes have been made, a lot of good

inventions have been made, and our understanding of ejectors has

been increased. The thermodynamics of the problem is quite

clearly understood.

We've seen today and yesterday that a number of people have

some very strong feelings on how to analyze ejectors. I tend to

agree with the person that objected to the last line on one chart

that said "we need a new fundamental program of research and

development," or something like that. While no one in this room

would claim we've got all the answers, but compared with other

technologies that are useful in our field, and where we were when

we started putting them to work and cutting hardware, it seems to

me that the subject has progressed to the point where what is

badly needed is to solve these practical problems of application,

the hardware problems.

It was mentioned that I was one of the people that looked at

the Rockwell VTOL technology for the last couple of years. It

was four years, really, at the request of the Navy, and it is

very interesting how much progress they made at Rockwell during

those four years. As you have seen, they are able now to make

some very impressive flow field calculations, and they will do

better as time goes on.

What needs to be done, probably, is to be sure that the

applications are made where there will be really big payoffs.

* The problems are largely practical problems, like packaging, and

getting something flying that~we can use to learn about flight

qualities of this type of aircraft in cross winds, in gusty

weather, and rolling ship carrier decks, and such things.

The science of the subject will go along faster under the

impetus of the application programs. one of the new things I
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have learned about at this workshop is the development concerning

the second solution, the supersonic solution. Surely this is

very exciting and must be looked at very seriously from the

standpoint of applications.

Thank you very much.

DR. GREEN: There were a number of papers presented today

where there was very little chance for questions and answers, so

I would like to go through each of the papers and ask if anyone

would like to raise any additional questions or make any addi-

tional comments. I will ask for questions on the papers in the

order they were presented today. "Ejector Shroud Aerodynamics."

Are there any additional questions or comments? "Ejector Nozzle

Development," Gene Schum. "Ejector Performance." We will skip

my paper and go on to the next one.

"Considerations of the Control Volume Approach to Ejectors

as Applied to Thrust Augmentation," by Dr. Minardi. He had very

few questions because of the time constraints. Is there anyone

that would like to raise any questions with Dr. Minardi?

DR. SEARS: Just a remark. I really enjoyed those engines,

those ghost machines which Dr. Minardi showed because it seems to

me that they are very revealing as to what is going on inside an

ejector. Those funny curves and negative entropies and all kinds

of nonsense that we don't understand have all got to mean

something, and I can understand the basic processes better. I

thank you very much for that.

DR. J. MINARDI: That was my intent. I was not trying to

suggest that we build such machines, but merely that we explain

by this kind of machinery the equations that we are using to

analyze the ejector problem. The equations for the ghost machine

network are identical to the ones you would write for an ejector.

That was my point.

DR. ALPERIN: My only objection was that among all the

machines shown there was one called a ghost machine, which can be
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replaced by a constant area mixing ejector. The equations apply

to those machines as well as to a constant area mixing ejector,

and I think that a constant area mixing ejector can't be termed a

ghost machine.

DR. MINARDI: The ghost machine is one that cheats a little

bit because it acts uniquely with the environment, exchanging

heat and work with the environment. It obviously can't be in an

ejector, and it is the one machine that allows you to get perfor-

mance in excess of a hundred percent. It is required if you are

going to get the second solution efficiencies.

DR. ALPERIN: I apparently misinterpreted your materials in

which you showed something which had a value of one which you

indicated was the limit of the second law of thermodynamics. I

assumed it was the same curve that I had plotted, which was the

ratio of the mechanical energy. If I assumed wrong, I apologize.

DR. MINARDI: What I had plotted was the efficiency based on

availability and not the mechanical and kinetic energy. When the

efficiency is one, the entropy increase is zero, so it was

exactly the same.

DR. ALPERIN: I think we all admit you can't achieve the

entropy change of zero in a real case, but I think you can come

pretty close to it with the constant area mixing ejector. How

close is something that we have yet to determine.

DR. VON OHAIN: No, Minardi's paper does actually show the

best that, an ejector can do. His paper has an analysis of the

constant area ejector and the limits of its use. If you want to

go further, then you have to have extensive machinery. That is

what his paper says.

DR. GREEN: Any response to that, Dr. Alperin?

DR. ALPERIN: I guess I don't know where that limit is. The

difference in semantics makes it very hard to determine.

DR. GREEN: There is a question in the back.
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UNIDENTIFIED: Isn't there a way, instead of using zero

entropy change, to calculate the minimum entropy arrived at the

mixing, and use that as a limit?

DR. MINARDI: If I knew how to do that, I would like to do it,

but I don't know how to do it. But the point is that using the

analysis that Dr. Fabri had presented in his '58 paper allows you

to determine for the supersonic case where that ejector is

actually going to perform. So you end up with only one point on

the curve that you are actually going to achieve. There is

already a theory in place. That has been verified by experimen-

tal evidence that will allow you to predict what a given constant

area ejector with subsonic flow inlet will do.

The last two slides I tried to present, which I really

didn't have time to explain, tried to predict the expected per-

formance of a given constant area ejector.

DR. GREEN: Any other comments? The next paper was "Thrust

Augmenting Ejectors," by Dr. Alperin. Any questions or comments

to Dr. Alperin.

DR. M. PLATZER: I don't recall whether you showed it i~n

your presentation, but in your paper on "Mixing of Compressible

Flows with Application to Ejector Thrusters" by M. Alperin and

J.J. Wu you showed for static operation (M =0) a thrust augmen-

tation ratio of close to 8 to 1. Can you describe the exact flow

conditions a little more?

DR. ALPERIN: That is under the second solution.

DR. PLATZER: Yes, the second solution.

DR. ALPERIN: That was, as I recall, and I don't have my

paper in front of me, it was utilizing a ram jet ejector, again,

low pressure and high temperature injected gas with alpha infin-

ity of 20, and under stationary conditions. That is an ideal

case, under the conditions when entropy change is zero. It is a

limiting point.
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DR. PLATZER: What is the outflow velocity?

DR. ALPERIN: The outflow velocity in subsonic, I don't know

exactly what they are. We have all of that on computer printout,

but I don't have that with me. I have all of the flow

properties.

DR. PLATZER. Is the ratio of 8 to 1 physically possible?

DR. ALPERIN: No. That is the limit. That is an ideal case

without losses, and at the limit when the entropy change is zero.

It is a limiting case. Why would it be impossible as an ideal

case?

DR. PLATZER: Well, I am searching for what is physically

possible. How idealistic are the other cases which you showed?

DR. ALPERIN: All of the maps where I showed iso-

augmentation lines are all ideal flow at the optimal performance

point. There were three optimal performance points, and the best

ones were at the delta S equals zero point. They are all ideal
flow, no losses, isentropic inlet, isentropic outlet, and the

delta S equals zero point means the total entropy change is zero.

That is, the entropy at the end of mixing is equal to the sum of

the entropies at the start of mixing.

DR. PLATZER: Have you attempted to estimate more realistic

flow conditions?

DR. ALPERIN: Yes, I did show some effects of losses at the
end of my paper, but not for that condition.

DR. PLATZER: Did you also do that for the static case?

"* .DR. ALPERIN: The ones calculated were for a flight Mach

number of 0.65 under the second solution with the shock waves in

the outlet. That was the last slide I presented, I think.

DR. GREEN: If I may say something here, I think Dr. Platzer

is referring to one other paper that you had written some time

ago where you showed augmentation ratio versus temperature ratio
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(stagnation primary to secondary), for various secondary stream
4k Mach numbers using both the positive and negative solutions. The

freestream Mach number was zero. I believe the peak augmentation

ratio showed up at a secondary stream Mach number about 0.4, and

was giving computed augmentation ratios about 8, for the positive

solution.

DR. ALPERIN: No, that was in the region where the entropy

change is negative. That part of the curve was in a dashed line.

DR. PLATZER: But then it is a solid line which I believe,

means that toe entropy change is positive.

DR. ALPERIN: Yes, the solid line ends at the point where

the entropy change is zero. That is also an ideal situation.

DR. PLATZER: Could it become realistic?

DR. ALPERIN: Well, not that way, no. obviousily, losses

tionary case, the stationary ejector second solution with losses,

because I have had no reason to do so. I did calculate the sta-

tionary case with losses under the first solution, which we did

in connection with the work we did for NASA on the E205 airplane,

but we didn't do the second solution, because that ejector was

not designed that way. It was just a jet diffuser ejector, and I

have never put losses into that case. I can do it. We have the

computer program.

DR. PLATZER: If viscous losses are included, could the

augmentation ratio decrease from 8 to 6 or so?

DR. ALPERIN: I think that might be in the ball park,

although in the stationary case under the second solution you

need -- you need a normal shock, because the exit flows are

subsonic, and it would be a matter of designing the outlet so

that the losses in the shock wave system would be small. Now how

much that would reduce the augmentation from the ideal case, I

don't know, but I think it would still be very high.
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DR. PLATZER: But you could still obtain, let's say, a fac-

tor of three improvement over the present technology?

DR. ALPERIN: I think you could, yes. I think it would not

be easy to do. It might require an adjustable outlet. And

whether the adjustable outlet would be a simple adjustable outlet

or something like you have on supersonic wind tunnel, I don't

know.

DR. PLATZER: What about the efficiency, then? Doesn't one

normally say that, in order to get good hovering efficiency, you
have to impact a small velocity increase to a large mass?

However, it seems that in your case you would have relatively

high outlet flows. Is mass flow in your second solution much

larger than in the subsonic solution?

DR. ALPERIN: I think it is 60 to 1, at those high

temperatures.

DR. PLATZER: And what is the exit velocity?

DR. ALPERIN: The area ratio is small. You have a high tem-

perature primary jet, in which the mass flow is small, and the

alpha infinity is 20.

DR. BEVILAQUA: I am trying to understand the nature of some

of the losses that Dr. Alperin is assuming. If you are getting
high augmentation but you require a large secondary mass flow

that means you can't use all of the engine outflow. If 60 times

the primary mass, you will need an ejeutor bigger than the

airplane. You couldn't get that mass flow in a practical

ejector.

DR. ALPERIN: Not necessarily. It depends on the primary

stagnation pressure and temperature.

DR. BEVILAQUA: I don't understand. Correct me if I misun-

derstood you, you said in response to Professor Platzer's point,

that obtaining very large augmentation required something like 60

times the primary mass flow.
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DR. ALPERIN: I think that is it.

DR. BEVIE1AQUA: How will it be possible to get 60 times the

mass flow of the subsonic solution through an aircraft ejector?

DR. ALPERIN: I didn't say 1;0 times the subsonic solution.

It is 60 times the primary jet mass flow.

DR. PLATZER: In the subsonic or in the supersonic solution?

DR. ALPERIN: Both.

DR. GREEN: Dr. Addy?

PROF. A. ADDY: I had several questions this morning. one

question that came to my mind was "what determines whether you get

the first or second solution in your analysis?"

DR. ALPERIN: The geometry of the inlet and outlet,

primarily.

PROF. ADDY: What about the back pressure, boundary

( condition?

DR. ALPERIN: Back pressure? All thrust augmenting ejectors

exhaust to ambient pressure, and ingest from ambient pressure.

They are blowers in a sense.

PROF. ADDY: That was my next question you anticipated.

How do you get this pressure rise?

DR. ALPERIN: Which pressure rise?

PROF. ADDY: If you are taking air from the atmosphere,

putting it through this device and producing supersonic mixed

flow at the exit, you are discharging at essentially the same

pressure.

DR. ALPERIN: The stagnation pressure rise is obtained from

the mixing process, by mixing in a constant area duct.

PROF. ADDY: I've done lots of experiments like that. I can

only get supersonic exit flow in short ducts if I have a high

primary stagnation pressure and low back pressure.
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DR. ALPERIN: That is what we have.

PROF. ADDY: But the problem is, we must take that flow at

ambient conditions, put it through the ejector, and discharge it

at the ambient conditions.

DR. ALPERIN: Why is that a problem?

PROF. ADDY: Well, to get the kind of flow rates you want,

you must have high compression ratios. You do not have a high

compression ratio. I don't understand how this works.

DR. ALPERIN: The stagnation pressure after mixing is higher

than ambient.

PROF. ADDY: Higher than ambient?

DR. OATES: I think this is a trivial question, but I hope

it isn't too trivial. Do I understand, in essence, you've got a

high pressure primary, ambient secondary, and then enormous acce-

leration up to the mixer bec~ause you have compound supersonic

flow going in, and also supersonic flow departing. Therefore you

have a very large diffusion requirement to get back to ambient,

so your whole system, the operational part of your system is

operating at a very, very suppressed pressure compared to the

ambient static pressure?

DR. ALPERIN: Yes.

PROF. ADDY: I guess I don't understand it. I am just

trying to relate this to my experiences.

DR. OATES: Did you see what I meant?

DR. ALPERIN: Most of your experienci, I assume, is with jet

pumps, Dr. Addy?

PROF. ADDY: No, as a matter of fact, we wrote a paper about

matching intakes and ejectors for thrust augmentation purposes,

and we found when we did this work that the three-dimensional

surface that 4;epresents the performance characteristic of an

ejector had to be intersected by a surface that stated the
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boundary condition that the entrance stagnation pressure was

equal to the exit static pressure. In other words, we were

drawing from atmosphere, we were discharging to atmosphere, and

we had the ejector choking phenomenon. I think the only way we

would get supersortic flow at the exit is if we dramatically

reduced the back pressure.

DR. GREEN: Dr. Gates, did you want to say something?

DR. GATES. I just wan-ted to make a small comment. I am

wondering if your concept of "what the exit is," is part of the

problem. There is an exit from the ejector, but then there is an

exit up to atmospheric pressure. In this case it is going to

require a very l.arge diffuser following the ejector.

PROF. ADDY: If you take off the diffuser, the ejector will

do its own diffusion right in the mixer tube.

DR. ALPERIN: It will not diffuse back to ambient pressure

without a shock wave. If the normal shock occurs in the mixing

section, then you are back to the first solution. The trick is

to design the outlet so that the normal shock, if it exists,

exists at much lower Mach number than that which is at the end of

mixing, so the losses are less.

DR. GREEN: Dr. Fabri.

DR. FABRI: I'm sorry, I don't understand. You have a

constant section channel, and a normal shock, which does not

change the momentum. You have the same thrust it you have the

separate thrust or separate -

DR. ALPERIN: It is not true.

DR. FABRI: Yes, it is true. You have one.

DR. AL.PERIN: I agree with you in the outlet, where you have

subsonic flow, the pressure distribution on the outlet shape

will reduce the thrust because you are getting pressure forces on

the outlet, which you have to design to return to ambient

S pressure.
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DR. FABRI: No. You see, it is a constant section there;

then you have constant momentum, right, constant egress.

DR. ALPE~r'IN: But you are not to ambient pressure.

PROF. ADDY: That is why the shock wave is there.

DR. FABRI: That is the ambient pressure.

DR. ALPERIN: Your normal shock occurs, let's say in a

constant area section, at a certain Mach number, and a certain

pressure after mixing. A normal shock usually does not get you

back to ambient pressure, and what you may need is a subsonic

diffuser, or a nozzle after that shock to get back to ambient

pressure.

PROF. ADDY: That involves a good gas dynamics question. If

you have a normal shock in the constant area duct, the flow has

to discharge at the same pressure as the exit or back pressure.

DR. ALPERIN: Not without further changes in the stream,

because the pressure drop across the normal shock is a function

of the Mach number up.steanm of the shock.

Now, pressure upstream of that shock is also determined by

the mixing process, so if the Mach number and the pressure

upstream of the shock is such that the shock does not return you

to ambient pressure, then you have to have so.nie more hardware.

Yiou have to have a nozzle or diffuser.

PROF. ADDY: That is the whole reason that the shock, the

normal shock occurs, is to match the downstream boundary

conditions.

DR. ALPERIN: You don't match with just a normal shock.

PROF. ADDY: It has to, because the flow is discharging

subsonically. You can't have any significant normal pressure

gradient at the exit.

DR. ALPERIN: You can have flow separation behind the shock,

and you can have a change in the end tube flow configuration.
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PROF. ADDY: These are additional factors that we are intro-

ducing into this constant area problem, because the idealized

normal shock doesn't occur, anyway.

I think we all agree the recompression is a series of

oblique normal shocks that have almost the effect of normal

shock.

DR. ALPERIN: Whatever it is, once you get the subsonic

flow, you may not be at ambient pressure.

DR. BEVILAQUA: That is the purpose of the shock, why the

shock occurs.

DR. ALPERIN: No, sir. A normal shock may not be able to do

that, depending on the conditions upstream of the shock. It

determines the conditions downstream of the shock, and it may not

be ambient.

DR. BEVILAQUA; Shall we agree to disagree?

DR. GREEN: Did you have a comment you wanted to make?

DR. D. DOSANJH: The normal shock occurs to match the flow

conditions downstream of it. The strength of the shock or the

change of pressure across it is a function of the upstream flow

Mach number. The location of the shock front however varies with

the back pressure. If strictly a constant area duct flow is

assumed, then the static pressure of the subsonic flow behind the

normal shock will be equal to the exit or the back pressure.

However, if additional factors such as the boundary layer growth

in the constant area ejector-duct and/or the presence of any

* additional nozzle or diffuser configuration as a continuation of

the constant area ejector-duct are considered, then the static

pressure of the subsonic flow just behind the normal shock

fronts may not be equal to the static pressure at the exit.

DR. ALPERIN: You are inventing a new kind of shock wave,

because pressure change across the shock wave is determined by

the Mach number in front of it, not the downstream conditions.

The pressure does not have to be ambient.
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DR. GREEN: Dr. Oates.

DR. OATES: I need to make some simple drawings on the

board, to represent the ejector.

There would be a very large contraction with some kind of

device at the inlet with very high pressure injectants. At the

inlet there is ambient flow up to high Mach number. At entrance

to the mixer you have combined Mach number that is in the com-

pound sense supersonic, after mixing the flow is still

supersonic. You have your secondary solution here after mixing,

with no shock waves. From there the flow passes into an

excellently-designed subsonic, supersonic diffuser. A shock wave

occurs right there, (at the throat) and then the flow diffuses

back up to the ambient pressure.

DR. ALPERIN: That would do it if you could design such a

thing.

DR. OATES: This is the limit concept, and if we got absurd,

we could take the throat Mach number to be Mach 1, which we know

is unstable, but it is from this ideal behavior chat you argue

real diffusers and real mixer losses.

DR. ALPERIN: Yes, but you still have to return to ambient

pressure.

DR. OATES: This is the technique to do it, and conceptually

you can do it, after all the Boeing Mach 2.8 inlet has 88 percent

efficiency. That is the point. I think that the diffusion pro-

cess is anything but constant area. It is not a constant area

diffuser. I am not taking sides; I am just trying to understand.

PROF. ADDY: I don't think there are any sides. I think

there are only physical laws that are involved, and I am not

persuaded. I would like to buy one of these devices when Dr.

Alperin gets it made.

DR. ALPERIN: Let me say one thing. The stationary problem

is a more difficult one than when the ejector is in motion, for
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the simple reason in the stationary case all of the conditions

with reasonable pressure and temperature primary jets end up with

subsonic exhaust flow, so that you do need an ideal diffuser or a

normal shock. We are designing one, and I will be glad to sell

it to you. We are going to build it. It is going to be one that

will operate at a flight Mach of 0.65, where the exit conditions

are still subsonic, but high subsonic.

PROF. ADDY: Yes. That brings up my last question. Do you

constrain the selection of your entering secondary Mach number,

based on the aerodynamic choking phenomena that we know occurs

in ejectors?

DR. ALPERIN: No.

PROF. ADDY: You see, that constraint eliminates possible

solutions.

DR. ALPERIN: I agree that constraint does eliminate a lot

of solutions, providing the primary nozzle is in the constant

area section.

PROF. ADDY: Are you going to pull it (primary nozzle) out

and make it a nonconstant area problem?

DR. ALPERIN: Right. Because that is the only way we can

control M-1, and the only other way would be to design a primary

nozzle which has exactly the right pressure at the start, at its

exit at the start of mixing to correspond to the M-1, this will

only operate under the one condition, if you could achieve it.

PROF. ADDY: So the constant area ejector that you refer to

actually has additional features. It has a converging section at

the start where you can displace the nozzle, which can have a

significant effect on ejector operation, and then it has a dif-

fuser at the end.

DR. ALPERIN: Just like any ejector, they all differ from

the mathematical model. If you do the mathematics, one has to

assume constant area or constant pressure mixing, and has to
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assume that the primary flow has the optimal Mach number at the

start of mixing, and when you build an ejector, you can't achieve

that. If you do, it would only operate at one particular design

point. So we put the primary nozzle up front of the ejector,

which allows us, by moving them around and optimizing the

performance, to find the right position, which is the

corresponding thing in real life to achieving the desired M-1.

PROF. ADDY: How can you operate the short ejectors with a

supersonic exit? I've had to have high pressure ratios to pro-

duce supersonic flows.

DR. GREEN: I would like to terminate this particular

discussion at this time, and you can continue the conversation

individually afterwards. Let's go on to the next paper,

"Investigation of the Supersonic-Supersonic Ejector," by Dutton.
Are there any comments or questions that remain unasked?

The next one, "Analytical Investigation of High Performance,

Short, Thrust Augmenting Ejectors," by Tahteh Yang. Any comments

or questions that were unsaid there?

DR. T. YANG: Presently, the method we use in designing a

short curved-wall diffuser is based on inverse method of solution

for irrotational flow. After the diffuser geometry is

established, we use a rotational flow analysis to examine the

pressure distribution along the curved wall. In ejector

application, there is a shear flow at the diffuser inlet in most

cases. However, if the rotational flow analysis shows there is

an adverse pressure gradient either upstream of the suction slot,

or downstream of the suction slot, we have to repeat the design

* iteratively, until there is no adverse pressure gradient over the

solid surface of the diffuser wall. We have made preliminary

study for an inverse method of solution for axisymmetric

tional flow. It would be desirable if the rotational flow

inverse solution and its computer code be established. Also, I

would like to see that a general 3-D inverse method for
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rotational flow be developed. For irrotational 3-D inverse

method, John D. Stanitz has completed an analysis and is reported

in NASA Contractor report number 3288.

DR. OATES: Just a question for clarification. Your

investigation is restricted to incompressible flows?

DR. YANG: Incompressible, yes. It can be extended to

compressibl subsonic flows, however.

DR. OATES: But your vorticity does change?

DR. YANG: That is right.

DR. GREEN: Thank you. Any other comments? "An Overview of

Supersonic Ejector Performance Analyses," by Professor Addy. Any

comments on that?

DR. ALPERIN: I would like to know what criteria are used to

determine when you have a good jet pump? What do you use in a

jet pump?

PROF. ADDY: In most of the cases we have considered we were

primarily interested in being able to achieve a certain compres-

sion ratio.

DR. ALPERIN: At a certain mass flow ratio?

PROF. ADDY: If possible, a minimized primary mass flow

rate.

DR. ALPERIN: You want the highest curve you can get, mass

flow ratio versus compression ratio?

PROF. ADDY: Yes, that is correct (i.e., highest

compression ratio for the least primary mass flow rate).

DR. ALPERIN: Professor Keenan wrote a paper in which he

used the criterion of the work done on the secondary flow. The

more work you can do on the secondary flow, the better, and that

I thought was very interesting, but nobody else seems to use it.

It may be that it just doesn't show the mass flow ratio.
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PROF. ADDY: There have been other attempts to show things

like that. There have been attempts to show the desirability of

certain entropy changes. Oftentimes, one encounters a problem

incorrectly evaluating the entropy changes for an ejector.

DR. ALPERIN: That may be a good criterion for constant

pressure mixing, but there again, it may not. I'm not sure. But

there was a paper written by Dr. Petty of the Air Force

Propulsion Lab, in which he shows that the minimum entropy change

is the best condition, and then he went along to differentiate

the entropy to find where the minima are. I wondered if that was

the correct minimum, or if there was some case where there was no

zero derivative, where the entropy change went from positive to

negative, which might give him better performance. He didn't

prove there was also a minimum in the sense of zero derivative.

PROF. ADDY: It would be useful if we had a general physical

law to correspond to the minimum entropy case. Unfortunately, it

does not exist.

DR. GREEN: Are there any other comments? Let's go onto the

ejector aircraft integration, "Progress Towards a Theory of Jet

Flap Thrust Recovery," by Paul Bevilaqua. Any additional

questions to Paul? Next paper: "Viscid-Inviscid Interaction

Analysis of Ejector Wings," by Bevilaqua, Woan and Schum. Any

comments there?

Next, "Transitioning Ejector Augmentor Laboratory

Experiments to Flight System Applications: The Technical

Challenges," by John Porter. Any comments to John? Everybody

agreed with your conclusions.

DR. GREEN: Major Keel.

MAJ. KEEL: I have a question for Paul Bevilaqua about his
earlier comments on Dr. Porter's paper. You said you agreed with
all of John's conclusions except one, and that was on scaling

effects.
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DR. BEVILAQUA: I agreed with what Dr. Porter said on his

conclusion chart. We can discuss statements he made in the

paper; for example, eddy effects. I believe that the large

eddies do scale with the width of the jet. Since I believe the

larger eddies dominate the entrainment mechanism I feel the jet

entrainment will also scale with the jet. I think we disagree

on this point.

DR. GREEN: Paul, what about the scaling of the temperature?

Yesterday you indicated that the effect of temperature was pretty

minimum, and yet John has shown pretty significant effects due to

change of temperature.

DR. BEVILAQUA: I don't believe he was showing significant

effects. He used the same data as we did, but chose to call the

measured differences "significant."

MR. C. COMBS: Dr. Porter came to a totally different

conclusion. He shows that a three, four, or five point change in

augmentation is significant. I don't know that it is. (EDITOR'S

NOTE: 1 Point = a one percent increase in thrust augmentation.)

We need 20 counts, not one or two. I think that the data shows

the temperature effects over the range we were discussing yester-

day were relatively small.

DR. GREEN: Some of those temperature effects that we saw

in Roman Dejneka's work at the Naval Air Propulsion Center were

pretty significant, I thought. He was going from ambient to 800

degrees tahrenheit, dropping in augmentation from about 1.86, to
about 1.65.

MR. COMBS: He had other changes.

DR. BEVILAQUA: The nozzle gap was opening as the tempera-

ture was increased.

DR. ALPERIN: That ejector was designed before we had a

good compressible flow theory to design ejectors for higher

ptemperatures. We didn't know how to do it then, and I think if
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we had a chance to modify that, we could make it look at lot

better.

MR. COMBS: He had some experimental problems, too, that he

pointed out on his paper.

DR. GREEN: Any other comments?

DR. NAGARAJA: I have one comment. I gather from the

discussion that there are no pressure or temperature effects in

ejectors.

MR. COMBS: We are not saying no temperature effect.

DR. NAGARAJA: Have you taken one model and used both cold

and hot flow?

DR. BEVILAQUA: We tried to do that with water injection,

and we obtained similar results. None of the tests are defini-

tive regarding temperature effects, but the experimental trends

seem to be consistent and the analysis is consistent with

experiment, so the indication is that a 10000 temperature change

is not significant. That doesn't say what the effect is going to

be (if you make a 20000 temperature change). We say we should

match Mach numbers. We don't know what the Mach number effect

is. We are not saying we understand the dependence on Mach

number or the dependence on temperature. We are saying what

parameters we must match with a cold flow model.

DR. NAGARAJA: Is there some way that we can develop some

modeling to predict the temperature effect?

DR. BEVILAQUA: We did that, and we presented those results.

That was the turbulence kinetic energy analysis. That is where

"* the predictions came from.

DR. NAGARAJA: I thought your predicted curve was different

from what you had discussed earlier.

DR. BEVILAQUA: The levels of thrust augmentation were

different, because we analyzed the XFV-12A ejector configuration,

but the data was from tests run by others several years ago.
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DR. NAGARAJA: Was there empiricism in turbulence model?

DR. BEVILAQUA: There is empiricism in all turbulence

models. However, we did not adjust the constants to fit out test

results.

DR. J. LOTH: Back in 1974, West Virginia University built

a circulation controlled aircraft. This STOL Technology Demon-

strator generated high lift by blowing compressor air over a

rounded trailing edge of the wing flap. The Coanda effect main-

tains the walijet attached to the rounded trailing edge and

creates the high circulation and associated high lift. Using the

high pressure from the compressor we obtained a supersonic wall

jet which did not COANDA very well. We needed a subsonic walljet

to get a good turning wall jet. Therefore we built an ejector

inside the blowing jet slot which doubled the mass flow and

loweLed the jet velocity to half without loss in blowing

coefficient. The resulting subsonic walljet worked very well.

DR. GREEN: Certainly.

DR. LOTH: Our problem was basically a wing like this, with

a flap with a 40 psi compressed air supply pipe serving the dual

function of also being the rounded trailing edge for circulation

control. The high pressure air was expanded in a converging-

diverging 0.012" throat nozzle into a constant area ejector of

0.048" in height. The secondary flow for the ejector was pro-

vided through the hollow flap. The ejector outlet formed the

circulation control walljet.

Has anyone worked on this?

"* -DR. BEVILAQUA: Yes, we have. I would like to make a couple

comments. First, we tried what we call inlet vanes in the loca-

tion where you showed something similar but they haven't proven

out yet.

Secondly, I suppose you had a convergent nozzle for the

t Coanda jets?
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DR. LOTH: We used sonic nozzle at this point.

DR. BEVILAQUA: Yes, when you use a convergent/divergent

nozzle, the supersonic Coanda jet is easier to attach to the
Coanda surface and is deflected through a larger angle. The dif-

ficulty with defleting a supersonic jet is the shock/boundary

layer interaction which can occur. If a convergent nozzle is
used, there are expansion shocks, which caused the jet boundary

layer to separate. Using a C/D nozzle solves this problem, but
even in this case there are turning waves which are set up as the
jet deflects over the surface and these can alzo cause boundary

layer separation. A possible solution is to design the nozzle to
produce a jet with a skewed, rather than a uniform, exit velocity

distribution. With the high speed, low pressure region of the

jet on the wall, the jet turns without creating shock waves.

This idea is being used to form the "aerodynamic window" on some
gas laser systems.

DR. LOTH: Ours, when you stand on the runway, this jet hits

you right in the face, across the cheek, so we get excellent
turning with low-speed jet. I know it is just a thought. People
working with these ejectors might as well use it.

DR. BEVILAQUA: Have you published any of that?

DR. LOTH: Yes, in the Journal Aircraft of '76, we test-

proved the aircraft.

DR. BEVILAQUA: With a description of the vane?

"DR. LOTH: The double ejector pictures are in the paper.

The paper was March of '76.

MR. COMBS; We should note, Paul mentioned we tried the
inlet vanes. All of the data is not in on that yet, and even

though we can't say it works, we are seeing some interesing
results. Dr. von Ohain is probably familiar with what we are

trying to do there.

DR. GREEN: Any additional comments with respect to this

paper?
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DR. J. PORTER: My last conclusion drew a little bit of

fire, and I would like to point out that the conclusion was that

a systematic R&D program is needed in ejector technology, not

that a flight development program is not needed.

So I hope that that is clear, that although a flight deve-

lopment program is -:ill a desperate need, most of us have also

tried to get funding for a systematic research and development

program.

DR. GREEN: Could you be more specific? Would you refer to

the recent report that you put out as indicating these specific

things? EDITOR'S NOTE: Dr. Porter's recent report is entitled

"A Summary/Overview of Ejector Augmentor Theory and Performance,"

USAF Technical Report No. R-91100-9CR-47, April 1981, Volumes I

and II.

DR. PORTER: Yes. I think some of those things are defi-

nitely required.

DR. OATES: This is a thought that has caught me by

surprise, but far better than to think it over, I will just state

it.

As a newcomer to this group, working on ejectors, I am

somewhat impressed at the very wide breadth of experience, and

yet the number of legitimate questions that seem to be at least

still debatable, if not in actual disagreement.

Quite a few years ago I ended up being an editor of a book,

funded by both AFAPL and AFOSR that was on gas turbine engines,

and I am, if anything, not volunteering to be an editor, because

I learned what it is likel As a suggestion however it might be a

very appropriate point in time to try to have a similar exercise

on the subject matter of this meeting, an overview write-up by

some of the experts, probably from here, attempting to get some

kind of a consensus on the more fundamental aspects, because it

,sseems to be there has been an awful lot of fundamental work done.
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Again, it is the first time I've been here, and yet there

are still very many debatable points, and surely they can be

resolved by a smaller sub-group having longer time.

I would like to suggest that for consideration.

DR. GREEN: Any other suggestions?

MR. C. CLINE: Dr. Green, I just want to make a comment

relative to Dr. Porter's overview. From Rockwell's experience,

the fundamental fluid mechanics is not always well understood, as

we have seen here the last couple of days. However, I think we

should also recognize the problems associated with integration of

ejectors into an aircraft. Most of the difficult problems occur

when you go to integrate/install an ejector into an aircraft.

A lot of problems that we have addressed in the last two and

a half to three years have been involved with just that. Even

though you can optimize a section in the laboratory, to put that

into an actual flyable article is a task that is even greater

than some of the fluid mechanics problems we have experienced.I

just want to make sure that people realize that even though we

may have trouble defining the fluid mechanics limits of an

ejector, you haven't seen any real problems until you go to put

it in an airplane.

Even though you may have developed a good R&D program for
an ejector in the laboratory, you still have to address the

integration problems, which themselves create additional problems

that must be resolved.

DR. GREEN: Can I reword that a little bit, and say any kind

of a program that is established should be built around a con-

figuration of some type?

MR. CLINE: Yes sir, absolutely.

DR. GREEN: So even if you are doing more basic kinds of

studies, if it is related to a configuration, you can see the

next step as to where it is going to go as far as usefulness.
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DR. ALPERIN: Isn't that sort of what we did in this program

that we had, Ken?

DR. GREEN: That was its whole purpose.

DR. ALPERIN: We modified the ejector to fit into the air-

plane and modified the airplane to go around the ejector, and

finally got something that might work.

DR. GREEN: Any other comments on that? Any other

suggestions as to program direction?

MR. R. CLARK: It seems to me that we have a lot of existing

hardware that could be put into a wind tunnel together with an

existing engine. If we could put it in a 40 by 80 wind tunnel

the full-scale concepts could be tested.

DR. GREEN: You are speaking specifically of the Rockwell

ejectors?

MR. CLARK: Right, the rectangular configuration. It seems

like a lot of equipment has already been purchased for the

program; all we need are some more pieces, and we can put it in a

wind tunnel to get some data, as opposed to starting over at

zero,

eiR. CLINE. A proposal to do just that has been submitted to

the Navy, where we were taking the rectangular configuration

developed in the laboratory to full scale hardware for concept

validation of the augmentor and also putting together the assets

from the XFV-12A program, a wind tunnel model for test in the

NASA Ames 80x120 tunnel. That proposal is in that area already.

DR. GREEN: If I may comment on that, I would imagine that

tnie proposal is probably going to get caught up in the latest

Navy V/STOL program. What is going to eventually happen, I have

no idea.

MR. CLARK: I would like to see a recommendation from this

workshop that that be done. Let's don't throw all of that away.
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MR. CLINE: Are there other agencies that should be
involved?

DR. GREEN: We are working very closely with NASA Ames on

that.

MR. CLARK: How about the Air Force?

DR. GREEN: As far as I know, the Air Force is only inter-

ested in STOL, not VTOL. But certainly, the XFV-12A could be
tested in the 40 by 80, in the STOL configuration, and see what
the characteristics are. So it is a possibility.

Any other comments? Let's go on to the last two papers
here. I believe the next one was "Turbulence in an Ejector Wing
Flow Field," by Catalano.

Any comments on that? The last paper was "Integration of
Ejector Thrust Augmentation Lift Systems into a Supersonic V/STOLJ

Research Aircraft," by Farley and Murphy, and I will entertain

any questions on that paper.

Thank you very much for your attention and your comments.

(Workshop adjourned at 6:20 P.M., to reconvene at 8:30 A.M.,

August 5, 1981.)
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EJECTOR WORKSHOP

Third day's wrap-up session, Wednesday, 5 August 1981,

11:30 A.M. - 12:30 P.M., Mr. David Koenig, Chairman.

MR. D. KOENIG: Since we have time now, we should go through

the papers again and see if there are some questions that we

didn't have time for earlier. Starting with the first paper,

"Flow Structures Associated with Upper Surface Blown Airfoils,"

are there any questions?

How about mine?

MR. D. GARLAND: I have one. That gem of a model, the small

model that you are putting in the 40 by 80 tunnel, are you

bothered by Reynolds number?

MR. KOENIG: I am, yes. That is one of the big questions.

That is the reason it is instrumented to the hilt with pressures

ali over the model, to document where the separation effects are

going to be. That is one of the reasons we have two or three

balances in it, to separate duct and propulsion forces. I

believe they are able to separate the wing forces on that, also.

DR. MALMUTH: Are you thinking about using moving belt

arrangements in the wind tunnel?

MR. KOENIG: For ground effect?

DR. MALMUTH: Yes. Langley uses them for vortex formation

and ground effect. There certainly are scale effects associated

with that.

MR. KOENIG: Yes, there has to be. So far, we don't have

plans to look at ground effect on the model very much, because we

think it doesn't have any. If anything, it is negative, and

major effects just counterbalance themselves.

We have done some ground effect testing in hover on the

large-scale model. There is some adverse effect due to the

ground, but what we really want to do is put the large-scale
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model out on a static testing rig again, and do some differential

thrust control. One interesting point on that large-scale test

was the oscillating flow underneath the model.

We had a hard time getting steady state data. Everybody

looked at the ground effect, but in this case, with the

two-poster, you would think it would be a little more stable, but

it wasn't. You got the oscillating flow.

In forward speed, we will have the small model in the 40 by

80 wind tunnel. I think we will stick a piece of flat wood or

something under it for that. But that would probably be at a low

priority -- we have had a hard time getting scheduled in the

V/STOL tunnel at Langley, which would be the next step, with

their moving belt arrangement.

DR. MALMUTH. I guess I didn't get that out of the movie

that was shown. It wasn't clear to me whether there was suck-

down effect or not, on that. Are you concerned with the

suck-down, or if so, is it going to do experimental work?

MR. KOENIG: You are talking about the augmentor wing?

DR. MALMUTH: Right.

MR. KOENIG: No. On the augmentor wing model, the DeHavil-

land Buffalo, there was fairly light wing loading. That wasn't

mentioned. I think it was 45 or 50 lbs/ft 2, and the aircraft

actually floated quite a bit. It was very stable.

I .hought you were talking about the two poster. I got the

wrong model.

SDR. MALMUTH: My question was a little more generic. In

* the teL program is there going to be any consideration of these

kinds of phenomena in terms of configurations you are looking at,

and how are you going to implement those considerations in your

test plan?

MR. KOENIG: That is going to be a very significant part of

our test. With the ejector wing, as Mr. Garland mentioned, we
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got favorable ground effect, but there were compensating factors

there, and I think we were getting into some oscillating flow on

that model.

MR. GARLAND: I wasn't aware of it.

MR. KOENIG: There was some, but I think that was the most

stable of the models I've ever seen.

UNIDENTIFIED: Is that scale effect, then?

DR. MALMUTH. Yes.

MR. KOENIG: That is a good question. I think we will be

able to determine that on the small two-poster tilt-nacelle model

that we have.

DR. MALMUTH: Is there enough control authority to cover

it, to handle those unsteady effects, you think?

MR. KOENIG: We think so at this time, using the existing

control system and the T34 engine. If they go to another power

Aplant, the response may be another thing. on the response, I

*think we could have another workshop on that, and I wouldn't want

to go into that right now.

Any other questions on my paper? Are there questions on Mr.

Garland's paper? We discussed Dr. Foley's paper on "Ejector Ram

Drag" at great lengths when he presented it earlier. Are there

further questions.

DR. ALPERIN: I have argued with many people about this

*matter. I think we can design a VTOL ejector so the effluent

flow isn't necessarily vertical, but you can have the ejector

inlet and outlet design so that the flow goes through it without

much net momentum change in the flight direction.

MR. KOENIG: But the physics may be against you unless ram drag1 is counteracted.
DR. ALPERIN: The physics are not against you. That is the

point.
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MR. B. LINDENBAUM, University of Dayton: I have one

question. You show a positive ground effect for the two ejec-

tors which decreases with aircraft height. If you go high

enough, do you have a suck-down effect in the hover mode?

Go back to the Avrocar, which had a very positive ground

effect. When it got out of the ground effect, it had a tremen-
dous suck-down and caused all kinds of problems.

MR. GARLAND: When you get into free air with two augmentors

on the one fuselage, the fuselage base pressure becomes negative.
An interesting thing there, is that the exit static pressure of

the augmentor diffuser, of course, sees that negative base
pressure, and the effective thrust augmentation rises to the

point where it almost, but not quite, offsets the negative base
pressure, so the loss in free air is really quite small.

MR. LINDENBAUM: But the Avrocar did have a substantial

negative pressure near the ground.

MR. KOENIG: That is true. As the aircraft got off the

ground it had quite a suck-down effect. We measured that. But
when you got further out, with a little bit of forward flight,

that disappeared very quickly. So in operations you might not

notice it.

MR. LINDENBAUM: One other comment about the fact that the
flow is very directional sidewise: there is a region on each

side which has very little flow. If you move forward, that flow

may change completely. You get a roll-up of the exhaust that is

going forward; you don't know what is going to happen to that,
. and it may roll-up in the intake. We've had that on V/STOL

aircraft.

MR. GARLAND: There fortunately wasn't very much forward

moving flow and there will certainly be some ingestion from that,
but it is very small.

MR. LINDENBAUM: And the ejector exhaust is also cold.
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MR. GARLAND: Very cold. You can walk through it quite

easily.

MR. LINDENBAUM: The other aspect is the debris raised by

the exhaust. I am not talking about hot gas now, but the debris.

MR. GARLAND: The exhaust has very low velocity,

fortunately.

MR. KOENIG: The inlet was south for the tests and there

was running with heavy north winds coming in sometime. At times

we shut down because of wind, but we were wondering about this

and somebody got out there again, trying to s3e where this pat-

tern was changed. We must have had 20 to 25 knots coming in

before we shut down.

We had the tailpipe right into the wind, and you have to

idle a little bit before you shut the engine off, but they held

it up just enough so we could go out and see where the flow was

going. We didn't notice too much change, but that was 20 to 25

knots. I would imagine in takeoff you probably, would get out of

that region pretty rapidly. It would be interesting academi-

cally, but operationally, you probably wouldn't be worrying about

it too much.

MR. LINDENBAUM: Unless you used ground effect.

MR. KOENIG: Possibly, if you use it for STOL, like General

Dynamics. Any more?

DR. GREEN: Just a comment. Most of what you have been

talking about has been in the ground plane, and the direction of

momentum flux coming out of the rectangular nozzles. Kotansky at

MCAIR has recently demonstrated that the momentum flux in the

ground plane is very directional with 2-D nozzles, depending on

the aspect ratio.

Most of the flow definitely goes off to the side. The

problem is that you are talking about far-field reingestion, and

f- you are not talking about near-field reingestion. You've got all
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of the tlow from the center coming up, hitting the under surface,

and then the only place it can go is fore and aft. If you've

got inlets sitting right on the side of the fuselage, in front of

the wings, it is a very high probability that near-field up-wash

flow going forward is going to be sucked into the inlets.

MR. KOENIG: That is where the fences come in and our inlet

was pretty far forward. We weren't getting too much reheat from

that.

MR. GARLAND: I would like to make a comment on that. Of

the total flow coming from the two ejectors, only a small percen-

tage is directed inward into the cavity under the fuselage. Most

of the flow is bent coanda style, or due to a positive pressure

under the fuselage, and flows outward.

What does flow in (and obviously there has to be some) goes

out, as you said, forward and aft, but it is a very small percen-

tage of the total flow.

DR. GREEN: That is probably a function of the spacing be-

tween the nozzles, put them further apart and it will make the

upwash a lot stronger.

DR. BEVILAQUA: I would just like to add something, Ken.

The gradient's advanced area tried to solve the problem by

putting the jets inward so they combine under the airplane and

they go down as one jet and don't form the fountain. You have to

make a trade against the direct thrust loss and re-entrance tem-

perature loss, and come out ahead. But that is another solution

to that.

MR. KOENIG: Are there any more comments on the papers? I

think that at least two or three of the papers addressed the

application of the ejector to an aircraft, so I think the rest of

this session should take up possible packaging problems.

First, 1 would like someone to define what packaging is,

what do we mean by it. Someone might also address, and
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especially the people working on the XV-12 project, what is a

good approach to develop an aircraft, if someone wanted to go in

with a given propulsion and ejector unit now and do it. What is

the next step?

Another, of course, are the weight penalties involved. In

the XV-12 case I think, the cart came before the horse, to a cer-

tain extent, but that was quickly reversed to the point where now

the technology is up and very advanced.

What would you do over again, if there is any way? Commence

with that.

I would like to now open it with any comments, and, I would

hope, from the XV-12 people on general philosophy and approach.

MR. CLINE: Let me say the XFV-12 packaging problem has

been very difficult in trying to package a very short high-

performance diffuser in a very thin supersonic airfoil.

We had toyed with the idea of presenting a paper here today,

but we just ran out of people and time, regarding the development

of the Coanda surface in a thin airfoil to maximize performance.

However, we do have that capability and it works very well.

To answer the question of what would we do if we had a pro-

pulaion system and ejector, how would we package it, I guess you

have to start with the question, what is the ejector? If it is a

spanwise augmentor, I think we could handle that very easily. We

have developed the structural techniques, the lightweight struc-

tures involved, and the configuration sensitivities.

The high temperature titanium alloys, developed specifically

for this program, even though it existed and had never been put

into usage in structural parts, had been primarily used in engine

application. We developed on this program, not by the program,

but separately, a super plastic-forming technique where we formed

the titanium alloys at very high temperatures, and therefore can

very readily develop complex parts.

67



Let me say again, the only studies that we can readily

answer right away, what are the packaging restraints, et cetera,

are for the spanwise augmentor. We are currently doing the

studies for the chordwise augmentor. We are not far enough along

to answer those type questions.

I am not sure whether all of you are familiar with the

concept of the XFV-12A, but basically the engine nozzle is

plugged, and all of the engine exhaust is diverted through

internal ducting into both the wing and canard and exits into the
augmentor. That internal ducting has been optimized from a

weight and configuration standpoint to where we have been able to

minimize the losses.

A special titanium large diameter duct, 17-inch diameter

duct, made from titanium alloy, was made specifically for this

program, and it is very, very efficient, very lightweight.

The primary construction of the surface panels on the
augmentors themselves are titanium honeycomb panels. That, in

itself, makes for a very lightweight structure. The primary

weight in each of the surfaces is comprised of the nozzle.

We have investigated various construction techniques for the

nozzle. However, for the prototype airplane, it was made from

flat sheet. That in itself was a manufacturing nightmare, and

that is putting it politely.

I think if anyone has specific questions I can answer, but

to go into detailed construction of the aircraft, it would get

rather lengthy.

DR. BEVILAQUA: Let me make a few comments, too, before we

get to the questions. One of the things we would probably try to
do differently, would be to go to a higher pressure ratio engine.

The higher you drive the pressures, the smaller the duct losses
become.
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Another one of the things we probably try to do is to reduce

the taper of the ejector. The taper effects still contribute

significant losses.

We would probably try to split the load more equally between

the wing and the canard. In a sense our configuration is canard

limited; that is, we can develop more lift on the wing than we

can really use because the canard doesn't develop enough lift to

balance the airplane with full wing lift.

MR. KOENIG: Excuse me for interrupting. This might be

affected by the planform. If you go to the delta, then you get

more space for the ejector.

DR. BEVILAQUA; Yes, that's right.

DR. VON OHAIN: And hot ducts help also.

DR. BEVILAQUA: Right. The big advantage of the XFV ducting

system over the Hummingbird -- I don't know if you are familiar

f with the Hummingbird ducts which were made of a metal foil -- but
the mechanics could drop a nut through an access panel and it

would go through the ducts, and you would have to patch them.

The patches would leak.

The titanium honeycomb ducts on the XFV-12A were a big

advantage, and that should be incorporated in any concept. You

*1 might also try sweeping the wings forward on the airplane,
because that would move the center of lift of the wings up

towards the CG, and help the balance problem.

MR. KOENIG: What I am getting from you is that there is a

keen relationship, then, between ejector configuration and the

planform of course, and a lot of materials that are available to

put the aircraft together.

Now what we are asking in this section probably has no

simple answer, but I think that what is facing the ejector tech-

nology right now is looking at some of these other concepts.

4 Where do you go from where we are right now in a wind tunnel
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model, even a large-scale boilerplate model. What next would you

try? Would you really simulate the ducting, and go back to

large-scale testing? Would you study more ground effect, very

similar to what Rockwell has done? Is that a good procedure?

MR. CLINE. I think it has to be a combination of both. You

have to prove to yourself and the aircraft community that you do

have the performance in a full-scale ejector. It has to be hot,

and it has to be the correct pressure ratio, et cetera, before

you go into a wind tunnel model. I think the scale models can be
used quite effectively in the generation or the initiation of

some of your data base for both the augmentor as well as wind

tunnel models. For example, work still has to be done in the

transitioning phase of augmentors. What is the performance, how

do you gear it to minimize the thrust loss, the ram effects and

reingestion?

Although we feel that with the spanwise augmentor configura-

tions ground effect is positive and reingestion can be con- r.
trolled, I think the answer to your question is that it has to be

a procedural step utilizing all of the facilities available.

The program has to be laid out to use all of those capabili-
ties in the most efficient way possible. So to reiterate, I

think you need the full concept single-ejector test as a valida-

tion prior to proceeding to a full-scale wind tunnel boilerplate
model.

DR. MALMUTH; I would also like to say, with respect to

the plumbing business and the losses, that there is a real need

to do flow modeling of complex flow passages to pin down some of

these losses, and I think that can be handled now with some of

our modern tools, computational tools, to get a good idea what

those things are.

DR. SEARS: In retrospect, you can't help looking at the

XFV-12 program; you can't help concluding that you could very

easily have made from the existing XFV-12 a test airplane that
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would have flown and would have demonstrated this concept. It

would have permitted the study of handling qualities and pilot

loads, and a lot of these practical questions that are important

to answer.

There was always the question in everyone's minds of how far

Rockwell should be told to go in that direction, violating some

of the packaging requirements and giving up perhaps the idea that

the airplane was a supersonic fighter when it was finished.

For example, you could imagine that you could start out, as

they did, with a concept of a supersonic fighter, with ejector

augmented lift. But some things had to stick out the top of the

planform, and that, obviously, wouldn't be satisfactory for super-

sonic operation. So one could take the view that we didn't quite

have a supersonic airplane, but we have one that is close to it,

and it does other things, that should be done. But the program

didn't permit that.

It was an expensive program. It was felt by most of the

people concerned, that the program had to produce a supersonic

fighter aircraft. Maybe in retrospect, as we look at it now,

especially since the Navy isn't very much interested in that par-

ticular supersonic sea control concept any more, wouldn't it have

been wonderful if we had relaxed some of the constraints, made

the wing a bit thicker, etc. I don't know. Several things that

could have been done that would have produced a flying airplane

today.

I don't know what the conclusions of my remarks are. I leave

it up in the air. It means that we could have had a research air-

plane, but it would have been a very expensive one, and it still

would leave the military people unsatisfied, because they wouldn't

have something they could immediately turn into a production fighter.

MR. KOENIG: Well, if you look over the years, we've had a

lot of these flight demonstrators. Every design has come along

with deflected thrust, lower surface blowing, or upper surface
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blowing. We've had an airplane flying, but we haven't had a

fighter. We certainly have the Buffalo, but we haven't had some-

thing operational that would --

DR. SEARS; If you want to be real mean, you can accuse the

Navy and Rockwell of what Dr. Von Karmen used to say: "Imagine

what would happen if the Wright Brothers had not been willing to

fly until they had the 747."

(Laughter)

MR. KOENIG: I can't top that.

DR. FOLEY: I fully agree with what has been said so far,

but to defend the XFV-12A for a little bit (which is kind of

unusual, coming from someone at General Dynamics) remember how

the program started.

Admiral Davies wanted to bypass the entire research organi-

zation of the Navy and NASA and to go straight from concept to

fighter. He admitted it was high risk. It was very high risk,

and it didn't pay oft, but that should be borne in mind when
pointing the finger at Rockwell on the 12A. That was the

stumbling block on the program. If it had worked, everyone would

have been a hero.

MAJ. KEEL: Perhaps the XFV-12A program was more successful

than we give it credit for. I know of very few problems that we

have solved in this business, until they have been defined. I've

seen a lot here in the last couple of days that has been done in

the last two and a half years because we defined problems speci-

fic enough to get people to work on them and got the resources to

accomplish them.

As I look back over my short career in the aircraft

business, I can identify the major advances we have made almost

one for one with major problems that have been defined by

somebody's system or another, and until we get the courage and

the strength of our convictions to step out and build something,
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find out what part of it does work arid what part doesn't work, we

are probably not going to define problems clearly enough for us

to solve them, and go work on them.

I think the real advantage of what I heard Professor Sears

say here is if we had compromised a little bit, we might have

defined some other problems further downstream that would have

allowed other people to get busy, like th,- handling qualities

problem, some structural problems, an~d so forth.

I heard Dr. Sears say the other day that we started in the

VTOL busitiess by going directly to the full-scale hardware phase.

There are a lot of questions that are running around in my head

that I haven't heard anybody here address yet.

DR. VON OHAIN: Name some.

MAJ. KEEL: Questions like flight worthy hardware, how

flexible it gets, how we hold the tolerance on the geometry, and

all of these kinds cf things. I've heard a lot about temperature

effects here, but only about laboratory and theoreticcl models.

Anytime I've messed with temperatures, it makes parts change

size, and they don't fit together right, and that is going to

affect the performance more directly than is the temperature

effects on the gas theory.

The aircraft just isii't going to work the way we think it

is, unless we put it together. You don't have our two-stripers

working on it yet. After they get through putting it together

and taking it apart a couple of times, it is not going to look

like what we designed. I

KThat is going to be a very real part of whether it really

works or not. Military machinery has to be tolerant if it is

going to be successful. If I've got a major concern about ejec-

tor technology, it is the fact that most of what I've seen to

date indicates to me that it is not extremely tolerant, at least

at its current level of maturity. If we are going to make it

work for a real, live airplane, we've got to work at building
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some tolerance into it so that when the loads change a little

bit, there will be enough performance to get the aircraft off the

ground. I see those as some of the full-scale requirements that

we naven't even started discussing,, and I think that is what

col~ld have been done with your XFV-12A, Professor Sears, if we

had built one.

DR. SAM WILSON: I think one of the recommendations that

ought to come out of this workshop is that the work that has been
done on the XFV-12, should be preserved if the Navy doesn't have

funds to keep it going. If, a few years down the road, we

decided some STOL potential exists, tten we can go back and take

this hardware out of storage and use it. I would hate to see a

valuable asset like this, with so much money put into it, lost

because it is forgotten about.

DR. GREEN: Let me respond to that. I don't think you

should conclude that the Navy is going to drop the program at

this point. In its present form, that is true. My understanding

is that it is going to have to compete with a lot of other con-

cepts within the Navy V/STOL. program. To say it has been ruled

out, that it is going to be set aside and the Navy will not con-

duct full-scale tests on its various components, I don't think

you can conclude that at this point.

So I would say it is still a viable competitor in the whole

scheme of things.

MR. KOENIG: Glad to hear that.

DR. GREEN: With respect to the comments that Bill Sears

made, I happen to agree with him, that that is the kind of thing

that shoula uave been done.

..e point that I would like to get across is that there are

a lot of people in the Navy that are looking at total systems.

How is it going to be used? Where are you going to hang your

external fuel tanks? Where are you going to hang your weapons

systems? These are the kinids of things they get very concerned
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about. You start modifying the geomnetry of the airplane,

violating the mold lines, and everything else, then they kind of

lose interest. Plus the fact that if the augmentoLs ars so sen-

sitive to their design, once you've designed something that

violates the mold lines and you've got it flying around, who is

to say that you can ever get it inside that wing. So a major

concern is the packaging problem.

MR. KOENIG: I have~iOt been in the aircraft design business

for a number of years, but I remember when I was, you acquire a

lot of empirical data, and what they've got here is data based on

how to do this for different duct siz~es, etc. They probably have

been through these exercises, and should be able to continue with

data acquisition even though they don't have a viable configura-

tion for a particular tactical mission.

If someone comes along and has a mission, finally, in the

nineties, he can use this data then and look at the ejector and

see whether it can be worked into his weapon system.

I wouldn't be too concerned as to what the thing looks like

as long as it flies, maybe eventually supersonic, if you can get

the cross-sectional area down and house the ejector in something,

the storage might come sime place else.

Then you could be able to predict what would happen if ejec-

tors moved or the payload changed and to a certain extent, the

range might be varying, too.

What you want right now is to continue this technology,

* advancement in structures, in the fluid dynamics area, and hope-

fully tly something, and say, you have tlown something of a cer-

tain weight empty. You are able to design it now, you can

control it, you can put ducts out to the tips and control it.

Sthink the basic technology should be here.

DR. MALMUTH; I concur heartily withl you. I think there is

a high risk aspect to the thing originally addressed, and I think
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if we can get over that hurdle, I think we can address those

other issues. I don't mean to make them secondary, but I think

the main thing is to get it to work.

DR. VIETS, Wright State: It seems to me what we are talking

about is objectives. The Navy has certain objectives to get an

airplane that does certain things. But now we are hearing

opinions from various other organizations that would like to see

a vertical take-off plane actually get off the ground. It seems

to me the only way you are going to do that is to have funding

coming from various sources and make it a demonstrator rather

than making it a supersonic fighter.

MR. KOENIG: The money has to come from somewhere.

DR. VIETS: It is not going to come entirely from the Navy,

is what I am saying. I don't think it will, anyway.

MAJ. KEEL: It's got to be a little more than that, in what

we want to get flying. Some of this business of it being a

supersonic fighter or with supersonic capability has to fit in

there. We've seen airplanes fly, like our V/STOL airplane. We

need to demonstrate more than that.

By most people's definitions, the Cessna 150 is a STOL air-

plane. We may have not set our objectives broad enough to really

demonstrate what we wanted to, or at least convince the people

that need to be convinced, and that may be part of our problem.

MR. KOENIG: That means you have to be pretty careful in

what you fly to demonstrate.

MAJ. KEEL: That is right.

MR. KOENIG: It has to have V as well as STOL. If you ever

say you want to go V again, we've got the technology here,

allowing you to go straight up, but you can also take this thing

of f heavy for STOL, and you could add weights as needed for the

flight demonstrator, to look at the performance at various gross

weights.
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DR. ALPERIN: We've got the laboratory technology, but we

don't have the practical technology.

MR. KOENIG: Right.

MR. DIETZLER, Flight Dynamics: I haven't been in this

business very long, but I am getting a picture of something about

this ejector technology I would like to get a comment on.

We have demonstration aircraft that work with thrust vec-

toring in pretty much the mode you are talking about except they

are not supersonic, but it looks like something could be made

from that. One speaker today pointed out the main reason the

Navy is interested in the ejector technology is the benign

footprint. The Navy doesn't want a hole in the carrier deck.

Does the Air Force, does the Army, do the Marines, unless

they are on a carrier, need that benign footprint bad enough to L

make the effort to demand this requirement from the ejector

technology? In other words, can't we do most of what we would

want to do with this type of already existing demycstration

airplane, both V and STOL, the way the carrier did? That is my

question.

DR. W. FOLEY: I want to respond to two statements. First,

Major Keel's; if I may paraphrase what you were saying, we have

built a lot of machines, the Pogos, and so forth and none have

been able to do anything cnce they got up into the air. The

Harrier is the only exception I can think of.

DR. ALPERIN: The Harrier couldn't do anything either.

DR. FOLEY: It took 14 years. Now it is getting up to the

point where it is a useful machine.

MR. LINDENBAUM: There are a number of other concepts.

DR. FOLEY: It must be admitted that a demonstrator has to

do something, or at least have the potential to do something.

If it is worth the effort. I would think the benign footprint is
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more important to the Air Force and Marines than the Navy. The

Navy has sea water to cool the flight deck.

The next logical step in the Harrier is something like the

PCB configuration, which now puts temperic.tures on the order of

2,800 degrees Fahrenheit on the deck or a concrete surface. I

think when you are talking that kind of environment, you are

asking for trouble.

Every piece of data we have indicates there are serious

problems because of this environment. I am not saying you cannot

work around it with deflection grids, or that sort of thing. It

is that everything we've come up with to get around that problem

impacts flexibility, so we've just backed off and gone to ejec-

tors for that reason.

MR. KOENIG: Is there anyone else?

DR. GREEN: I would like to chang~e the subject slightly.

MR. KOENIG: All right.

DR. GREEN: I would like to go back to a comment that Dr.

Bevilaqua made with respect to tapering ejectors and his

suggestions of things that he would have liked to have seen done

differently, had he a chance to do them over again. He said he

would like to make them less tapered.

My understanding at this point is that most of the work has

been done with rectangular augmentors, because it is much easier

to develop an understanding there, but you still imply that work

in tapered ejectors would be worthwhile. Could you elaborate on

why that is true? Is it just the installation problem?

* a, DR. BEVIL.AQUA: We have asked the designers to come up with

rectangular ejectors, given them complete freedom, but they

always say: "Couldn't I just taper this a little bit, couldn't I

taper the Coanda surface?" Something always ends up tapered

because the wing is tapered, so, yes, I think eventually you are

going to need the technology and capability to put some kind of
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taper in the ejector. You need to know what is important and

what you can taper without a lot of thrust loss.

DR. GREEN: Hasn't Rockwell done a fair amount of that kind

of work; determining important parameters with taper?

DR. BEVILAQUA: We know what some of the important parame-

ters are, but we haven't really pursued solutions.

The important parameter is diffuser taper. If you taper

everything else but have a rectangular diffuser, you are going to

see a very small loss in augmentation ratio.

But suppose you are forced to taper the diffuser, what can you

do to minimize losses? You might try a jet flap diffuser to

untaper the solid diffuser. That needs to be explored and

studied, and the technology developed.

DR. GREEN: I would like to refer the same kind of question

to Bill Foley, or Doug Garland. Is there any reason you might

( want to taper the wing root augmentor?

DR. FOLEY: Yes. However, in our design work, based around

the de Havilland ejector, we put the designers' feet to the fire:

they shall not change the ejector from what was tested at Ames

because of the trouble the taper caused on the XFV-12A.

MR. GARLAND: We have certainly drawn airplanes, with

tapered ejectors, and there are some packaging benefits from

drawing the tapered one, but we too are aware of the loss of

augmentation which occurs due to the nonorthogonal-sided-box, I

guess you would call it. We've measured this on the swept wing

augmentor wing model, tested in the Ames tunnel and the loss is

something like five counts due to the tapered, swept augmentor.

We don't like to throw that amount away We don't know any

way around it at the moment.

MR. KOENIG: A count being what?

MR. GARLAND: 0.01 in augmentation ratio.
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MR. KOENIG: Anybody else?

If not, I think we have adres~ced the primary question. I

think we are probably ready for summary on this.

Do you want to wind it up, Major Keel?

DR. BRADEN: Either Major Keel or Dr. Nagaraja is going to

do that.

MAJ. KEEL: I guess I will ask if anybody else has any sum-

mary comments they Would like t~o make, or any general recommenda-

tions that they would like to make, either government to industry

or industry to government.

DR. GREEN: I would like to reopen something that was

discussed yesterday with respect to the forward flight ejectors.

A lot of the discussion that went on, I think, led to some con-

fusion as to the exact position people were taking with respect

to the viability of the concept. In particular, I would like to

ask Dr. Minardi and Dr. Addy to comment on whether they think,

first of all, that the forward flight ejector is a feasible

concept, and whether or not the supersonic solution can ever be

achieved.

DR. MINARDI: Well, as far as whether the supersonic

solution can be achieved or not, it has been experimentally

verified by Fabri's work, and possibly by Dr. Addy's work. When

I say it has been verified, the way Fabri's ejector worked was

that he throttled ambient air in as the secondary fluid, so he

was starting out with air that was at a stagnation pressure lower

than ambient pressure. He ran ejectors with and without
diffusers.

He could then eject that air with supersonic mixed flow

*into the ambient. So there is~n't, in my mind,.any question

whether you could do that. It has already been experimentally

* verified.

The questions, obviously, are if one does a study of what

really can be achieved, what kind of advantages and thrust

augmentation might then result from that knowledge.
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So I don't know at this poin',t in time, not having yet per-

formed any real parametric studies on what kind of thrust

augmentations one could achieve, what the actual performance will

be. I haven't performed these studies yet, so I don't know

whether there is a payoff or not at this point in time.

PROF. ADDY: Dr. Minardi talked to me yesterday, and he

indicated that I had apparently given the impression to him,

anyway, and maybe to some of the other people, that you couldn't

get supersonic flow at the exit of the ejector. Correct?

DR. MINARDI: Yes.

PROF. ADDY: I didn't want to give that impression, because

I have run experiments where we did have supersonic flow at the

exit of the ejector. I simply painted out to him a simple

example of how you might accomplish this.

You could have, say, a converging-diverging nozzle, the pri-

mary nozzle of your ejector flowing into a constant area mixing

tube. if you close off the mixing tube, so that you have no

secondary flow and if you have a sufficiently high primary flow

and a sufficiently low back pressure, you can maintain supersonic

flow down that duct (i.e., a sudden-enlargement supersonic

nozzle is formed by the combination of the primary nozzle and the

mixing duct).

This is with no secondary flow. If you then just start to

open the secondary valve a little bit, you will induce some

secondary flow; you will still maintain essentially the super-

* sonic conditions at the ejector exit. (Supersonic flow con-

ditions can be maintained in the ejector duct at higher secondary

flow rates. The ejector exit conditions must be in accord with

the imposed back pressure conditions).

My point yesterday was that I think one has to apply all the

constraints that ejectors have to operate under when you are
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considering them. Generally when you have a supersonic ejector,

aerodynamic choking naturally occurs in the ejector, this does

constrain the mass flow rate.

In other words, if you have a small primary nozzle and a

large mixing tube, then I would say only under very special

conditions could you produce supersonic flow at the ejector exit.

But then, you have all sorts of other practical problems; the

type of configuration, geometrically induced flow separation,

flow being induced by mixing along the jet boundary, and then

flow separation at the wall in the recompression region. Thus,

you probably don't have one-dimensional flow.

So, there are many factors that one has to consider. The

best way to do it, in my opinion, is to apply all the correct

constraints to the ejector to match the ejector with the inlet,

and to apply the downstream boundary conditions. This problem is

further constrained by the fact that the inlet takes in ambient

air and the ejector discharges it back to ambient conditions.

DR. MINARDI: Of course, in flight, obviously, the stagna-

tion pressure is higher than the Ambient pressure, and this is an

advantage to the ejector that you don't have, probably, in some

of the cases you are talking about.

PROF. ADDY: Well, I think that there are advantages and

disadvantages because of the ram effect. You have inlet and

associated effects.

DR. MINARDI: I agree. We don't know the answers at this

point in time.

DR. GREEN: I just wanted to clarify the general feeling

that was left with my group. My feeling, and some of the corn-

ments that I got, indicated there was contusion as to what you

were really saying. That is really what I wanted.

ai MAJ. KEEL: Dr. Green, what if it took a higher pressure

rtoengine to make this possible? Are these things coming down
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the track? Are you going to see engines that are putting out

higher pressure ratio exhaust on the order of six or eight? Are

we going to see that?

DR. GREEN: Well, there is certainly technology being devel-

oped for higher overall pressure ratio engines, primarily for

fuel efficiency, but I don't know of any engine development

program that is currently under way aimed at high exhaust

pressure ratios.

PROF. ADDY: One other comment about ejectors. Pressure

ratio is, of course, another very strong constraint in the

problem. If you have a primary pressure ratio available of

maybe three, then you are immediately limited, on the expansion

Mach number entering the ejector section. This, of course,

limits the potential ejector performance, because typically, in

many ejectors, you might be talking about primary pressure ratios

of 6, 10, etc. , which I don't think are going to be readily

available.

DR. SAROHIA: I think supersonic ejectors would be even more

sensitive to changes in operating point, and as you mentioned, in

the system, too sensitive to get ambience in that technology. We

will have more problems than even we have in existing ejectors.

PROF. ADDY: May I make a comment on that? That is one of

the things that we found in looking at supersonic-supersonic and

subsonic-supersonic ejectors for laser applications. our conclu-

sion was that when you have all supersonic flow, there are strong

interactions, also, that come into play, and the ejector was not

very forgiving if you changed the operating point; whereas with

the subsonic-supersonic ejectov, it was more forgiving. The

subsonic-supersonic ejector would adjust itself aerodynamically;

The supersonic-supersonic ejector would oftentimes result in

shock waves and flow separation which significantly alter the

ejector flow field. It is relatively sensitive.

DR. MINARDI: To just answer your question, what I know

about it, I think the engine's coming along, the pressure inlets
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are probably around 4. Much more than that, I don't think you

are going to see for quite some time. There is probably a bleed

on the compressor. You can get tremendous pressure ratios there,

but you cannot get too much flow, as a rule.

PROF. ADDY: I think that all factors must be incorporated

into a careful study of all these constraints.

DR. FOLEY: This is not to say you couldn't put together an

engine of pressure ratio of 8 if you needed it. I am saying over

the shelf today I don't see anything that would fill that.

PROF. ADDY: I think that would have to be a result of pro-

viding some beneficial effects that would be worthwhile to take

if off the compressor at a higher pressure.

DR. FOLEY: You get a fan that gets up to a pressure ratio

of 8, for instance, but it is heavy, very heavy.

DR. ALPERIN: What I want to say is that getting supersonic

flow out of the end of an ejector does not necessarily mean that

it is an effective second solution thrust augmentor.

As a matter of fact, in the stationary case, to get a good

second solution ejector, the exit flow is generally subsonic, in

most practical situations and I think the whole key to the thing

is to produce the kind of flows that are dictated by the theory

as being optimal. This requires very careful consideration of

the outlet design with minimal losses. You have to go from a

supersonic flow at the end of the mixing to a subsonic flow at

the exit for a stationary ejector, when the primary nozzle

pressure ratios are within the bounds of modern technology.

If you are flying at high speed, high subsonic, or super-

sonic speed, then the exit flow will optimally be supersonic.

But just the fact that you can get a supersonic flow coming

out of the end does not mean that you have an effective second

solution ejector.
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MR. KOENIG: Maybe we can get a little summnary into this

part of our session, and that was what we just touched on in

engine technology. I think one of the recommendations here, of

course, should be to the engine manufacturer to look at the

engine technology as required for the ejectors in the future,

which includes the second solution, if that becomes practical,

and get some good basic experimental data on it.

And the other thing, of course, is for the airplane manufac-

turers. I think all the airplane manufacturers ought to be put

to work, not just Rockwell, all of them, work on structures,

metals, composites, if you need more ducts, not just hot ducts,

but ducts used for cold and high pressure ratio flow.

So in that respect, I think there ought to be some recommen-

dations from this workshop to the manufacturers of all aircraft

suppliers.

MAJ. KEEL: Yes, sir.

MR. P. COPAS: Pete Copas, formerly General Electric. I am

'1 retired now. About the question about supersonic ejectors, if

you limit your concentration to operations at supersonic flight

speeds, of course, you have much higher primary nozzle pressure

ratios available, simply due to thý. higher ram pressure, so the

question of engines being limited to pressure ratios of four,

five, or eight, it applies only under stationary conditions.

Under flight conditions, I am sure you have much higher

pressures.

PROF, ADDY: It is too difficult a subject to sit here and

try to toss back and forth %he various ideas. I think the only

way we can do it is systematically to look at all the problems.

It is the whole package. We did this in a sample problem for an

ejector, a supersonic ejector, which was a short one. We showed

at that time, in that particular paper, that approximately a 10

percent thrust augmentation could be achieved.

This analysis matched the flow characteristics of the intake

with the mass flow characteristics of the ejector, and it imposed

all the proper conditions in the flow-through device.
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I think that is the only way you really can tell. We just

can't pick out and isolate all the different effects and inter-

actions and say, well, we would like this to be the case, or

if this happens, etc. because the flow oftentimes will not cooperate

with that approach.

DR. J. LOTH: The advantage of running this primary jet at

a prassure ratio of 3, of course, keep the ducts small so you can

duct it through where you need it and keep the temperature

reasonable.

From the thrust power ratio, it also decreases the augmen-,

tation ratio. I can't see any advantage of going to six. Power

ratio really decreases rapidly, your problem becomes enormous,

and I think the pressure ratio 3 seems to be a good workable

limit.

DR. BEVILAQUA: We are talking about a supersonic fighter

incorporating an ejector, but there is one other possibility;

that is, to leave the ejectors open at high speed and inject fuel

and ignite it. You can actually get a ram jet on what is left

of the ejector, and talk about a hypersonic fighter. That is

a little further in the future, but it is an alternative way of

using the ejector supersonically. Turn it into a ram jet.

DR. ALPERIN: It is a ram jet.

DR. BEVILAQUA: With fuel injection.

DR. ALPERIN: It has the heat of the exhaust jet, and you

can add fuel. How much heat do you want? If you use the heat

from the jet of the primary jet, you have a rain jet. It doesn't

matter how you heat it.

DR. SAROHIA: it is very advantageous to add heat. The

velocities are pretty large.

DR. ALPERIN: Velocities are low at the inlet.

MR. CLINE: I would like to reiterate the statement I made

yesterday in light of what discussion we've had here today. When
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we talk about incoporation of ejectors into an airplane, you

have to evaluate all of the construction techniques, and you've

got to do it on flight weight hardware.

That means new materials, new fabrication techniques, to

keep the weight down. Otherwise, you are not going to be able to

evaluate in a demonstrator what you can or cannot do. Now there

are various technologies going on within the industry, types of

material construction, V/STOL study for fabrication uf light-

weight fuselage, et cetera, et cetera.

However, the ejector techniques are dictated very largely

by incorporation into some aircraft. That aircraft has to be

configured to allow you to get supersonic, if necessary.

This prototype program is not a cheap program. You are

talking about a very expensive program to go through a good

demonstrator e-7aluation. You are going to evaluate n-t only the

ejector, but the~ materials, the technology, the aerodynamics of

the configuration (which is different than the conventional

airplane) so we are not talking about something that you can put

a few bucks into a get a quick demonstrator and evalup'te.

MR. FINCH, General Electric: Being an engine manuAfacturer,

and loving to sell engines, I started thinking about tl',e source

of air, and generally, the high pressure ratio engines required

to fly an airplane with an ejector like that. I think you run

into a problem with the ejector yielding low specific thrust, and

the ram drag maintains itself up there, so you match the engine

to an airplaen that has a high speed flight regime, and you are

probably going to have less efficient use of an ejector.

Perhaps the engine manufacturers should look at some kind

of compound engine for a source of air that is readily ducted

away to support an ai~rcraft with ejectors.

MAJ. KEEL: Do we have any other general comments or

questions at this point? Recommendations?
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Perhaps it is time for me to make a couple of general com-

ments that I have in the way of closing, and then say a final

thank you.

one, I think we heard from David Koenig this morning that

NASA has an interest in the powerlift area, and I am hoping that

they will continue to help develop some of the things we are

talking about here, and help draw it to a focus.

We also heard from Dr. Green yesterday that the Navy is

developing, and we are seeing it take on more shape and form, a

program in the area of VTOL technology. I would feel much

better if I could stand in front of you this morning and say that

I honestly thought the Air Force had its act together nearly so

well in this area.

I've also heard some comments here today, though, about what

the NASA position is, and what the Navy position is, and so

forth, and I guess I was reflecting that most of theae things are

institutions and very rarely do institutions really have posi-

tions. I think it is people that do that.

I as an individual have a very strong opinion in this area

that right now the Air Forces R&D program is sort of

short-sighted. We've got a management approach that limits us to

only those systems that are in detail defined, and that makes it

very difficult to work on new concepts, new visions.

We also are living in an environment where we hear con-

sistently that aeronautics is a mature science, and has very
little to offer on R&D investment. I would like to throw out a

little bit of a challenge, and maybe I am leaning on you people a

bit, but I am not above that, that we need to dream a little bit.

We need to think a little bit about what we can do. We need to

take the kind of risks that get us the kind of problems defined

that we can work on and identify. I need some of your ideas, and

some of your estimates about what we can do for aeronautics, and
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I will fight to make sure we can have a piece of the program to

help Ken Greene and Dave Koenig complete what they have started

to do in ejector technology, I will try to take that on as part

of my objective in this area.

I've already said this morning that my personal conviction

is that we need to build hardware. I think we learned from hard-

ware. I think it is from hardware that we get the definition of

the problems that we can solve with theory, and that we can solve

in our laboratories.

I've spent a good equal amount of my career in the

laboratory and in large scale hardware, but what we are really

missing at this point, to me, is the focus that large scale hard-

ware can put on our problems.

If people have different opinions on this matter, please

feel free to speak. I was encouraged by what I saw in the

scaling effects paper; that things are the same in ejectors that

they are in all other experimental work I was ever part of.

I talked a little bit about some of the full scale problems.

There are a couple of others I would like to mention, and I

think they fit in with your last comments here Tuesday. I was at

Edwards during some of the YC-14 and YC-15 days. I saw a lot of

trailing edge flaps being chaniged early in the program, and I

think we are probably going to end up with some sonic fatigue

problems, and those kinds of things.

I do think that the real estate problem on the airplane is a

very real one, and somehow, even in our paper studies, we have to

* think about those to a point that we can get some of the opera-

*tions people at least a little excited about what we might do

with these airplanes if we are going to keep them on board.

My only final comment is that we have all learned a lot

here, but I think what is important is what we do with it once we

leave here. I think we have some technologies here that we can

all still contribute more to.
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Ipersonally think the conference has not done everything I

would have liked for it to, but most of our endeavors don't.

That leaves us some room to improve and some room to dream and

some room to try to do better next time. But it has certainly

accomplished a lot of things that I didn't have in mind. I am

very happy with what we have accomplished.

I would like to thank each of you for coming, for contri-

buting, and for what I think you are going to do for us in the

future. Please take time to go through these packets and sheets

and scratch out some comments; try to do that for us.

If you don't leave them with us today, try to do it before

you get too involved in what you are going to do when you get

back home. Do it while you are sitting in the terminal waiting

on the airplane.

I personally would like to thank Dr. Braden and the staff he

put together, the U. D. folks, because I think they did a fine

job.

(Workshop concluded and adjourned at 12:30 o'clock, P.M.,

August 5, 1981.)
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EJECTOR WORKSHOP FOR AEROSPACE APPLICATIONS

S(All meetings will be held in the South Conference Room)

Monday, August 3, 1981

Hours

0730-0820 Breakfast
0830-0900 Welcome by Colonel Robert Rankine, Commander,

Air Force Wright Aeronautical Laboratories

0900-0940 "Overview of Air Force Activity in the
Ejector Field," Dr. K. Nagaraja, Flight Dynamics
Laboratory

Part I: Ejector Aerodynamics

0940-1020 "Ejector Nozzle Development," by E. F. Schum
and J. H. DeHart, Rockwell International, North
American Aircraft Division, Columbus, Ohio

1020-1040 Break

1040-1120 "Theory and Practice of Ejector Scaling," by
P. M. Bevilaqua and C. P. Combs, Rockwell
International, North American Aircraft Division,
Columbus, Ohio

1120-1200 "Ejector Shroud Aerodynamics," by J. H. DeHart
and S. J. Smrdel, Rockwell International, North
American Aircraft Division

1200-1300 Lunch

1300-1340 "An Investigation of Planar, Two-Dimensional
Ejectors with Periodic or Steady Supersonic
Driver Flow," by H. L. Petrie and A. L. Addy,
Department of Mechanical and Industrial
Engineering, University of Illinois

1340-1420 "Some Observations on Mixing of Free and
Confined Underexpanded Rectangular Jets," by
A. Krothapalli, Y. Hsia, D. Baganoff, and
K. Karamcheti, Standford University

1420-1500 "The Mixing of Swirling Flows," by G. C. Oates,
Department of Aeronautics and Astronautics,
University of Washington

1500-1540 "Mixing of Jets and the Effect of Velocity
Ratio on Entrainment," M. A. B. Narayanan,
Indian Institute of Science, Bangalore,
India

1540-1600 Break
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1600-1640 "Fundamental Studies in Thrust Augmenting
Ejector Flows," by L. P. Bernal and V. Sarohia,
California Institute of Technology, Pasadena,
California

1640-1740 "Considerations on Steady- and Nonsteady-Flow
Ejectors," by J. V. Foa and Charles Garris,
George Washington University, Washington, D.C.

1740-1820 "Some Interesting Flow Features of Supersonic
Co-axial Jets," by D. Dosanjh, Department of
Mechanical and Aerospace Engineering,
University of Syracuse, New York

1930-2000 Dinner
2000-2200 Evening Discussions

Tuesday, August 4, 1981

0730-0820 Breakfast

Part I (continued): Ejector Aerodynamics

0830-0910 "Jet Mixing and Entrainment Using an Oscillating
Vane," by D. J. Collins and M. F. Platzer,
Naval Postgraduate School and J. C. S. Lai and
J. M. Simmons, University of Queensland

0910-0950 "Unsteady Flows Applicable to Ejector Mechanics,"
by H. Viets, M. Piatt, M. Ball, R. Bethke,
D. Bougine, Wright State University, Dayton,
Ohio

Part II: Ejector Performance

0950-1030 "Considerations of the Control Volume Approach
to Ejectors as Applied to Thrust Augmentation,"
by J. E. Minardi, University of Dayton Research
Institute, Dayton, Ohio

1030-1040 Break

1040-1120 "An Overview of Supersonic Ejector Performance
Analyses," by A. L. Addy, Department of
Mechanical and Industrial Engineering,
University of Illinois

1120-1200 "Thrust Augmenting Ejectors," by M. Alperin,
Flight Dynamics Research Corporation, Van Nuys,
California

1200-1300 Lunch

1300-1340 "Investigation of the Supersonic-Supersonic
Ejector," by J. C. Dutton, Texas A & M
University
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1340-1420 "Analytical Investigation of High Performance
Short, Thrust Augmenting Ejectors," by T. Yang
and Francois Ntone, Mechanical Engineering
Department, Clemson University

1420-1500 "Recent Ejector Technology Programs at the
Naval Air Development Center," by K. A. Green,
Naval Air Development Center, Warminster,
Pennsylvania

1500-1520 Break

Part III: Ejector-Aircraft Integration

1520-1600 "Progress Towards a Theory of Jet Flap Thrust
Recovery," by P. M. Bevilaqua, E. F. Schum,
and C. J. Woan, Rockwell International, North
American Aircraft Division, Columbus, Ohio

1600-1640 "Viscid/Inviscid Interaction Analysis of Ejector
Wings," by P. M. Bevilaqua, C. J. Woan, and
E. F. Schum, Rockwell International, North
American Aircraft Division, Columbus, Ohio

1640-1720 "Transitioning Ejector Augmentor Laboratory
Experiments to Flight System Applications:
The Technical Challenges," by John Porter,
Vought Corporation, Dallas, Texas

1720-1800 "Turbulence in an Ejector Wing Flow Field,"
by G. D. Catalano, Mechanical Engineering
Department, Louisiana State University

1800-1840 "Integration of Ejector Thrust Augmentation Lift
Systems into a Supersonic V-STOL Research
Aircraft," by J. M. Farley and R. D. Murphy,
Naval Air Systems Command Headquarters,
Washington, D.C.

1930-2000 Dinner

2000-2200 Evening Discussions

Wednesday, August 5, 1981

0730-0820 Breakfast
• Part III (continued): Aircraft-Ejector Integration

0830-0910 "Studies of Lift Enhancement and Separation
Control for Transonic Upper Surface Blowing,"
by N. D. Malmuth and W. D. Murphy, Rockwell
International Science Center, Thousand Oaks,
California, and J. D. Cole, University of
California
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0910-0950 "Investigation at Large Scale of Thrusting
Ejector Applications to V/STOL Aircraft,"
by D. Koenig, NASA Ames Research Center,
Moffett Field, California

0950-1030 "Some Applications of Ejector Technology to
STOL and V/STOL Aircraft Projects," by
D. Garland, DeHavilland Aircraft of Canada, Ltd.,
Ontario, Canada

1030-1040 Break

1040-1120 "Ejector Ram Drag," by B. B. Beard and W. R.
Foley, General Dynamics Corporation, Fort
Worth, Texas

Part IV: Prioritization and Implementation of Advanced Ejector
Research Programs

1120-1200 Navy, Air Force, NASA Overview
1200-1300 Lunch

1300-1600 Continuation of Part IV
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ATTENDEES

Prof. A.L. Addy
144 MEB
University of Illinois at U-C
1206 W. Green St.
Urbana, Illinois 61801
217-333-1126

Dr. R. Agarwal
McDonnmell Douglas Research Laboratory
Bldg. 110
P.O. Box 516
St. Louis, Missouri 63017
314-233-2528

Dr. Krish Ahuja
Lockheed Georgia Co.
Dept. 72-74 Z403
Marietta, Georgia 30342
404-424-5990

Dr. Morton Alperin
Flight Dynamics Research Corporation
15809 Stagg St.
Van Nuys, California 91406
213-988-8000

Dr. M.A. Badri Narayanan
Department of Aeronautical Engineering
Indian Institute of Science
Bangalore 560012 INDIA
(local #) 513-878-6773

Dr. Luis P. Bernal
Jet Propulsion Laboratory (MC-67/201)
4800 Oak Grove Drive
Pasadena, California 91103
213-354-7449

Dr. Paul Bevilaqua
Rockwell International Corporation
4300 E. Fifth Avenue
Columbus, Ohio 43216
614-239-3242

~~cw pe PMR LhHg-NWO 7JJJW
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Dr. Louis Boehman
University of Dayton Research Institute, KL121E
300 College Park
Dayton, Ohio 45469
229-2835

Dr. R.J. Boray
AFWAL/PORT
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-7119

Dr. Richard P. Braden
1875 Campus Drive
Fairborn, Ohio 45406
513-229-3845

Mr. William T. Carter
Systems Research Labs
1905 Woods Drive
Dayton, Ohio 45432
513-426-4051

Dr. George Catalano
Department of Mechanical Engineering
Louisiana State University
Baton Rouge, Louisiana 70803
504-388-5792

Mr. Y.T. Chin
Lockheed California Corporation
P.O. Box 551
Burbank, California 91520
213-847-5608

Mr. Rodney L. Clark
AFWAL/FIMM
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-3788

Mr. Cecil Cline
Rockwell International Corporation
"4300 E. Fifth Avenue.
"Columbus, Ohio 43216
614-239-3274

Mr. C.P. Combs
Rockwell International Corporation, NAAD
4300 E. Fifth Avenue.
Columbus, Ohio 43216
614-239-2174
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Maj. Michael Dauth
Hq, AFSC/XRLA
Andrews Air Force Base, MD. 20334
301-981-5646

Mr. John H. DeHart
Rockwell International Corporation
4300 E. Fifth Avenue.
Columbus, Ohio 43216
614-239-2342

Mr. Carl Dienstberger
AFWAL/POTA.
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-4830

Dr. Darshan Dosanjh
University of Syracuse
Dept. of Mechanical and Aerospace Engineering
Syracuse, New York 13210
315-423-2618

Dr. J. Craig Dutton
Mechanical Engineering Dept.
Texas A&M University
College Station, Texas 77843
713-845-5011

Dr. J. Fabri
Office National d'Etudes

et de Recherches Aeronautique
92320 Chatillons/Bagneux
Paris, FRANCE

Dr. Joseph Foa
School of Engineering and Applied Science
George Washington University
Washington, D.C. 20052
202-67b-6149

Dr. William Foley
General Dynamics Corporation
P.O. Box 748
Fort Worth, Texas 76101
817-732-4418
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Dr. Milton Franke
Air Force Institute of Technology
AFIT/ENY
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-2362

Mr. Douglas Garland
DeHavilland Aircraft of Canada, Ltd.
Garratt Blvd.
Downsview, Ontario, CANADA M3KlY5
416-633-7310

Mr. Charles A. Garris
Dept. CMEE
George Washington University
Washington, D.C. 20052
202-676-3646

Mr. Kenneth Green
Code 6052
Naval Air Development Center
Warminster, Pennyslvania 18974
215-441-2125

Mr. Siegfried Hasinger
AFWAL/FIMM
Wright-Patterson Air Force Base
Dayton, Ohic 45433
513-255-4052

Mr. Franz J.A. Huber
2725 Big Woods Trail
Fairborn, Ohio 45321
513-426-2498

Mr. Richard Johnson
ASD/ENFTA
"Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-5503

Dr. K. Karamcheti
Joint Institute for Aeronautics and Acoustics
Department of Aeronautics and Astronautics
Stanford University
Stanford, California 94305
415-497-9489
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Maj. Lowell Keel
Chief, Airframe and Aerodynamics Branch
AFWAL/FIMM, Bldg. 450
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-4579

Dr. David Koenig
M/S 247-1
NASA Ames Vtesearch Center
Moffett Field, California 94035
415-965-5047

Mr. Mike Konarski
General Electric Co. E198
Evendale, Ohio
513-243-4881

Dr. A. Krothapalli
Department of Aeronautics and Astronautics
Stanford University
Stanford, California 94305
415-497-9489

Mr. Al Laughrey
AFWAL/FIMM, Bldg. 450
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-6207

Mr. Maurice Lawson
University of Dayton Research Institute
KL-473
300 College Park
Dayton, Ohio 45469
513-229-3845

Dr. John Lee
Ohio State University
Aero Astro Research Labs
2300 West Case Road
Columbus, Ohio 43220

* 614-422-1241

Mr. Bernard Lindenbaum
4929 Thorain Ct0
Dayton, Ohio 45416
513-275-6723
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Dr. John Loth
Department of Aerospace Engineering
West Virginia University
Morgantown, West Virginia 26506
304-293-4111

Dr. N. Malmuth
Rockwell International
Science Center
P.O. Box 1085
Thousand Oaks, California 91360
805-498-4545, ext. 154

Dr. John E. Minardi
University of Dayton Research Institute
KL-473
300 College Park
Dayton, Ohio 45469
513-229-3845

Dr. K. S. Nagaraja
Air Force Wright Aeronautical Laboratories
AFWAL/FIMM, Bldg. 450
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-6207

Mr. Ronald K. Newman
University of Dayton Research Institute
KL-473
300 College Park
Dayton, Ohio 45469

Dr. Gordon Oates
University of Washington
Dept. of Aeronautics and Astronautics
Seattle, Washington 98195
206-543-6061

Mr. Ronald Petsch
General Electric
Mail Drop E198

• •Evendale, Ohio
* 513-243-5168

Dr. James Petty
AFWAL/POTC, Bldg. 18
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-5308, 255-2744

104



Dr. Max Platzer
Aerospace Engineering Department
Naval Post Graudate School
Monterey, California
408-646-2311

Capt. Steven G. Reznick
AFWAL/FIMM
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-4052

Dr. Virender Sarohia
Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Drive
Pasadena, California 91103
213-354-6758

Mr. E.F. Schum
Rockwell International Corporation
Building 6/Engineering
4300 E. Fifth Avenue.
Columbus, Ohio 43216
614-239-3242

{ Dr. James Scott
University of Dayton Research Institute
KL-473
300 College Park
Dayton, Ohio
513-229-3845

Dr. William Sears
6560 Skyway Road
Tucson, Arizona 85718
602-626-1315

Mr. George L. Seibert
AFWAL/FIMM
Wright-Patterson Air Force Base
Dayton, Ohio 45433

* 513-255-6207

Mr. Vajaya Shankar
Rockwell International
Science Center
P.O. Box 1085
Thousand Oaks, California 91360
805-498-4545, ext. 154

1

105



Mr. S. J. Smrdel
Rockwell International Corporation
4300 E. Fifth Avenue.
Columbus, Ohio 43216
614- 23 9-2174

Dr. Frank D. Stull
Wright Aeronautical Laboratories
AFWAL/PORT, Bldg. 18
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-5210

Mr. Edward B. Thayer
Mail Location R-132
P.O. Box 2891

West Palm Beach, Florida
305-840-6654

Mr. Gregory Unnever
AFIT/EN
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-5533

Dr. Hans von Ohain
5598 Folkestone Drive
Dayton, Ohio 45459
513-434-1120

Dr. Hermann VietsWright State University

7751 Col. Glenn Hwy.
Dayton, Ohio 45431
513-873-2501

Dr. James Wilson
Directorate of Aerospace Sciences
AFOSR/NA, Bldg. 410
Bolling Air Force Base
Washington, D.C. 20332
202-767-4935

Dr. Sam Wilson III
NASA Ames Research Center
MS 237-11
Moffett Field, California 94035
415-965-5903

106



Mr. Chung-Jin Woan
Rockwell International Corporation
4300 E. Fifth Avenue.
Columbus, Ohio 43216
614-239-2342

Dr. Henry Woolard
AFWAL/FIGC, Bldg. 45
Wright-Patterson Air Force Base
Dayton, Ohio 45433
513-255-4315

Dr. T. Yang
Mechanical Engineering Department
315 Riggs Hall
Clemson University
Clemson, South Carolina 29631
803-656-3470, 3471

107



I(

APPENDIX C

SESSION PAPERS

M10' P LM5.MW flU

109



AN OVERVIEW OF EJECTOR TECHNOLOGY DEVELOPMENT

IN THE AIR FORCE

K. S. Nagaraja
Air Force Wright Aeronautical Laboratories

O Wright Patterson Air Force Base, Dayton, Ohio

In the last two decades, Air Force has made significant

contributions to the development of the ejector technology for

thrust augmentation purposes. Initially, Aerospace Research

Laboratories at WPAFB undertook a major task of demonstrating

that compact, thrust augmenting ejectors could be designed.

After ARL successfully demonstrated that by utilizing hypermixing

nozzles, thrust augmentation ratio of the order of two could be

achieved, Flight Dynamics Laboratory launched a program of con-

ducting preliminary design of an ejector thrust augmented demon-

strator aircraft., FDL accomplished the objective of doing a

design study. However, no demonstration fabrication was per-

,•f-irmed. Subsequently, over the years in seventies, FDL continued

to support some efforts in the technology area. In the follow-

ing, a brief outline of those developments will be presented.

An outline of what is going to be discussed is briefly pre-

sented in Figure(1). As can be seen in Figure(2)'ARL's work laid

the foundation for a systematic study of the ejector application

for V/STOL aircraft.

By utilizing hyprmixing nozzles, ARL achieved an augmen-

tation ratio of 2 in an ejector of inlet area ratio of 23. In

these tests, primary air was not heated, and the stagnation

pressure of the primary air was about 1.3. Further, a trailing

edge ejector wing was also built by Bell Aerospace for ARL, and

supercirculation effects were shown in low speed. As the forward

velocity increased, the ram drag penalty degraded the performance

of the ejector. Further, Vought corporation under ARL contract

designed a more compact ejector by using trapped vortex cavity

than what ARL had done with the same inlet area ratio ejector and

achieved slightly improved thrust augmentation ratio.
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INTRODUCTION
OBRIEF HISTORY

*ARL AND AFFDL STUDIES

* RECENT AIR FORCE RESULTS
*HIGH SPEED EJECTORS
•HIGH PERFORMANCE EJECTORS

-SECOND SOLUTION DEMONSTRATION
* EJECTOR INDUCED LIFT AUGMENTATION
*FUNDAMENTAL TURBULENT MIXING AND

ENTRAINMENT STUDIES
*OBSERVATIONS
,SUMMARY

Figure 1



ARL'S INVESTIGATIONS IN THE SIXTIES
ACCOMPLISHED THE FOLLOWING:

1. DEVELOPMENT OF HYPERMIXING NOZZLES FOR MIXING
ENHANCEMENT FOR COMPACT EJECTOR DESIGNS.

2. THRUST AUGMENTATION OF THE ORDER OF 2 IN AN EJECTOR
OF INLET AREA RATIO 23.

3. MULTI CHANNEL EJECTORS UTILIZING FAN BY-PASS AIR
ALSO TESTED. THRUST AUGMENTATION WAS REALIZED.

4. BELL AEROSPACE UNDER ARL CONTRACT TESTED A T E.
EJECTOR WING AND DEMONSTRATED TRANSITIONING
CAPABILITY DUE TO SUPERCIRCULATION EFFECTS.

5. FURTHER COMPACTNESS WAS REALIZED BY USING A
TRAPPED VORTEX CAVITY FOR BOUNDARY LAYER
ENERGIZATION.

Figure 2



In the early seventies, FDL began work on integrating an

ejector in a demonstrator vehicle design. In the course of this

effort, an analytical method was developed for predicting the

ejector performance characteristics. The method was based on

one-dimensional compressible flows, and the losses were

incorporated in the analysis by correlation with ARL experimental

data. The results showed the effects of primary gas temperature

as well as forward flight condition. A schematic of the ejector

for the analysis purposes is shown in Figure(3). In the analysis,

it was assumed that the mixed flow at station (2) was subsonic,

although it was shown that supersonic mixed flows could be

realized. It is the latter possibility that has spurred renewed

interest presently in the ejector technology development.

Figure (4) shows an outline of what was accomplished in FDL.

Figures (5), (6), and (7) show some of the salient results of the

analysis. It can be noticed that even in an ideal situation, the

results interestingly showed that as the primary gas gets hotter,

the thrust augmentation ratio 0 decreases. Also, as the forward

flight velocity increases * decreases up to a point, and begins

to go up around Mach number one. However, this particular aspect

was not investigated further when FDL's analytical work was

accomplished in 1973. References 1 and 2 can be seen for further

details of these efforts both at AERL and FDL. Figure(7)shows

that the design of the inlet plays an important role in gaining

the full benefit of an ejector. The ejector performance can be

very sensitive to the inlet efficiency.

It was realized in the course of an examination of the

results that in an efficient ejector design, geometric as well as

thermodynamic parameters have to be properly selected. Figure

(8) which was derived from incompressible flow equations illus-

trated the significance of the coupling effects of the parameters

on the performance. It was then decided to embark on a systema-

tic study of the ejector performance characteristics with no

restriction that the mixed flow would have to be subsonic as was

done in Reference 2.
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EJECTOR DIAGRAM

PRIMARY ATMOSPHERE
AIR

RSECONDARY FLOW

PRIMARY AIR I I

I III

• "•~~MIXING DUCT--, III il

STATION 1 DIFFUSER
(INJECTION PLANE) I

STATI ON 2
(END OF THE MIXING STATION 3

DUCT OR DIFFUSER (DIFFUSER EXIT)
ENTRANCE) Figure 3
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AIR FORCE FLIGHT DYNAMICS LABORATORY (AFWAL/FI)
SUPPORTED A PRELIMARY DESIGN STUDY
OF A V/STOL DEMONSTRATOR AIRCRAFT

*AN EJECTOR-WING (2D) MODEL WAS BUILT AND TESTED IN

NASA AMES

*COMPRESSIBLE FLOW ANALYSIS WAS DEVELOPED

*AN RPV VEHICLE HAVING A CANARD WING ARRANGEMENT
WITH A T.E. EJECTOR WAS DESIGNED

* HIGH LIFT CHARACTERISTICS OF AN EJECTOR-FLAPPED WING
WAS THEORETICALLY EVALUATED

*A 3D CALCULATION METHOD FOR DETERMINING THE AERO
CHARACTERISTICS OF ARBITRARY EJECTOR JET FLAPPED WINGS
WAS DEVELOPED BY McDONNELL DOUGLAS

* TESTS PERFORMED AT AFFDL FACILITY ALSO DEMONSTRATED
THAT THE EJECTOR POWERED WING STALL ANGLE WAS LARGER
COMPARED TO THE UNAUGMENTED WING

Figure 4
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Flight Dynamics Research Corporation under the direction of

Morton Alperin performed these studies (Reference 3) and the

results of that study have greatly stimulated a reevaluation of

the potential that ejectors have for thrust augmentation purposes

in flight (Figure 9). Figures (10) to (14) typically illustrate

the types of performance characteristics that one realizes under

mixed subsonic and supersonic flow conditions. In the latter

flow condition, there can be forbidden zones where the equations

will not yield physically correct results. Outside of those for-

bidden zones, real solutions are possible. It is shown that

whenever the inlet Mach number of the secondary flow is subsonic,

the ejector performance is very high. These were also indepen-

dently verified by the University of Dayton Research Institute

(Ref. 4). Based on the thermodynamic availability, the results

show that the efficiency of an ejector under the second solution

(i.e. mixed flow being supersonic) is much higher at subsonic

inlet Mach numbers (for the secondary flow).

Figures (15) and (16) are drawn so that a map of the perfor-

mance for all possible inlet Mach numbers can be shown for both

branches of the solution. Lines of constant efficiency based on

availability are drawn in the M* - M* plane. The cross-hatched
p 8

region (or the egg-shaped regions) are forbidden zones on the

boundary of which the mixed flow Mach number is one. The line

labeled plp = p15 on the figures refer to inlet pressures being

equal. Plots such as those drawn in the figures are informative

for they show regions where high efficiencies are attainable

under both branches of the solution for mixed flow. They also

indicate where ejector type flows can be realized.

*The data plotted in Figures (17) through (20) show that the

* second solution with inlet secondary Mach number less than one

can be achieved. These figures are drawn for constant area

ejectors. Figure (19) shows high values of efficiency at the

subsonic inlet Mach numbers of the secondary flow on the second

solution branch. Figure (18) presents the static pressure on the
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ANALYSIS OF HIGH SPEED EJECTORS

1. COMPRESSIBLE FLOW ANALYSES

2. LOSSES ARE PRESENTLY NOT INCLUDED

3. SUPERSONIC SOLUTION AT STATION "2" CONSIDERED

4. ENTROPY CHANGE REQUIREMENT USED FOR MAINTAINING
CORRECTNESS OF THE SOLUTIONS

Figure9



EJECTOR PERFORMANCE CHARACTERISTICS
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EJECTOR PERFORMANCE CHARACTERISTICS
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EJECTOR PERFORMANCE CHARACTERISTIC
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EJECTOR PERFORMANCE CHARACTERISTICS
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EJECTOR PERFORMANCE CHARACTERISTICS
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SUBSONIC BRANCH EFFICIENCY
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SUPERSONIC BRANCH EFFICIENCY
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subsonic branch is higher than on the supersonic branch. By

setting the back pressure (in the region where the mixed flow

exhausts into) at appropriate levels, the types of data points

shown in the figures are achieved. Since no throat is provided

for the secondary flow at the inlet, M will stay below 1.0, and

if the back pressure is further reduced, then the flow will jump

into the second solution branch. Once the back pressure is low

enough so that the supersonic branch is achieved, the operation

of the ejector is independent of the back pressure. The ejector

will operate at one point on the supersonic branch irrespective

of the value of the back pressure. UDRI has further discussed

the condition which determines where the ejector operating point

is on the supersonic branch. Figure (20) shows the distribution

of the mixed flow Mach number.

The results of the high performance of high speed ejectors

have shown that we need to arrive at geometric and thermodynamic

conditions at the ejector inlet as well as the outlet which will

allow the ejector to operate at certain points on the supersonic

solution branch. Computer programs which will define optimal

ejector characteristics are being developed and investigated, and

experiments are being planned to verify the theoretical results.

Another ejector related project which FDL has performed is

the ejector wing design study. NASA Ames Research Center has

also supported this study. FDL proposed a concept of an ejector

integrated wing which can demonstrate high lift (augmented due to

supercirculation effects of the ejector flows) characteristics

over a wide range of angles of attack in a Mach number range up

to 0.3. After some analytical studies involving 3-D vortex lat-

tice code coupled with ejector flow prediction methodology, an

ejector wing configuration in which the ejector inlet is located

on the underside of the wing near the leading edge, and the ejec-

tor exhaust flow outlet located on the upperside of the wing near

the trailing edge was chosen.

Advanced Technology center of Vought Corporation, Dallas,
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Texas, performed the tests under contract. Electric analog

experiments were performed to map out potential flow solutions.

A four-foot span wing model with a swept leading edge and an

aspect ratio of about 4 was fabricated for test purposes. The

ejector itself was designed to be a constant pressure mixing type

ejector. The model was tested in the 7' x 10' Army tunnel

located in NASA Ames Research Center. The primary flow was

injected supersonically into the ejector, and the model was

tested over a range of angles of attack, a~, going from -150 to

+25* in increments of 50, and at two flow Mach numbers 0.15 and,
0.28. Details of these tests are going to be published in a

forthcoming report. (Ref. 5). Figures (21) and (22) show the

model that was tested in the 7' x 10' subsonic tunnel. The

results of the tests are shown in Figures (23) and (24).

Significant improvements realized in the aerodynamic charac-

teristics due to ejector integrated effects are shown in Figure

(24). Clearly, such a high lift technology wing concept which

has demonstrated both lift and thrust augmentation characteris-

tics can conceivably impact on maneuvering capability at low

speeds. The tests have also demonstrated that further useful

investigations need to be performed with such a concept for eval- -

uating the benefit of such an ejector wing configuration.

Flight Dynamics Laboratory has given support to another area

of investigation which involve questions of mixing and entrain-

ment, and the relative roles they play in determining ejector

performance characteristics. A project supported by the Air

Force, the Navy, and NASA has been initiated and Jet Propulsion

Laboratory of the California Institute of Technology has been

tasked to perform detailed flow studies using laser velocimeter

as well as hot wire instrumentation techniques. Figure (25)

outlines JPL test objectives. Subsonic and supersonic primary

flows, both hot and cold, will be injected into ejector shrouds,

and detailed flow measurements as well as thrust levels will be

determined. Correlation of measured data will be made with a
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Figure 21. Ejector Wind Model Looking at the Upper Surface.
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Figure 22. Ejector Wing Model Looking at the Bottom Side.
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BASELINE WING PERFORMANCE
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OBJECTIVES/PLANS

* CONCENTRATE ON FLUI D-DYNAMICS OF THE EJECTOR FLOW

0 DETERMINE ROLE OF THE ENTRAINED FLUID AND ITS MIXING
WITH PRIMARY JET ON EJECTOR PERFORMANCE

*DETERMINE HOW THE VARIOUS PROFILES EVOLVE AND THEIR

RELATIONSHIP TO THE 1HRUST AUGMENTATION

* SEARCH FOR TURBULENT STRUCTURE OF EJECTOR FLOW FOR
ACTIVE INTERACTIONS TO ENHANCE EJECTOR PERFORMANCE

Figure 25



view to understand the basic flow processes. The effort is

underway presently, and substantial data from this study will be

available in the latter part of 1982. Figures (26) and (27) show

the LDV set up at JPL. The LDV is a 2-component system, and it

is expected that measured data can provide appropriate turbulence

models in the ejector mixing region.

It is evident from the above discussions that though modest,

but significant basic understanding has been realized by various

efforts performed in or supported by the Air Force. Some of the

significant observations on what has been accomplished are shown

in Figure (28). Two workshops were conducted to assess the

progress made and to recognize the problems in the technology

area (Fig. 29). Figure (30) gives a summary of the Air Force's

effort. Further progress will be made in the coming years in

gaining a better understanding of the potential of ejectors in

aerospace tenhnology development, and the Air Force will play its

due role.
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Figure 26. LDV Set-up at JPL.
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OBSERVATIONS

* PRIMARY TEMPERATURE EFFECTS PLAY AN IMPORTANT ROLE

* CROSS FLOW VELOCITY EFFECTS

* INLET DESIGN

* SECOND SOLUTION IF REALIZED IS EXPECTED TO PROVIDE
LARGE INCREASES IN AUGMENTATION

I-i

eMATCHING OF AEROTHERMODYNAMIC CONSIDERATIONS IN
OPTIMAL EJECTOR DESIGNS

* SELECTION OF PRACTICAL CONFIGURATIONS AND ITERATIONS
TOWARD OPTIMIZATION

Figure 28



CONFERENCES AND MEETINGS

*WORKSHOP ON THRUST-AUGMENTING EJECTORS

9JOINT SPONSORSHIP BY NASA/NAVYIAIR FORCE.
FULLY FUNDED BY NASA-AMES. JUNE 28-29, 1978
AT AMES RoC.

9TECHNICAL MEETING PRIMARILY PROVIDING A FORUM
, FOR PRESENTATION OF VARIOUS RESULTS.

Un (NASA CP-2093, SEP 1979)

*WORKSHOP ON EJECTOR TECHNOLOGY

*JOINT SPONSORSHIP BY AFOSR AND AFWAL (44K AFWAL)
DAYTON, OHIO -AUGUST 3-5, 1981

Figure 29



SUMMARY

eTHEORETICAL POSSIBILITY OF HIGH PERFORMANCE EJECTORS
DEMONSTRATED

eGOOD PERFORMANCE FROM EJECTOR WING IS REALIZED AND
THE TESTS ARE CONTINUING

*JPL EFFORT WILL SEEK TO RESOLVE SOME QUESTIONS ON
MIXING AND ENTRAINMENT CHARACTERISTICS

*FDRC AND UDRI WILL MAP OUT AREAS FOR REALIZING'1'' "SECOND SOLUTION" EJECTORS

* WORKSHOP IN AUGUST WILL ADDRESS QUESTIONS AND PREPARE
ROADMAPS PERTAINING TO HIGH PERFORMANCE EJECTORS

Figure 30



RECENT EJECTOR TEC1LOLOGY PROGRAMS AT THE
NAVAL AIR DEVELOPMENT CENTER

K. A. GREEN
Naval Air Development Center

Warminster, PA 18974

During the past several years, the major ejector activity within the
Navy has concentrated on the Thrust Augmenter Wing (TAW) concept and its
application to the Rockwell XFV-12A technology demonstrator. Other papers
to be presented in this workshop will discuss in detail the work that was
accomplished during this program. The purpose of this paper is to outline
some of the recent ejector technology work supported by the Naval Air
Development Center jointly with the Air Force and/or NASA AMES and the
rationale behind the programs.•

O Following the 1978 Ejector Workshop, held at NASA AMES, several follow-
• up .meetings were conducted with NASA, Navy and Air Force representatives to
determine, based on the presentations and discussions at the conference,

0 what areas should be pursued to improve the technology data base. Although
many specific areas of work were recognized, two areas in particular contin-
ually surfaced. The first concern was to obtain a better fundamental under-

Sstanding of the important flow mechanisms taking place within an ejector,
e.g., turbulent mixing and entrainment, and how these parameters were influ-
enced by such things as pressure ratio, temperature effects, supersontc primary
f.ows, inlet configuration, primary nozzle design and diffuser characteristics.
There was by no means a general consensus of opinion during the last workshop
in many of these areas and some type of study to better understand and eluci-
date these mechanisms appeared to be a worthwhile research direction. The
purpose of the study would not be to design an improved ejector but rather
probe the flows using laser doppler velocimeters, hot wire anomometers and
photographic techniques such as Schlieren and shadowgraphs.

As a result of these discussions, a program was established at the Jet
Propulsion Laboratory (Reference a) to accomplish the above objectives and is
currently being jointly supported by the Naval Air Development Center, NASA
AMES and the Air Force (See Figure 1). Specific details of this program, such
"as measuring techniques, data reduction methods and results to date, will be
presented as a separate paper by the principal investigator during this work-
shop.

The second area that was repeatedly mentioned, during the 1978 workshop,
was the practical difficulties of taking a high performance laboratory ejector
and integrating it into an aircraft configuration. This involves not only
compressing the size of the ejector but carefully studying how engine exhaust
gases can be reasonably ducted to the primary nozzles, to what extent aircraft
surfaces surrounding the ejector will influence inlet and exhaust flow and how
well the ejector/aircraft can pass through transition from VTOL to conventional
flight.

Currently there are two generic configurations for ejector aircraft.

147



The first is the Thrust Augmenter Wing or TAW concept characterized by the
XFV-12A program. In this case the ejectors are mounted in the wings which
fold up for the conventional flight mode. The ability to deflect the aug-
menter flow in a jet-flap fashion would appear to provide an advantage dur-
ing the transition phase because of the supercirculation and increased lift
generated. The second concept involves the use of ejectors mounted fore and
aft in the aircraft fuselage or strake areas close to the fuselage. Although
the concept seems to offer some practical advantages in packaging and ducting
of primary flows, concern remains with the ability of the configuration to
pass through transition. This concept has been extensively pursued by NASA
AMES with a DeHavilland ejector design and more recently by General Dynamics.

Looking at other ejector concepts being developed, that had high per-
formance, the Alperin Jet Diffuser Ejector seemed to offer good performance in
a relatively compact design. This ejector was originally developed for the
Navy as part of a propulsion system for a Small Tactical Air Mobile Platform
(STAMP). Although it appeared that this device might be suitable for the fore-
aft fuselage mounted approach, it was felt that significant gains in compactness
could be made by redesigning the diffuser and attaching the primary nozzles at
the inlet of the shroud. The Naval Air Development Center supported these modi-
fications and in the case of the attached primary nozzles the work was supported
jointly with NASA AMES (Figure 2). The results of these changes are shown in
(Figure 3).

From this figure it can be seen that the large end-plates existing on
the original "STAMP" ejector have been eliminated. The approach used
(Reference b) was a combination of analytical prediction and experimental
verification. Since the "STAMP" ejector worked well in the middle plane
but poorly at its ends, the analysis involved a closed, rectangular distri-
bution of vortices of constant strength with their position and size chosen
such that the resulting streamline at the middle plane closely matched the

"STAMP'ejector's geometric requirement. A series of vortex distributions
were developed such that the maximum pressure gradients at the corners and
end walls did not exceed that of the "STAMP" ejector in the middle'plane.
This device produced an augmentation ratio of 2.13 when the diffuser area ratio
was 3.0.

The next step was to attach the primary nozzles on the inlet shroud.
This was done by experimentally mapping augmentation ratio as a function of
the position and injection angles of the primary nozzles (Reference c). This
again reduced the overall length of the ejector with a slight reduction in
augmentation ratio. From Figure 3, it can be seen that the attached primary
"nozzle No. 4A produced an augmentation ratio of 2.02. Having now significant-
ly compressed the overall length of the ejector while maintaining the high
augmentation ratios previously achieved, both NASA AMES and the Naval Air
Development Center agreed that it would be worthwhile to attempt to integrate
the ejector into an aircraft configuration, look at methods of enhancing the
transition characteristics, design and build a semi-span model and test in
the NASA 7 x 10 wind tunnel. The aircraft configuration chosen was a General
Dynamics V/STOL "B" Fighter design that NASA has been locking at for some time
and currently has a 70. model that is being considered for modifications with
the DeHavilland ejector. The design of the semi-span model with the integrated
jet diffuser ejector and some limited in-house testing by the contractor
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(Reference d) was jointly supported by NZASA AI1ES and the Naval Air Develop-
ment Center (Figure 4-5).

in order to minimize the strake thickness, it was necessary to further
compress the location of the primary nozzles. The result of this modifica-
tion is shown in Figure 3 as attached primary nozzle No. 5. In this case the
maxitmum augmentation ratio attained was 1.95. This was reduced even further
when installed in the model. In this case a maximum value of 1.93 was realized.

in order to assist the ejector in passing through transition from a VTOL
to a conventional, flight mode, two features were added (See Figure 5). The
first is an asymmetric extension of the diffuser (diffuser flap) which, due
to an unbalanced pressure distribution produces a thrust in the forward
direction. The second feature was a vector control jet mounted within the thro~at
of the ejector. By changing the angle of the vector control jet up to 300 a
thrust component in the forward direction of 117. of the total thrust was
realized. Thrust augmentation, however, again dropped to a value of 1.91.
Currently construction of the semi-span model is underway at NASA AMES and it
is hoped that tunnel testing of the concept will take place next summer.
Although pressure ratios up to a value of three for the primary nozzles will
be possible with the semi-span model, it will only have limited temperature
capability, If the ejector characteristics during transition are encouraging,
further testing and development would be to consider a large scale hot model
to be tested statically and, with continued success, incorporated into a large
scale configuration for use in the 40 x 80 wind tunnel.

Current in-house efforts have been looking at the application of
ejectors to forward flight conditiorns for energy efficient aircraft,U'ased on
the recent Air Force report entitled "High Speed Ejectors" (Reference e). The
intention of this effort is to convert the analysis to a subroutine suitable
for use in the Navy Engine Performance Computer Program. This will then per-
mit the simulation of complete propulsion systems with and without the ejector
operating for both the subsonic and supersonic mixed flow conditions as outlined
in Reference e. These modified propulsion systems can then be applied to a
conceptual design aircraft to determine performance, fuel savings and possible
trade-offs (Figures 6 & 7).
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0 JOINT PROGRAM WITH NASA. AIR FORCE AND NAVY

4 WORK BEING DONE BY JET PROPULSION LABORATORY

0 OBJECTIVE

- EVALUATION OF MIXING, ENTRAINMENT. SCALINGI AND THERMO.

OYNAMIC EFFECTS ASSOCIATED WITH COLD AND HIGH TEMPERATURE

SUBSONIC AND SUPERSONIC PRIMARY JET FLOWS IN EJECTORS

* APPROACH

- EXPERIMENTAL PROGRAM TO CHARACTERIZE FLOWS WITH LOV AND

"HOT WIRE PROBES AS WELL AS SHAOOWGRAPH/SCHLIEREN PICTURES

- DETERMINE HOW VARIOUS PROFILES EVOLVE AND SEARCH FOR ACTIVE

FLUID INTERACTIONS TO ENHANCE EJECTOR PERFORMANCE

Figure 1. Fundamental Ejector Study
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. ALPERIN JET DIFFUSER EJECTOR

* JOINT PROGRAMS WITH NASA AMES

* REDUCE SIZE OF DIFFUSER AND IMPROVE END WALL AND CORNER FLOW

* ATTACH PRIMARY NOZZLES TO EJECTOR SHROUD

* INTEGRATE EJECTOR DESIGN INTO GENERAL DYNAMICS 1-200 TWO ENGINE

VISTOL FIGHTER AIRCRAFT

* CONSTRUCT SEMI-SPAN MODEL TO STUDY EJECTOR TRANSITION CHARACTER.

IS"TICS IN NASA AMES 7X 10 WINO TUNNEL

Figure 2. Integration of High Performance Ejector
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Figure 3. Development of Jet Diffuser Ejector
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* OBJECTIVE

- EXAMINE POTENTIAL OF USING EJECTOR TECHNOLOGY IN FORWARD

PLIGHT FOR APPLICATION TO ENERGY EFFICIENT AIRCRAFT

* APPROACH

- CONVERT ANALYSIS IN RECENT AIR FORCE REPORT TO SUBROUTINE

SUITABLE FOR INCORPORATION INTO NAVY ENGINE PERFORMANCE

COMPUTER PROGRAM

- SIMULATE COMPLETE PROPULSION SYSTEMS WITH AND WITHOUT

EJECTOR OPERATING

- APPLY PROPULSION SYSTEM TO CONCEPTUAL DESIGN AIRCRAFT AND

DETERMINE PERFORMANCE, FUEL SAVINGS AND POSSIOLF TRADO.OPFS

Figure 6. Current In-House Ejector Work
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Figure 7. Combine Mixing Analysis with Navy
Engine Performance Computer Code

153



-

INVESTIGATION AT LARGE SCALE OF THRUSTING EJECIOR APPLICATIONS
TO V/STOL AIRCRAFT

0 David G. Koenig

Summary

Ames Research G;enter, NArSA, has been active in several programs which
have the objectives of learning to both predict thrusting ejector performance
and to package the ejector in tactical aircraft. The Ames 40-by 80-foot Wind
Tunnel has been used to evaluate the deHavilland fuselage ejector at large-
scale and this wind tunnel and the newer 80- by 120-foot will be used in future
programs. These programs will include: (a) the improvement of the fuselage
ejector performance; (b) its application to tactical aircraft design through
full-scale testing; (c) possibly, the application of the short (Alperin)
diffuser to tactical aircraft; Md) evaluation of new ejector concepts. To
take advantage of the size, the objectives of these investigations will focus
"on the establishment of a well documented data base and evaluating packaging
problems - from seal door design to duct losses. The advantage of the new
80- by 120-foot Wind Tunnel will be to allow the use of 15,000 lb (+) engines
for propulsion, for singe or two engine configurations, at moderate airspeeds,
for larger aircraft. The ejector designs tested will be continually compared
with that of other V/STOL designs in the large-scale testing phase.
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Notation

AL Lifting element area

AM Wing momentum area

AN Nozzle area

AT Wind tunnel test section area

Cd Discharge coefficient

Cv Velocity coefficient

F Total ejector thrust

F1  "Isentropic" thrust of primary nozzles

Distance from primary nozzles to the end of the diffuser

AN / (length of throat)

Vj "Isentropic" jet velocity

PN Density of fully expanded ,jet
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Introduction

Ames Research Center, NASA, has been active in developing the thrusting
ejector for use in STOL and VTOL aircraft designs since the advent of the
"Augmentor Wing" in the early 60's. Following these studies of the use of
ejector systems on STOL transports, it became evident that ejectors should
be considered seriously in the design of and planning of future high perfor-
mance tactical aircraft. As a result, Ames has supported the development of
the ejector concepts which seemed to have the most promise in both installed
thrusting performance and the "packaging" in the aircraft for minimizing
penalties in aircraft cost and airframe weight.

This effort involving both large and small scale testing has involved,
essentially, all of the ejectors shown in Figure 1. This plot is an updated
one from the Ames Ejector Conference 4 years ago and ratios the thrust to an
isentropic value based on duct or nozzle conditions.

Since the mixing length Z must be subject to aircraft external geometry
restriction for a given primary slot value, T, more favorable integration
into an aircraft moves up and to the left on the plot. At the present time,
the XFV-12A is the only desiqn having any significant hardware development
and this as well as the fuselage ejector (de Havilland) are the only ejectors
undergoing large scale testing. Although hardware development must be a
factor in assessing the viable ejector concepts, of equal importance, is the
verification of ejector performance through large scale testing. This paper
describes Ames participation in large scale testing of ejector equipped
aircraft confiquratiunywith the combined use of the 40- by 80-/80- by 120-Foot
Wind Tunnel and the Ames Static Test Facility.

It should be emphasized that part of the program structure presented
does not represent, necessarily, the views of Ames Management, at this point,
and certainly depends on budgeting constraints.

Ejector Configurations

Thrusting ejector concepts now being considered for use in fighter air-
craft designs with "V" capability are sketched in Figure 2. These designs
"may not be the only ones being studied for this but have lately received
considerable attention. The fuselage ejector was and is being developed by
de Havilland and has been carried through large scale testing. This concept
"takes a significant roll in Ames planning. The short diffuser ejector,
developed by Dr. Alperin of Flight Dynamics is now planned for 7- by 10-
tests and will be discussed below. The spanwise ejector or "wing augmenter"
is that of the XV-12A ejector and could go to larqe scale wind tunnel testing
if parts of the program continue. All three of these concepts have been
studied extensively, both theoretically and through small scale testing.
The fuselage and spanwise ejector have proceeded to large or full scale (for
the XFV-12A) testing phase.

The ejector designs which have been considered for powered lift STOL
applications are summarized in Figure 3. The external ejector was considered
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in several types of designs with one or two having been tested at small
scale. The Cruise Augmentor have been studied extensively by de Havilland.
The spanwise ejector of Rockwell is that of Figure 2(c) but in the "STOL
mode" is effective in producing circulatory lift needed for this application.
Another design could evolve from work from Flight Dynamics on the "High
Speed Ejector". Only the Spanwise Ejector has been carried through large
scale testing (but, it is hoped, others will evolve as specific aircraft
designs evolve).

Proqrams involving NASA-Ames funding have and will involve the so called
chordwise ejectors (fuselage and short diffuser) of Figure 2(a) and 2(b).
This does not reflect a lack of interest in the other concepts but is consis-
tant with the objective of studying the application of ejectors to tactical
fighter d-:t.igns both in performance and installation techniques. It is also
realized that the spanwise ejectors such as the XFV-12A type or the cruise
augmentor should be considered seriously for powered trailing edge devices
needed for effective STOL capability. Furthermore, of equal importance to
Ames large scale investigations is the need for theoretical and small scale
testing effort of new and advanced designs. NASA intends to continue to
contribute to this research.

Fuselage Ejector

The fuselage ejector was initially proposed for use on a single engine
supersonic fighter design having a double delta wing. The studies which
were started by de Havilland indicated that there was promise of inteqrat-
ing the ejector with the wing root design using a side of the fuselage for
the diffuser. In the laboratory, several aspects of design were initially
studied and cold flow static tests at moderate scale were encouraging. In a
jointly funded program (NASA and Canadian DRB), a large scale "boiler plate"
model was designed and built at de Havilland and tested at Ames. It is
shown mounted in the Ames 40- by 80- in Figure 4. The model went through
three wind tunnel tests as well as a test on the Ames static test stand.
The result of these tests are well published, Reference 2 throuqh 5, and
have been used in recent aircraft design studies.

People who have examined the functioning of and possible applications
of the fuselage ejector have done so primarily because of its mechanical
simplicity combined with the performance attained. The large scale model,
"even though it was powered by a J97 turbojet engine, was conceptual in the
respect that no seals, door hinges, or actuator brackets were simulated.
Even with some lack of detail of a "flying ejector" installation, the pro-

. gram showed that a large scale, engine powered, thrusting ejector could be
built with good static performance and little adverse effect of forward
speed on the performance. In addition, there was no reduction in lift due
to ground and as was described in Reference 5, if powered "hot" the inlet
injestion for a forward facing inlet might be small.

Future plans involve the further evaluation of vectoring by swiveling
the primary nozzles. The mixing of each lobe will be improved allowing
reduction of the number of lobes for a given thrust loading. Other objec-
tives of another large scale test program in late 1982 will be the evalua-
tion of methods of lateral and directional control. The model will be
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instrumented to improve the evaluation of the effect of airspeed on ejector
performance. Results of the test will be used to plan advanced work on the
full scale model of the fuselage ejector-thrust deflector to be described
next.

Full Scale Testing of Fuselage Ejector

In view of the success with the performance of the fuselage ejector, to
date, it is felt that a more detailed study of the concept is warranted in a
viable aircraft installation, or-in a close simulation of that installation.
The next stage will involve the use of a fullscale "boiler plated" model
powered by an engine close to that which could be used in the aircraft..
Two likely candidates are those in Figures 5 and 6. The design in Figure 5
has been studied by both de Havilland and Ames with a likely enqine candidate
of a modified Rolls-Spey. The design in Figure 6 is being studied by General
Dynamics and no engine has yet been chosen. When an engine is finally adopted,
a complication for the boiler-plated version will be the acquisition of the
engine or an equivalent propulsion system by a projected early 1984 test
date.

Design objectives for the model will be to simulate, economically, all
mechanical systems, internal aerodynamics as well as ejector itself, which
could have any influence on the installed performance of the ejector. The
current thinking is that the mechanical simulations are as vital as the
ejector itself due to projected weight penalties of the components simulated.
Because of the boiler plating technique 1 it will be feasible to instrument
all internal and external aerodynamic surfaces and the information obtained
from this instrumentation will project a significant data base for evaluating
the fuselage ejector as well as other ejector concepts for V/STOL aircraft.

Short Diffuser Ejector

Programs sponsored jointly by the Navy and NASA have refined what was
the "STAMP" ejector into a design which may have potential for installation
in a two engine fighter configuration.

The results of an initial attempt at this , shown in Figure 7 and re-
ported on in Reference 6 were less than encouraging due to several factors.

*A major one was the problem of stowing the upper primary nozzles. Others
* /included loadpaths needed for structure and seal plates on the upper surface.

In the NASA-Navy program, the upper "STAMP" nozzles were retracted in favor
of short lobed nozzles at the inlet. The contractor, Flight Dynamic Research
Corporation, incorporated the result into the proposed adaption of the General
Dynamics GD 205 shown in Figure 8 and reported on in References 7 and 8. A
.2 scale semispan model is being designed and built for testing in the Ames
7- by 10-Foot Wind Tunnel. To date, this ejector has been shown to have a
high augmentation ratio, 1.95 but at low pressures and temperatures. We
still have to extend these values and show airspeed effects. If all is
still promising, a full span or large scale model will4,Awarranted; but this
will not be designed and built before additional static testing at large
scale is completed.

159



Concurrent Large Scale Testing Proqrams

The foregoing projects will proceed at the same time other V/ST0L con-
cepts are being investigated. A major Program at Ames is continuing with
the application of RALS and thrust deflectors to supersonic fighter config-
uration. A simulated RALS combined with an aft mounted VEO-thrust deflector
will be incorporated into a configuration identical to that of the large
scale 2 engine fighter model shown in Figure 9 (see Reference 9). This
model is similar to the configuration of Figure 7 studied by General Dynamics
of application of the short diffuser ejector. The low speed, high lift aero-
dynamics of the forward swept wing will be studied by removing the strake of
the original 2 engine fighter model, moving the nacelles toqether and replac-
ing the wing. For medium speed aircraft, the Grunman 698 tilt nacelle model
will be tested both in the 40- by 80- and 80- by 120-. The model is shown
mounted on the Ames Static Test Stand in Figure 10.,

A significant objective of all this testing, as with the ejector pro-
grams, is to take full advantage of the size of models and advancements in
instrumentation and data acquisition techniques in order to obtain informa-
tion on component loads, engine performance, and characteristic of the flow
around the model as well as the six component force and moment data. These
factors are illustrated in Figure 11. This information will contribute
directly to the development and verification of prediction techniques. The
instrumentation must then provide data for such things as modeling separated
or unsteady flow or simulating the conditions that propulsion jets can impinge
on a curved surface near the wing root.

Large Scale Test Facilities

Since it has been emphasized above that large scale testing should take
a major part in developing the thrusting ejector, as well as other V/STOL
lifting concepts, it is appropriate that the facilities themselves and testing
techniques must be addressed. Reference 10 described some of the advantage
and factors to consider in planning large scale tests. The following is a
brief update of some of those conclusions and a description of the new Ames
40- by 80- by 120- system.

Since July 1980, the Ames 40- by 80- has been undergoing a modification
to increase its own maximum test section velocity to 300K and to add an open

*throat 80- by 120-Foot test section. A schematic of the wind tunnel systems
is shown in Figure 12. The new test section will take an aircraft installa-
tion of 100,030 lbs. and the scale system has the capacity of 150,000 lift
and 50,000 drag. Even with this larger capacity, the scale system has least
counts close to that of the original 40- by 80- t5 lift and t2 lb. drag.
In addition, the 40- by 80- scale system data acquisition systems are being
improved. The 40- by 80- is scheduled for start-up in April 1982, with the
80- by 120- starting in September 1982.

Figure 13.a & b is a classical size plot for the 40- by 80-. It should
be worthy of note that the 80- by 120-Foot Wind Tunnel will help reduce
these ratios by a factor of 4. An important impact of this will be the

160



ability to reduce the airspeed in the wind tunnel to values where flight
conditions for steep landing approaches can be simulated without inducing
recirculation of the lift jets. Note, another practical advantage of the
design itself for jet turbine powered aircraft operations will be the ability
to run continually without having to stop to purge and cool the tunnel air
as was the case, and may be still a problem with the 40- by 80-.

If we want to push the size limit again, the 80- by 120- will enable us
to use full scale and, therefore be more able to take advantage of the combi-
nation of a viable power plant and a "boiler plated" aircraft. The advantage
of this can be seen by noting the characteristics of the intermediate sized
engines of Figure 14 where it can be seen that there is a lack of low bypass
ratio engines available for use with large scale models of high speed aircraft
designs. For reference, the physical size of these engines are compared in
Figure 15 and it should be mentioned that the accessory locations on some of
the turbojet engines has made actual scaling of intermediate scaled nacelles
difficult. The ability to use the actual full scale propulsion systems will
help this problem.

And, not to be over looked, will be the ability to test a light trans-
port aircraft, which could have complicated systems of powered lift as shown
in Figure 16 and evaluate full, and safely, the functioning of flaps, con-
trols, and propulsion systems. The aircraft tested could take advantage of
all the flight instrumentation, as has been done in previous 40- by 80-
tests as well as other measurements not possible in flight testing.

Concluding Remarks

The Ames programs for testing, at large scale, e 'jector powered aircraft
configurations have been outlined. The advantages of testing at large scale,
particularly in the case of ejectors, are evident and should be considered
in planning all future development programs. The new Ames Large Scale Wind
Tunnel system will increase the scope of the tests.
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THRUSTING EJECTOR CONCEPTS FOR V/STOL AIRCRAFT

(c) SPANWISE EJECTOR

(a) FUSELAGE EJECTOR

(b) SHORT DIFFUSER
EJECTOR

Figure 2. Thrusting Ejector Concepts for V/STOL Aircraft
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THRUSTING EJECTOR CONCEPTS FOR STOL AIRCRAFT

(a) EXTERNAL (b) CRUISE (c) SPANWISE
EJECTOR AUGMENTOR EJECTOR

Figure 3. Thrusting Ejector Concepts for STOL Aircraft
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FIGURE 4 FUSELAGE EJECTOR MODEL MOUNTED

IN THE AMES 40-80 FOOT WIND TUNNEL
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SINGLE ENGINE V/STOL EJECTOR FIGHTERICONCEPTUAL DESIGN
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GENERAL DYNAMICS GD E-3 DESIGN OF:EJECTOR FIGHTER

S-i~, OVERALL HEIGI

Figure 6. General Dynamics GD E-3 Design of Ejector Fighter
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GENERAL DYNAMICS CONFIGURATION E205,
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Figure 7. General Dynamics Configuration E205,

169



REVISED GD 205 DESIGN WITH A SHORT
DIFFUSER EJECTOR
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Figure 8. Revised GD 205 Design with a Short Diffuser Ejector
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FIGURE 10 TILT NACELLE, LARGE SCALE MODEL MOUNTED

ON THE AMES STATIC TEST FACILITY



!I

MEASUREMENTS USING LARGE AND
SMALL SCALE MODELS

LARGE SCALE
0 AERODYNAMIC PERFORMANCE
* STABILITYAND S NOISE FARFIELDANDO 

NEARFIELD

9 INLET
0 EXHAUST

GAS
INGESTION

J S DEFLECTOR
PERFORMANCE SURVEYS

EFMC STEADY AND
FLUCTUATING

9 PRESSURE DISTRIBUTION LOADS

0 GROUND EFFECT

SMALL SCALE
C6MP0ONENT TESTS
e INLET
* INGESTION
9 DEFLECTOR PERFORMANCE
0 LOADS
COMPLETE MODEL TESTS
"* PERFORMANCE
"* STABILITY AND CONTROL
"* PRESSURE DISTRIBUTION
"* INGESTION



AMES LARGE SCALE WIND TUNNEL SYSTEM
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Figure 12. Ames Large Scale Wind Tunnel System
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TURBOFAN OR TURBOJET ENGINES AVAILABLE FOR
USE IN LARGE SCALE V/STOL TESTING

THRUST W PT/O As

N (Ib) kg/sec (Ib/sec) m2  In. 2

J85-5 11,560 (2600) 19.3 (42.5) 2.24 .074 (115)
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J97 20,020 (4500) 31.8 (70) 3.0 .084 (130)

JT15-D 8,450 (1900) 34.0 (75) 1.35 .142 (220)

TF-34 40,030 (9000) 145.2 (320) 1.48 .581 (900)
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Figure 15. Turbofan or Turbojet Engines Available for Use in Large Scale
V/STOL Testing
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POWERED LIFT TRANSPORT AIRCRAFT

Figure 16. Powured Lift Trmnsport Aircraft
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ABSTRACT

The use of ejectors in energy conversion processes and thrust

.augmentation requires that the mixed flow be produced at a high

efficiency. Although many definitions of efficiency have been

used to describe the efficiency of an ejector, we have used an

eff~iciency based on thermodynamic availability which is referenced

to the stagnation properties of the secondary flow (the flow

being "pumped"). As is well known, a compressible-flow, control-

volume approach to analyzing a constant area ejector yields two

solutions: one with a subsonic mixed flow and one with a super-

sonic mixed flow. The supersonic mixed flow produces the best

efficiencies and highest total pressures. The properties of the

supprsonic mixed flow are of necessity related to the properties

of the subsonic mixed flow by the normal shock relations. None-

theless, in practice, the subsonic~ mixed flow is, in general, not

achieved through a normal shock (or pseudo-normal shock) from the

A' supersonic mixed flow solution.

If the ejector has a supersonic primary flow at the inlet and

if the resulting mixed flow is supersonic, then the highest effi-

cie~ncies are achieved with a subsonic secondary flow at the inlet.

Thus, this is the most favorable condition to operate an ejector.

Other regions of the solution with supersonic mixed flow do not

violate the second law but produce mixed flows that have higher

kinetic energies wh'n expanded to ambient pressure than the

kinetic energy in the primary flow when expanded to the same pressure.

In this paper, these conditions are investigated and thermo-

dynamic processes and associated devices are identified which

would be able to achieve this performance, consistent with the

control volume requirements upon which the ejector analysis is

based. It is important to determine the conditions and range of

operation that can actually be achieved in an ejector. This is

accomplished in this paper.
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If the exit flow from the ejector is subsonic, the back
pressure (or the effective back pressure if there is a diffuser)

determines where the ejector will operate: that is, the inlet

secondary flow Mach number is determined by the pressure boundary
condition at the exit for A given geometry and given stanation
conditions of the primary and secondary fluids. However, if the
back pressure is low enough, then the mixed flow at the exit is
supersonic and the operating condition is independent of the back
pressure at lower values. Thus, for a supersonic mixed flow at
the exit, some other condition is required to determine the
operating point. This condition is given in the paper and incor-

porated in the analysis.

A model is presented that gives a physical interpretation
to the various solutions obtained from the mathematics, and more
importantly, some fundamental limits are presented and a procedure
is developed for determining the efficiency that can be achieved
in a constant area ejector when the mixed flow is supersonic.
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SECTION 1

INTRODUCTION

For many years ejectors have found wide applications in jet

pumps, steam-jet refrigeration, mercury diffusion pumps, etc.

More recently ejectors have been investigated for flight applica-

tions especially as a method of thrust augmentation and their

potential usefulness has been demonstrated in experimental
aircraft.

The topic of ejectors has been extensively studied over the

years: a recent publication by Porter and Squyersl lists over

1,600 references concerning ejector systems and related topics.

Analyses of the mixing problem can be divided into two general

types: detailed mixing models using the Navier-Stokes equations

or the control volume approaches which use integrated forms of

the conservation equations of mass, momentum, and energy. The

one-dimensional control-volume approach using a compressible

fluid was chosen for this study since it affcrds the best vehicle

for the parametric studies required to understand the potential

of ejectors for a given application.

It has been known for some time (see for example references
2 through 5) that the analyses of a constant area ejector lead

to a double valued solution: one where the mixed flow is sub-

sonic and the other where the mixed flow is supersonic. Further,

it is well known that these two solutions are related by the nor-

mal shock relations.

Recently, Alperin and Wu6 have pointed out the potential

advantages of the supersonic branch for applications to thrust

augmentation. Minardi, et al, 7 who were recently studying two

fluid ejectors for applications in turbines at the University of

Dayton Research Institute (UDRI), found results for their applica-

tions that were consistent with those of Alperin and Wu. Both

studies indicated that extremely high efficiencies could be
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obtained on the supersonic branch. It was the purpose of this

study to determine fundamental performance characteristics and

limitations of these high performance ejectors to establish a

basis for their application to thrust augmentation.
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SECTION 2

CONTROL VOLUME ANALYSIS

Two types of ejectors are widely considered: the constant

area ejector and the constant pressure ejector. We will concern

ourselves mainly with the constant area ejector, a schematic of

which is shown on Figure 1. Of course, a flightworthy ejector

used for thrust augmentation would have many essential elements

that must be properly integrated. A good discussion of such an

integration is given by Alperin and Wu.6. The major elements are

the flight inlet diffusers for the engine and bypass air, the jet

engine itself, the inlet nozzle geometry for the secondary air

(bypass air) to the ejector, the inlet geometry for the primary

gas (engine gas le .ving the turbine) the ejector mixing tube and

finally, the diffusor (or nozzle) where the mixed flow exits to

the atmosphere. We are going to concentrate only on the ejector

since the other e~aments, although not simple, are well

understood and have found wide application in flight vehicles.

For example, a better bypass air inlet would simply produce

a higher value of secondary inlet air total pressure Pos. (See

Figure 1) The ideal inlet would produce a value of P05 equal to

the isentropic stagnation pressure determined by the flight Mach

number. A better exit diffusor would allow the ejector to

exhaust to a higher back pressure, Pback (see Figure 1). An

ideal isentropic diffusor would allow the ejector to exhaust the

flow into a back pressure equal to the total pressure of the

mixed flow at the exit, Porn (the mixed flow at station m of

Figure 1).

However, to understand the essential features of an ejector

it is best to first consider only the simple schematic of

Figure 1 where the stagnation conditions of the primary and

secondary gasses are considered given and that the back pressure,

P back' can be adjusted to any designed value. In this way, the

essential features of the ejector will not be masked by the
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features of the other elements, especially the exit diffusor.

However, a word of warning may be in order: a poor diffusor can

completely obviate the value of a good ejector.

The usual conditions that are applied to constant area

mixing are as follows:

i) The flow. is steady and the enthalpy is constant,

2) The exit area (A in Figure 1) is equal to the sum of the

inlet areas of the primary flow Ap and the secondary

flow As, and

3) No net pressure forces are acting on the ejector walls

(friction forces are frequently accounted for).

Condition 1 is an obvious, reasonable assumption. Con-

ditions 2 and 3 follow directly from the constant area geometry.

However, condition 2 could also be valid for a nonconstant area

geometry and it is conceivable that condition 3 might also hold

for some nonconstant area geometry where the exit area equals the

inlet areas. Thus, the constant area geometry is a sufficient

condition to yield the three conditions stated above but not a

necessary condition. This will be discussed in greater detail

later in this report.

In view of Figure 1 and the conditions stated above, we can

write the following equations for one-dimensional flow that is

completely mixed at station m.

"Continuity:

• 5lsAs Vs + Olp ApVP2  pmA Vm (1)

or
m +m m& (1')

s p m

Energy: Eshos + p OP mhom (2)

193



Momentum:

Plp Ap + PVpp + is As + s Vs Pm A m m (3)

also from condition 2

A =A s+A p(4)

If we assume that we have ideal gases then we can solve the

above system of equations in a straightforward, though somewhat

tedious manner. our approach to this is given in Reference 7 and

in Appendix I. Other equally valid approaches ace given in

References 2 through 6 and in many of the 1,600 -references of

Reference 1. It is not our purpose here to review the details of

these solutions but rather to discuss some of the results

obtained from computer programs based on these solutions.

Figure 2 presents the results for both branches for the solu-

tion of the equations for a constant-area ejector with a constant

mass flow ratio. The two solution branches are marked subsonic

and supersonic on Figure 2. The branch with supersonic mixed flow

is referred to by Alperin and Wu6 as the "second solution." We
have also shown the results for a constant pressure solution on

Figure 2. The solutions presented are for air driving air with a

pressure ratio, P r, of 6 (P r =_P op/P os) and a temperature ratio, Tnr
of 3.7 (T rET op/T os). These ratios are representative of what

might be possible with a modern jet engine. The mass flow ratio

(MR = flp/;) was taken as 0.1 (or a bypass ratio of 10). The

efficiency based on availability is plotted as a function of the

secondary inlet Mach number Ms. The primary inlet Mach number,

Mis adjusted to match the pressure at the inlet (i.e., Pip -Pi.

The efficiency based on availability is the ratio of the
thermodynamic availability in the mixed f 16w divided by the

availability in the incoming primary flow. The availability for

both flows is referenced to the stagnation conditions of the

secondary flow. The second law requires that the efficiency
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based on this concept be less than or equal to one for an adiaba-

tic system.

As seen in Figure 2, the value of the efficiency, ,

exceeds one on the supersonic branch at subsonic inlet Mach

numbers, M5, less than 1. Also note that a choking of the flow

takes place in the constant area case and no real solution exists

for a range of secondary inlet Mach numbers, Ms. This~condi~tion

disappears at lower bypass ratios as seen in Figure 3 where all

the conditions are the same except that the bypass ratio is 2

instead of 10. Complete tables of data for Figures 2 and 3 are

given in Appendix A.

in calculating the data for Figures 2 and 3, we assumed

that the inlet pressures of the primary and secondary flows were

the same. However, if one of the inlet flows is supersonic then

this condition need not be true. In fact, a map of the performance

for all combinations of inlet Mach numbers can be developed for both

branches of the solution. We developed a computer program based

on the work of Hoge 4 to construct such maps. Results of these

calculations are shown in Figures 4 and 5 where lines of constant

efficiency, based on availability, are drawn in the M -Ms plane.

(M,* the ratio of velocity to the speed of sound at Mach one, was

used since it has a finite maximum value) . For Figures 4

and 5 the pressure ratio and temperature ratio are the same as used

for Figures 2 and 3. The mass flow ratio MR is 0.1 (bypass ratio of

10) which is the same as for Figure 2. The region of imaginary

solutions, called the forbidden region, is a large, egg-shaped

region which is cross hatched on Figures 4 and 5. The value of

*the mixed Mach number on the boundary of this region is one.

The locus of points in the plane where the inlet pressures

are equal is the solid line labeled Pp= P15 on Figures 4 and 5.

If we took a cut through the two surfaces along this line and

plotted the efficiencies versus M. (instead of Ms) we would

obtain the same results as plotted on Figure 2 for the constant

area solutions. The part within the forbidden region, of course,
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Figure 4. subsonic Branch Efficiency map.
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has only imaginary solutions and neither branch is shown on

Figure 2 for that range of Mach numbers, Ms, that lie within the

forbidden region.

It is of interest to note that extremely high efficiencies,

equal to or greater than one, are achieved on the subsonic branch

(at low M* values of Figure 4) as well as the supersonic branch
p

(see Figure 5). Thus, the high efficiencies are not just a property

of the second solution, but can occur on either branch. However,

if the condition of equal pressure at the inlet is used, then

only the supersonic branch exhibits the extremely high efficiencies.

Figures 4 and 5 illustrate all of the possible solutions that

satisfy the equations listed earlier for the given set of conditions.

It is quite clear, however, that many of them could not possibly

be achieved in an ejector. For example, if both M*and M* are
s p

subsonic, then P pmust be equal to P18s is the flows were to enter

an ejector. But the locus of points along which this pressure

condition holds does not enter the part of the plane where both

M* and M* are subsonic. Thus, none of these solutions could occur
s p

in an ordinary ejector.

It was considerations such as these that lead to the

following set of questions.

1 . Can the supersonic solution be achieved at a subsonic

value of secondary inlet mach number MS?

2. How does one understand the exceptional solutions

exemplified by the values at subsonic inlet mach numbers

of the second solution?

3. What are some fundamental limits of performance of mixers?

4. What are the limrits of performance that can actually be

achieved on the second solution branch?

In the remainder of the report we will attempt to answer

these- questions.

200



SECTION 3

ON THE EXISTENCE OF THE SECOND SOLUTION

From the theoretical perspective given below, it will become

obvious that the second solution can be achieved in the region

where the inlet secondary Mach~number is ooe or less. This is

most easily seen if we consider the results for the solution of a

constant geometry case in response to operation with different

back Pressures, Pb of Figure 1. Figures 6 through 9 were

obtained for constant geometry. The curves shown on Figure 6 are

fundamentally different from those of Figure 2 and 3. All three

figures are drawn for constant area ejectors but the geometry of

the ejector is different at each value of Ms in either Figure 2

or Figure 3 while the geometry within the control volume is

constant for all values of M. in Figure 6 through 9. In calcu-

lating the data for Figures 2 and 3 the mass flow ratio was held

constant and a side condition was set: the inlet pressures of

the primary and secondary stream were made equal. Thus, the

geometry required to produce the same pressure at the inlet and

the constant mass flow ratio changes at each value of Ms in

either Figure 2 or 3.

Nonetheless, we see that Figure 6 still exhibits the extre-

mely high values of efficiency at the subsonic inlet Mach numbers

of the secondary flow on the supersonic branch of the solution

(i.e., second solution). The conditions used for calculating the

data for Figures 6 through 9 are given on the figures. Figure 7

presents the total pressure of the mixed flow at the exit divided

by the total pressure of the secondary gas. Since the total tem-

perature is fixed by the ratio of the mass flow rates only one

other thermodynamic property from the stagnation state is required

to fix the stagnation state of the mixed flow. Therefore,

knowledge of either the total pressure, (from Figure 7) or the

availability (from Figure 6) is adequate to fix the stagnation

state of the mixed flow. Thus, either Figure 6 or 7 could be

obtained from information on the other.
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Figure 8 presents the mixed flow Mach number for both solu-

tion branches. From Figure 8 it is clear that the mixed flow

Mach number on the subsonic branch is well subsonic; less than

0.8, while the supersonic mixed flow Mach number is greater

than 1.3.

Figure 9 presents the static pressure in the mixed flow for-

both branches. Note that the static pressure on the subsonic

branch is higher than on the supersonic branch. It is instruc-

tive to do a thought experiment with Figure 9 and Figure 1 in

view. A particular solution from those presented on Figures 6

through 9 results by setting the back pressure, Pback Of
Figure 1. The setting of this boundary condition actually deter-

mines where the ejector will operate. From the geometry of

Figure 1 it is clear that M. must be 1 or less since there is no

throat in the seconudary flow ahead of the inl~et. Therefore, we

are only concerned with the solutions-where MS is one or less on

Figures 6 through 9.

If the mixed flow Mach number, Mm, is subsonic, then the

exit static pressure must be equal to the back pressure. Conse-

quently, in view of Figure 9, the subsonic solution is possible

only if the back pressure is in the range of 1.01 to 1.51. If the

back pressure is set below 1.01, say 0.8, then the supersonic

solution must be achieved at some secondary inlet Mach number of

one or less. Of course once the back pressure is low enough so

* that the supersonic branch is achieved, the operation of the

* ejector is independent of the back pressure since signals cannot

be transmitted upstream. Thus, the ejector will operate at only

one point on the supersonic branclh, irrespective of the value of

the back pressure. Since the ejector operation is independent of

the back pressure on the supersonic branch, another condition is

required to determine the operating point. This condition will

be discussed in detail later in the report. In any event, from

our theoretical arguments, it is clear at this time that the
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supersonic branch can be achieved. Furthermore, there is sub-

stantial data in the literature to support this conclusion (e.g.,

see Reference 3) .

It is still important to understand the physical significance

of the extremely high efficiencie's that we ha~ve seen on both the

subsonic and supersonic branches as indicated on Figures 2 through

6. We will consider this in the next section.
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SECTION 4
CONSIDERATIONS OF THE CONTROL VOLUME ANALYSIS

As discussed previously the constant area geometry is a suf-

ficient condition to derive the control volume equations used to

obtain the solutions we have discussed. The geometry shown in

Figure 10 might also give the same set of equations.

in the geometry of Figure 10 the exit area, Am, equals the

sum of the inlet areas, therefore, the continuity and energy

equations are the same as for the constant area geometry. If a

turbine-fan combination was included in the control volume it
would exchange energy between the primary and secondary flows,

but no heat or work would cross the control volume boundaries.

Consequently the energy equation would not change.

Finally, if the wall shapes were properly chosen the momen-

tum equation could also be the same. Clearly we could get some

results with this device that we could not obtain with the ejec-

tor and vice-versa.

Considerations such as these lead to the conclusion that the

constant area geometry is a sufficient condition to derive the

* ~set of equations used for its analysis but it is not a necessary

condition. Since it is not a necessary condition some of the

solutions to the equations ma not be possible with an ejector.

on the other hand, since it is a sufficient condition all of the

solutions possible with an ejector will be found using ýthe

* equations.

In order to understand how all of the solutions could be

achieved and determine findamental limits of mixers we have deve-

loped, for thought experiments, a set of machinery within our

control volume for which the equations are still valid. We will

look at some of the fundamental limits in the next section.
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SECTION 5
FUNDAMENTAL LIMITS OF MIXERS

For purpose of a thought experiment consider Figure 11 which

contains a set of machinery within a control volume. The

machinery of Figure 11 is described in detail in Appendix B. We

show a jet engine as the source of the primary fluid while the

secondary fluid is supplied by the atmosphere.

The first thing we wish to consider is reversible mixing of

the two streams.

5.1 REVERSIBLE MIXING

As an aid in understanding reversible mixing and other concepts

discussed later, we want to consider the processes shown on the T-s

diagrams of Figures 12 and 13. The T-s diagram being used was nor-

malized with the properti.es of the secondary flow: Tos and Pos"
Further, the entropy is reference to the secondary flow and then

normalized with the gas constant, R. The As/R on the T-s diagram

is (S-Sos)/R.

In the case of reversible mixing, the primary fluid expands

in the reversible isentropic turbine to state 2P (see Figures 11

and 12). The work from the turbine is used to compress the

secondary gas in the reversible isentropic compressor C4 to the

state 2s. The stagnation temperature of the two fluid streams

"are the same in states 2P and 2s, and we will call this temperature

Tom•

Equating the work of the turbine to the work of a compressor

for arbitrary flow rates yields:

mpCp(To - Tom) = rnscp(To - Tos) (5)
p p (Top om s p (Tom os(5
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or$

p h OP+ s h - (rap + s )h . (5')

In view of Equations 1 and 2 we see that the temperature Tom is

the mixed flow stagnation temperature which depends only on the

mass flow ratio or by-pass ratio and the total temperature of the

two streams.

The secondary flow then enters the isothermal turbine C6

(see Figures 11 and 12) and the work from the turbine drives the

isothermal compressor C5 which compresses the primary gas. The

heat transfer from the primary gas required for the isothermal

processes is transferred to the turbine C6 to maintain the tem-

perature of the secondary gas. Since we are assuming that the

processes are reversible we have for the heat transfers:

niT (S -s )=reT (s -T () (6)
porn op am saom am as

In view of Equations 5 and 6 we have

T op a om Sop - Sam (7)

T - T os S - S0s

From Equation (7) we see that the mixed state in reversible

"mixing lies on the straight line joining the point s to the

point p. Equation (7) can be rearranged to show this more

clearly:
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T JT as /R
S- I ..Tom (8)

where As =S-Sos
In order to determine the value of the total pressure,

Pom for the reversible mixing we need to use Equation (6) and the

equation for the entropy change for an ideal gas:

ys T PAs "Y- in l n P-- (9)
OS OS

In view of (6) we can obtain

mAs =mNS (10)
p op M om

Therefore:

my n T p ln PopT ln Tom in POm (11)OS) 1°4 Moo ( \) 0Poo

From Equation (11) and the energy equation we can show:

"- om p m Tos imP p()(~
05 Os m

Equation (12) gives the total pressure of the mixed flow
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that can be achieved in reversible mixing at the station lm and

agrees with a similar result obtained by Kennedy.2 This is the

highest value of total pressure that can be obtained without the

aid of heat transfer out of the control volume. With the use of

the isothermal machine, C7 (see Figure 11) still higher total

pressures would be possible. It is very important to realize

that the presence of C7 is consistent with the energy equation,

Equation (2).

of course, if-the final total pressure exceeds that given by
Equation 12 one can say that the second law is violated for an

adiabatic control volume (or, we need C7). However, in the cases

when the machines C3 through C6 (see Figure 11) are real, the

situation is different: the total pressure at lm would be less

than that given by Equation 12. But, the isothermal machine, C7,

could bring it closer to the value for reversible mixing without

it being an obvious violation of the second law. For this reason

we have called the machine, C7, the "ghost machine" since its

effect may be totally masked.

For the thought experiments for the machinery of Figure 11

this ghost machine is not too important, but, for an ejector

there must be intrinsic loss mechanisms because we have in

general differences in velocity, temperature? pressure, and some-

times species at the entrance to the ejector.

However, the ghost machine, which is consistent with our

equations, can completely mask these intrinsic losses without an

appaentviolation of the second law. The second law, therefore,

ma not giLve us a realistic estimate of the maximum performance

of an ejector. Some other condition is needed to more realisti-

cally estimate the maximum performance; such a condition is

available and will be discussed in detail later.

Another interesting point about Equation 12 is the fact that

in general more kinetic energy can be obtained from an expansion

of the mixed flow to any pressure than could be obtained from
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separate expansion of primary and secondary flows to the same

pressure. The total pressure that yields the same kinetic energy

is derived in the next section.

5.2 CONSTANT KINETIC ENERGY MIXING

If the flow mixes such that the gross exit kinetic energy is

constant we can write the following equation:

rnT 1 - 1 ÷ -xz

- 1%Tom P) .w

s o\ op

In Equation (13) Pf is an arbitrary final pressure to which the

Equation (13) becomes
P Y

rf

( -m~mom(•

Clearly, since Pf cancels out of Equation (14), the result is
Iindependent of the final pressure to which we can expand the

flows. In particular, this means the result is independent of

the ambient pressure except for its influence on Pos"* In that

case, Pos would be the stagnation pressure due to the flight Mach

number and Pf would be the ambient pressure. In view of the
energy equation, we can solve Equation (14) and obtain:
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Ai T

PO P 0 hs ToCS

SS CS

( Pop) + ..2 T._OPos m TS

Equation (15) determines the total pressure of the mixed

flow that will yield the same kinetic energy as was available in

the primary and secondary flows before mixing.

This pressure can be obtained by the machinery of Figure 11

in the following way. The primary flow expands through the

reversible adiabatic turbine C3 and compresses the secondary flow

to the same value of pressure in the reversible adiabatic

compressor C4. The processes are shown on the T-s diagram of

Figure 13. The two flows are then mixed and come to the final

temperature Tom. The processes just described also represent the

ideal mixing turbofan.

Since the work of the turbine equals the work of the

compressor we have in view of the T-s diagram of Figure 13

rs(T2s -TCS) p (Top - T2 p) (16)

or

;nTOS(T2s T 1 _T~ (17)s5T 0 s p OP T op

Because of the isentropic processes we have:
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T _ ÷= 
) (p

S OS If op - -T (18)

Equation (18) can easily be rearranged to obtain

Equation (15). Hence, the total pressure given by equation (15),

which conserves kinetic energy, can also be considered as the

total pressure which is obtained from an ideal mixing turbofan.

In deriving equation (15) we assumed that the gross exit
kinetic energy in the mixed flow was equal to that of the two

separated flows before mixing. It can be shown, however, that

exactly the same result is obtained if we equate the increase in
kinetic energy across the core engine by itself to that of the

engine-mixer combination. (i.e. mn(V2 - V2) = mm(V 2  fp 2  P •£ mmjm -V)fo

which we can show that np V]p ; + mf = ; mmV jm' In these equations
we have assumed expansion to atmospheric pressure. The exit-jet,

primary velocity is Vjp and mixed-flow, exit-jet velocity is Vjm.

The loss-free, exit-jet velocity of the secondary flow is equal
to the flight speed, Vf.) Thus, the thermodynamic efficiency of

the engine with mixer is the same as that of the core engine.
Again this represents an ideal turbofan.

5.3 SIMPLE MIXING OR STRAIGHT MIXING

Still another pressure of interest is the final pressure

that results from mixing two quantities of gas in a nonflow

system with mass ratios equal to the bypass ratio. We have
referred to this as simple mixing or straight mixing. We can

think of having two cylinders of gas: one with a mass equal to
mp and total temperature and pressure of the primary; the other

with a mass equal to ;s and total temperature and pressure of the

secondary. We then allow the two cylinders to communicate and
mix adiabatically. Since the total volume remains unchanged we
have in view of the energy equation and ideal gas relations
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mT +mT = mT P (V + V) (19)
SO s p OP m om cm s p

where Vs and Vp are the total volumes of secondary and primary

gas respectively. Eliminating the volumes yields

T +;TT ( p + s T (20)
s os p op p

Solving for Pom/Pos yields:

-2 0.2 +1
P P T

om .O s os (21)
CoS os P m T

OP + op
L Pos T os_

Equation (21) gives the pressure that can be achieved in a

simple mixing of the two gases in a nonflow process. However, a

cyclic, quasi-steady-flow device can be envisioned that would mix

two quantities of gases according to Equation (21). Thus, it is

resonable to compare the performance of an ejector to the simple

mixing case.

* It can be formally shown that if one expands the primary

fluid in a reversible adiabatic process and uses the work to

compress the secondary fluid in a reversible adiabatic process

and then mixes the two fluids by simple mixing, then a maximum

value of Pom is achieved if the pressures are equalized before

mixing. The value of this maximum pressure, Pom, is again given

by Equation (15) and shows that conserving kinetic energy is the

optimum that can be achieved by the use of isentropic machines in

the nonflow case.
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Having determined a number of limiting pressures it is of

interest to determine the minimum total pressure of the mixed

flow which gives a thrust augmentation of one for various

conditions.

5.4 TOTAL PRESSURE NEEDED FOR THRUST AUGMENTATION

The overall efficiency of an aircraft engine is defined as

the power out (thrust, T, of the engine times the flight
velocity, Vf) divided by the heat rate, 0, supplied to the

engine:

TV f E TVf
nOA 0 AKE. th PR (22)

As shown in Equation (22) the overall efficiency, nOA, is
the product of the engine efficiency, nth, and the propulsion
efficiency, nPR. (nth - AKEj/Q and nPR = TVf/AKEj where AKEj is2 2
the increase in jet kinetic power, 1/2mp(Vjp-Vf)). If the thrust

of an engine is augmented while holding the flight speed constant

and engine heat rate fixed (which is the case of the mixer) we

see from Equation (22) that

"nOA2 T 2it -- = ý (23)
SOAl T1

"where subscripts 2 and 1 refer to augmented and unaugmented

values, respectively.

Hence, the ratio of overall efficiencies is equal to the

ratio of thrust (the thrust augmentation, 0). Equation (23) is

valid even if nPR is unchanged but nth is changed. This can

happen, for example, if the jet velocity and 6 are fixed but the

mass flow is increased (decreased) because nth is increased
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(decreased). (Note that we are concerned with a given engine in

combination with a mixer and, therefore, the heat rate, 6, is

fixed.) From Equation (22) we see that nOA can increase because,
either nth increases or nPR increases or both increase. If the
kinetic energy decreases, nth will decrease but "OA can still

increase if nPR is sufficiently increased (e.g. as happens with a

turbofan).

For the case of a mixer we have for complete expansion to

atmospheric pressure:

T 2  ;m (VjM - Vf)S=- = 0(24)
T1  mp(Vjp - Vf)

where VjM is the jet velocity of the mixed flow, Vjp is the jet

velocity of primary flow without the mixer and Vf is the flight

velocity.

If we set the thrust augmentation to one we can solve
Equation (24) for the jet velocity ratio:

V rnV mJM s + P (25)

vJP mm VJP m

Now for an ideal gas with constant specific heats we have for the

jet velocity ratio:

Tom 1-

/ (26)op "ol
-VVJJMF1 J(amb\
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If we combine Equations (25) and (26) we can solve for Pom/Pos:

Pom lamb I Top Vf 2

POS P05  Tom Kmm Vjp mm,

(27)

famb Pos

If we assume that Pos is the isentropic stagnation pressure

resulting from the flight velocity then:

T2 (amb y

p 2_vf.,_Tos_ _-i (28)

To -(amb os Y

08 o

and

P 0 1 + --- Ma (29)

"Clearly, in view of Equations (27), (28) and (29) we see

that

P T P0  fM ma OP P (30)
T p mM
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An explicit expression will be derived in the next section.

Equations (27) through (29) were solved and Porn/P05 was plotted

versus M. on Figure 14 for Pop/P0 s 6 and Top/T0 s o 3.7. The

curve parameter is mp/mm. If the mixed total pressure is

greater than the value read off the appropriate curve of
Figure 14 then the thrust augmentation would be greater than one.

The data from Figure 14 can be used to draw lines on a T-s

diagram where 0 = 1 as shown on Figure 15. We have also shown

the locus of states for reversible mixing (Equation 12), constant

p kinetic energy (Equation 15) simple mixing (Equation 21) along

with the values for I at the indicated Mach numbers. We have

only shown supersonic flight Mach numbers but the subsonic curves

would lie between the M = 1 and M - 2 curves or just slightly to

the left of the Mach one curve. The peaks of the curves of

Figure 14 are just slightly subsonic, like M - 0.85.

Since Tom/Tog is fixed for a given mass flow we have shown

lines of constant rnp/m on Figure 15, which are, of course, hori-

zontal lines on the T-s diagram. If the total pressure out of a

given mixer lies between the reversible mixing curve and the

constant kinetic energy curve both nth and nPR would be increased

in Equation (22). If the total pressure lies between the

constant kinetic energy curve and the appropriate 0 curve for the

flight Mach number then nth decreases but nPR increases suf-

ficiently to give a thrust augmentation greater than one. If the
total pressure lies to the right of the appropriate * curve for

the flight Mach number then the thrust augmentation is less than

one and the overall efficiency will have decreased.

In the next section we will generalize the thrust augment-

ation curves for any mixer in terms of the efficiency of the

mixing process.

5.5 THRUST AUGMENTATION AS A FUNCTION OF MIXER EFFICIENCY

When the velocity of a fluid is achieved in an isentropic
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flow we can relate the velocity to the temperature as

V - 2C TO(1 T (31)

In view of Equation (31) and (24) we have for the thrust

augmentation.

aM m T amb
T_ 11

m as Om as

;L _-.T Tam (32)

as ap as

Using the energy equation and the well-known isentropic

I relationships we can show:

++ _T_ - am Mf
STm /p \T osk• (, +~, --2 .OP Y05"~o as" t ) 2 >L-

(33)

We can relate the total pressure to the efficiency based

on availability by using Equation (A-34) of Appendix A and the

energy equation:
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Pom
- Exp(Dn - N) (34)

os

where

m'- T CI T m
D=- p op i n - + I--n1 - (5

m a os mm osPop

and

N P op T) - In( .P T (36)

m- LOs m Tos 0 m

Of course the bypass ratio, ;,/;p, is easily determined from

either of the other mass flow ratios.

We have used Equations (33) through (36) to construct

Figures 17 and 18 which show thrust augmentation versus Mach

number. In all of the three figures Pop/Pos is 6 and

Sis 3.7. The page parameter is the bypass ratio, ms/rap,

which is 14.9, 5 and 2 on Figures 16, 17 and 18 respectively.

Each of the figures has the efficiency as the curve parameter,

100% efficiency is, of course, reversible mixing. We have also

shown the thrust augmentation for constant kinetic energy mixing

(labeled ideal turbo-fan) and straight mixing. Since both of

these pressures are independent of the flight Mach number they

correspond to only one value of efficiency on a given figure:

e.g., the ideal turbo-fan corresponds to about 80% efficiency on

Figure 16.

From the figures we see that the highest thrust augmentation

occurs at subsonic flight Mach numbers for the higher
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efficiencies. The lower efficiencies, however, have higher

thrust augmentations at the higher Mach numbers. In Figures 16,

17 and 18 the pressure ratios and temperature ratios are held

constant and no attempt was made to model these parameters to fit

actual engine performance as a function of flight Mach number.

We plan to do this as part of our future work.

There is still one limit value of~ pressu-ýe that can be

determined with the aid )f Fanno lines generated for the mixed

f low.

5.6 MINIMUM TOTAL PRESSURE FOR A GIVEN BYPASS RATIO

If the exit flow is completely mixed, as we have assumed,

then we can evaluate a minimum total pressure that is consistent

with the mass flow ratio or bypass ratio, Fanno line flow is

developed from considerations of only the continuity and energy

equations for a constant area channel. The mass flow parameter,

G (the mass velocity) is defined as,

G (37)

For a given geometry and given states of primary and secon-

dary fluids the value of G is fixed as soon as the total mass

flow, mm, is known. Of course, the total temperature is deter-

mined by knowledge of the mass flow. Thus, we can immediately

construct a T-s diagram for the given conditions. Such a T-s
diagram is sketched on Figure 19 for values of Top/T05 of 3.7

and Pop/Pos of 6. If we know the geometry (e.g., as in the case

of the ejector of Figure 1) we could also determine a value of

M. (inlet secondary Mach number) required to give the mass flow

ratio under consideration. Thus, we have indicated values of

Mon Figure 19 that might be valid for a particular geometry of

the type shown on Figure 1. For any given flow rate two values
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Figure 16. Thrust Augmentation as a Function of Flight Mach
Number for a By-Pass Ratio of 14.9. Curve
parameter is efficiency.
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Figure 17. Thrust Augmentation as a Function of Flight Mach

Number for a By-Pass Ratio of 5.0; Curve Parameter
is Efficiency.
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Figure 18. Thrust Augmentation as a Function of Flight Mach

Number for a By-Pass Ratio of 2.0; Curve Parameter
is Efficiency.
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of Ms are valid: one subsonic and the other supersonic.

As an example on Figure 19 we have labeled a value of

Tom/Tos that corresponds to a value of M. = 0.6 (or Ms 1.52).

The intersecti of this particular temperature line and the

straight lint ' in- the primary and secondary stagnation con-

ditions gives ie state for reversible mixing.

If we drop an isentropic (vertical) line from this stagna-

tion state for reversible mixing we can find the two intersections

with the appropriate Fanno line. We have shown these intersec-

tions as small circles on the T-s diagram of Figure 19. The

intersections represent the static properties of the flow that

correspond to the given flow rate and the stagnation conditions

of the mixed flow. of course, the flow on the upper branch is

subsonic and that along the lower branch is supersonic.

We have also indicated a pair of points connected by a

dashed line which represents a normal shock. These points repre-

sent the pair of solutions that can be obtained for the ejector.

Isentropic lines connecting these points to the appropriate total

temperature gives the stagnation states which correspond to the

two solutions.

Additional dissipative mechanisms (such as friction) would

move the resulting solutions to the right (increasing the

entropy) on the T-s diagram. As is well known there is a limit

to the dissipation that can take place without decreasing the mass

flow. At this limit point the mixed flow Mach number is one.

The intersection of the isentropic line drawn from the limit

point to the appropriate total temperature gives the minimum

value of the total pressure that is consistent with the exit area

and the mixed flow inass-flow rate.

The value of this minimum total pressure can be found in a

straightforward manner. The value of the mass velocity can be

written in terms of Mach number and stagnation conditions:
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Y P M
(=1--+1 (38)

Thus, for the mixed flow at the point where the Mach number

is one:

P 7mm n Y (+i
G om((39)

or

P
°min

G - f(y,R) m - (40)

Now

P •m
f(o,R) • mmin m A mm Af ~om " -- ' " = 7-" Gp (41)

A m A m A
arm p p p

"We have assumed the Pop is high enough that the primary
nozzle flows full. Therefore, an equation similar to

Equation (40) is also valid for the primary flow when the Mach

* number is one at the nozzle throat. Using this condition we can

easily obtain:

ommin m A P VTm/T
____O_ V Eo-~- (42)( pop A Po5 Wop/s
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In view of the energy equation

~omin m A mos-2 -22 +_ (43)

P imiA P Tos p os m mm )

Thus, the minimum pressure can be determined immediately

from the geometry and the stagnation conditions once the mass

flow ratio is given. If the dissipative processes required a

lower pressure than the value given by Equation (43) the flow

would choke and the mass flow ratio would be reduced. For the

case of a constant area ejector the inlet Mach number of the

secondary flow would be reduced.

Figure 20 shows the results of calculations for a constant

geometry ejector. The conditions are shown on Fiyure 20 for

which the curve was constructed. We show the total pressure

resulting from reversible mixing, Equation (12), constant kinetic

energy, Equation (15), straight mixing, Equation (21) and the

minimum possible total pressure Equations (43) for the indicated

secondary Mach number.

We have also shown results from our computer program for

constant area ejectors with friction. We have shown both solu-

tions for two values of f(L/D): 0 and 0.1.

The significance of the minimum pressure curve is apparent

"for the value of f(L/D) - 0.1: both branches terminate on this

limit curve where the mixed flow is Mach one. The same is true

for each of the other supersonic branches that terminate on the

minimum pressure curve: the subsonic branch also terminates at

the same point. Each value of M. represents one Fanno line for

the mixed flow. Thus, if a value of Pom greater that Pommin is

achieved at some value of Ms we could increase the length of the

mixing tube, thereby causing the value of f(L/D) to increase,

until the minimum pressure is reached, at which point the flow
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would be choked. On the other hand, if we could reduce the

length and still have the flow completely mixed we could increa~ie

the total pressure. This increase would terminate on one of the

two branches for which f(L/D) - 0.

If the mixed flow is subsonic the operating point is uni-

quely determined by the back pressure for the appropriate f(L/D).

Referring again to Figure 19 we can determine a value of the

back pressure for which the flow must be supersonic. Since the

Fanno line represents the locus of all possible static states

that are consistant with the area and Ms (or mass flow ratio) we

can determine the minimum static pressure that is consistent with

subsonic flow at the point where the Mach number approaches one.

This limiting back pressure is also indicated on Figure 20. If

the back pressure is below this curve in the shaded region the

exit flow must be supersonic. Since we are concerned at this

time only with a configuration like Figure 1 the inlet secondary

Mach number must be equal to or less than one.

Clearly, in an experiment we could set the back pressure low

enough to insure supersonic operation. However, as stated

earlier, this boundary condition can not by itself enable us to

determine the operating point since the mixed flow is supersonic

and the exit pressure does not have to match the back pressure.

Of course in a flying ejector we would want to adjust the flow

through a suitably designed diffusor or nozzle in order to match

the back pressure since this would optimize the thrust.

However, no matter how well we design the exit diffusor or

nozzle we can not improve the performance of the ejector: we can

in fact only lower the value of the exit total pressure. The

operating point on the supersonic branch is not determined by

either the back pressure or the exit diffusor (or nozzle design).

It is in fact uniquely determined by the inlet conditions as

discussed in the next section.
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SECTION 6

DETERMINATION OF THE SUPERSONIC OPERATING POINT

Fabri and Siestrunck 3 in 1958 presented the results of an

extensive study of air-to-air ejectors with high pressure ratios

in which the primary air flow is supersonic. Although they were

primarily concerned with jet pumps they presented a theory that

was in good agreement with their experimental results for the

predicted rates of induced mass flows if the mixing tube is long

enough and the geometric configuration of the set up is similar

to the theoretical one. Thus, even though our application is

vastly diferent we can use their approach to determine the

operating point on the supersonic branch.

For the case of supersonic mixed flows and a supersonic

primary flow Fabri and Siestrunck 3 state that the inlet flow pat-

tern is similar to that shown on Figure 21. This flow pattern

represents the case where the inlet pressure in the primary flow

exceeds the inlet pressure of the secondary flow. Therefore, the

primary flow must undergo an additional expansion in the entrance

region of the mixing tube. The case where the two inlet

pressures match is a limiting case and therefore can be deter-

mined from this analysis. Since the expansion takes place very

quickly in the entrance region the flows will remain unmixed and

the slip line between the the primary and secondary flow is shown

as a double line eminating from the primary nozzle. (The double

line was originally drawn by 'Fabri and Siestrunck3 to account for

the wake effect due to the wall thickness of the primary nozzle

which they could not neglect since they were working with very

small ejectors. We will neglect the effect in our analysis since

it can be accounted for in a simple adjustment of the area ratio.)

If one considers the case where the primary inlat pressure

is less than the secondary inlet pressure, there would be a shock

in the primary fluid immediately at the entrance that increases the

pressure in the primary fluid.- This requires the slip line at
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the nozzle lip to turn inward. Thus, the secondary flow sees a

minimum area at the inlet and the inlet secondary Mach number

will be Mach one for the supersonic mixed flow case because of

the flow pressure in the mixing tube required for the supersonic

branch. (If this were not the case the pressure in the secondary

flow would increase after the flow entered the mixing tube and

this requires a still further shock compression in the primary

flow which eventually would lead to a breakdown of the supersonic

flow in the primary jet. This breakdown would lead to a sub-

sonic mixed flow.) The case where the pressures are equal is

again a limiting case. But the inlet Mach number is always one,

including the limiting case.

These arguments do not hold if a throat is placed in the

secondary stream ahead of the inlet since the secondary flow

could then be supersonic when the pressures were matched at the

inlet.

The continuity and momentum equations can be written for

the control volume shown on Figure 21. The supersonic primary

flow expands and the Mach number increases to station e. The

subsonic secondary flow also undergoes an expansion and the Mach
number increases until it reaches Mach one at the station e; in

fact, this is the criteria by which we select the station e. The

method of characteristics would be required to study the supersonic

primary flow. However, the good agreement with experiment

obtained by Fabri and Siestrunck show that it is adequate to

treat both flows by simple one-dimensional isentropic equations.

Since the secondary Mach number is one at station e we can

write for the constant area channel.

A + A* A
Pe__ * =_ (44)

A pA
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or

A A A AApe s
e-=- -- - (45)

A A A A
p p p 8

Using the well known isentropic flow equations for the area

ratios we have

1 1

- - (+ a 2 1 (46)
Mep -

The isentropic relationships for the pressures can also be used.

1 - Y- Me Y (47)

and since Mes - 1

Go Poe _f1(48)

using the momentum equation along with the isentropic relations

and the fact that Me. - 1 enables one to derive the following

equation.
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1+ 1+M A P I /
_ OSY1 I*)y1(

, 2 21

Mep Mp Ap pop 2

(49)

A computer program was written to solve these equations for

a given geometry which fixes Mp. The continuity equation,

Equation (46), was solved for Mep for given choice of Ms. These

values were then used in Equation (49) to determine the value of

Pos/Pop that was consistant with the choice of Ms. In this way

the curve shown on Figure 22 was constructed for the geometric

values (including Mp) shown on Figure 22.

In Figure 22 we show the total pressure required to achieve

the value of MS. Since the geometry is fixed the value of the

mass flow ratio is determined by M: and we can use the mass flow

ratio and the values of Pop/Pos to determine the various limit

lines that we have previously discussed and they are also shown

on Figure 22. Finally, we have also shown the total pressure

achieved by the mixed flow on the supersonic branch.

When M* = 1, it is clear from Equation (46) that M* = M*
s ep p

since the right side of Equation (46) is simply Ap/A* (note Ap =

A - A).

If we solve Equation (49) for Pop/Po0 for the conditions where

-M - 1 and M* = M*, we obtain the indeterminate form of zero over
5 pe p

zero. However, using Y'Hospital's rule, we can show that the value
of Po/P is related to M*:

op os p
Y

P2k= ( +1 (50)

Since M* - 1 when equation (50) is valid, it can be shown,

using the isentropic relations for pressure, that Plp P1 . at

this condition also. This is indicated on Figure 22. Fabri and

Siestrunck refer to this condition as saturated flow.
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Dr. Morton Aiprin has pointed out 8 that there may also be a

point where M* is less than l and P =P 1  The value of M* ats lp ls
which this occurs depends upon M* and the geometry.

p
For still lower values of the pressure ratio the inlet

static pressure of the primary flow is lower than the static

pressure in the secondary flow. Thus, the primary fluid

experiences shocks within the mixing tube as indicated on

Figure 22. Finally, we reach the point where a normal shock

stands in the exit of the primary nozzle and for lower pressures

we would have subsonic primary exit flow into the mixing tube.

It is of value to consider the following thought experiment.

If we assumed that we have value of P /P -100 for the ejectorop os
of Figure 22, we see that M* - 0.55. With this value of P /P

8 op os
suppose that we set the value of the back pressure such that the
value of M* is 0.1 and the mixed flow is subsonic. As we lower

5
the back pressure the value of M* increases toward 0.55. (For an

example of how back pressure affects M*, see Figure 9). When we

reach M* = 0.55, a further reduction in back pressure would require

a higher value of M* and consequently a higher value of A
a 3 s p

The experimental work of Fabri and Siestrunck show definitely
that this will not happen. Rather, the flow will make a transition

to the supersonic branch and from then on it will be independent

of the back pressure. Thus, we can determine the value of the

transition back pressure from the subsonic branch by evaluating

the back pressure at the same value of M* at which the supersonic

branch will operate.

We can use the kinds of information shown on Figure 22 to

construct a graph like that shown on Figure 23. We have chosen

various area ratios and plotted the efficiency versus the mass

f low ratio achieved for values of other parameters shown on the

figure. Each curve terminates at the point where the value of

M* first reaches Mach one. The points are indicated by the hack5
marks on Figure 23 along each area ratio curve. Now it is clear

from Figure 23 that the maximum efficiency is achieved for a given

mass flow ratio with the smallest diameter tube operating at a

value of M* = 1.
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SECTION 7
SUMMARY AND RFCOMMENDATION

The results of our study have shown:

1) The supersonic branch can be achieved at subsonic,
secondary inlet Mach numbers.

2) The extremely high values of efficiency obtained on both

solution branches can be explained by the observation that the
constant area geometry is a sufficient conditon but not & necessary
condition for deriving the est of equations used for analyzing an

ejector.

3) Since the constant area condition is not a necessary

condition, it explains why some of the solutions obtained with the
equations could not be achieved in an ejector.

4) Since the constant area condition is a sufficient con-
dition for deriving the set of equations, all of the physically
possible operatJng points (which conform to the assumptions) for
an ejector will be included in the set of solutions.

5) The Fabri and Siestranck3 inlet condition uniquely
C..erminas the single operating point for a given ejector that
can be obtained on the supersonic branch with Ms <1.

6) The back pressure at which the supersonic solution is

acquired can also be determined.

7) Operation at values of M. 11 can be forced by the presence
of a throat in the secondary flow before the inlet.

8) The optimum efficiency for a given mass flow ratio occurs
when Ms = 1 and the mixing tube has the smallest area consistent

Swith the maps flow requirements.

9) Limit lines were established for generalized mixers.

These limit lines include:
Reversible mixing;
Constant kinetic energy;
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Simple mixing;

Minimum total pressure.

10) Methods were shown for constructing T-s diagrams which

show the limit lines and the stagnation states required for thrust

augmentation at given flight Mach numbers.

11) Generalized thrust augmentation curves were constructed

using the efficiency, based on availability, as a parameter.

12) The analysis presented will enable the complete deter-

mination. of performance of an ejector when used for thrust augmen-

tation. Thus, we are now in a position to determine realistic
estimates of the upper performance limits of ejectors for thrust
augmentation over a wide range of flight conditions.

We therefore make the following recommendation. for future

work:

1) The current ejector investigation be extended toward

establishing a theory and analysis of the upper bound of ejector

performance obtainable with the "second solution." Obtain upper

limits of ejector thrust augmentation characteristics over

various flight, altitude regimes and bypass ratios, and compare

them with turbofan engine performance chardcter.,.stics.

2) Based on the analytical results achieved in 1), we would:

a) Conduct theoretical studies of new method. of

achieving high performance ejector devices that are characterized

by oompactaess, light weight, and high efficiency; and

b) outline the methods to be used in an experimental

verification of the theory that would define the fundamental

limitations of constant area ejectors operating with supersonic

mixed flow.
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COMPRESSIBLE FLOW EJECTOR ANALYSIS
4

In this section we present a compressible flow analysis of

an ejector for both constant area and constant pressure. Both

problems can be solved in closed form if the fluids are assumed

to be ideal gases. However, the solutions are somewhat complex

and, therefore, computer programs were developed to obtain solutions

over a wide range of parameters for a number of combinations of

fluids.

We will first present the constant area analysis, then the

constant pressure analysis and finally some results from the

computer runs.

Constant Area Analysis

A schematic of a constant area ejector is shown on Figure A-1.

Also shown is the control volume used in the analysis.

At station 1 the flows are completely unmixed and each flow

is assumed to be uniform and parallel. Station 1 is located at

the exit plane of the primary nozzle. The exit area of the

nozzle is Ap and the area occupied by the secondary flow at

station 1 is A . The exit area, A, at station 2 is the sum of

the areas:
A - A p + A (A-1)

Station 2 is assumed to be located far enough downstream

from station 1 so that complete mixing has taken place and the

flow is uniform and parallel.

For the control volume shown we can write the continuity,

momentum and energy equations:

S+m =mm (A-2)

PmA - P lpA p- PlsA + 2TrZT - (V - V) + (Vs - Vm) (A-3)
V.2

rnh + m;h - (h + (A-4)p op s os m m+T

253

I- F



"* . -.-.

00

.4,

S2544



In Equations (A-2) to (A-4) m is the mass flow rate and the sub-

script designates the primary flow at station I, s designates the

secondary flow at station 1, and m the mixed flow at station 2.

In the momentum equation, P is the pressure and V the velocity;

r is the radius of the tube at station 2 and Z is the distance

between station 1 and 2. The pressure Plp does not have to be

%qual to P1s. since the primary nozzle will be a supersonic nozzle

in the applications of interest.

In the energy equation hop and hos are the stagnation

enthalpies of the primary and secondary flows, respectively, and

hm is the static enthalpy of the mixed flow.

The mass flow rates of both the primary and secondary flows

can be adjusted at will by controlling the stagnation conditions.

Thus, in view of (A-2), all mass flow rates are known.

Of course the uniform flow assumption allows us to write:

PlpApVp m (A-5)
P p p

is -n (A-6)

pMAVm mm (A-7)PmAm

Hence, from the known geometry of the nozzle and ejector we

can obtain Vp and Vs if we assume an isentropic expansion from the

known stagnation conditions for the flow in the primary nozzle and

for the secondary fluid.

Consequently, the only unknowns in equations (A-3), (A-4), and

S(A-7) are Pm, hm' pm and Vm. However, we also know an equation of

state:

Pm = f(hm' m m) (A-8)

If conditions are such that condensation of the primary

vapor occurs in the ejector, an iterative procedure would be

required to obtain a solution since Equation (A-8) would not be

simple. However, for many cases of interest, it will be
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satisfactory to assume ideal gas behavior between station 1 and 2

for both the vapor and the secondary gas. (It is not required

that the primary gas expand as an ideal gas in the nozzle).

In the remainder of this section we will assume that the

gases are ideal gases with constant specific heats. Thus, we

can write:

h - CpT (A-9)
p

and

P = pRT (A-10)

where C is the specific heat at constant pressure and R isp
the gas constant for the particular gas. For the mixed flow at

station 2 we have:

h = CpTm (A-11)

S mm

Pm PMPRmTm (A-12)

Combining (A-12) and (A-7) yields

mR
- AVm Ti (A-13)

(note that Equations (A-13) and (A-11) could be combined to form
an equation in the form of Equation (A-8) is desired).

We can obtain the following two equations from the momentum

and energy equations:

m Rm m TmA -(PpAp I PlsAs - 2,rrT) =

Am (A-14)

m(V -V) + m(V V)p p in s s m

v2

h +nh 0  mm(C T + mT (A-15)
p op s io pm
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Now R can be determined from the following simple mixing
Rm

formula for an ideal gas.

R R +mR (A-16)
mm p p s s

Thus, (A-14), (A-15), and (A-16) can be combined to obtain a

closed form solution to Vm, T and Rm. From Equation (A-14)

Tm [(PpA + P A - 2 1TrZT) V

m m
(A-17)

+ p(Vp - Vm)Vm + s(Vs - Vm)VmI

while from Equation (A-15) and (A-9) we have

C C m 2
pp vCpp 1p T + s m s T -7m -8

= dm Top m os - p (A18)

pm Cm

Substituting for Tm in Equation (A-17) from Equation (A-18) and

dividing by T1 s yields

c r~ 2Cp mp TOP Tos Cps ms Tos Vm Ts

C pm Tos Ts Cpm mm Tls 2 Cpmos ls

[pm S mA- osmssT T

-2 + s V2-s is Vs

* . 2
mpp Vm ++ f Vm V "

mmR T m mRT m m R T
Mmii mmis m m is

(A-19)

Equation (A-19) is a quadratic equation in Vm and can, there-

fore, be solved since all the quantities in the equation are known

once the geometry and stagnation conditions are known.
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Of course, a suitable estimate of the shear stress, T, needs

to be available. However, for our first estimates we have assumed

that T = 0 (Equation A-19).

The formulas of Table A-1 are helpful in obtaining a solution

to Equation (A-19). In Table A-1, W is the molecular weight of the

fluid.

With the exception of the fluid gas constant, K, in equation

T6 of Table A-i, all of the quantities with a bar over them are

ratios of the primary flow value to the secondary flow value. If

we cast each of the terms (excluding Vm) in Equation (A-19) in

terms of these ratios, we obtain the following set of terms which

we designate with C's:
P•_ +w 5-l 2

C1 0 U + M ) (A-20)

_ _ _ _ 1 2C2 = R(R + 1) Ys-1M2(-1

C3 - + 1 a + A (A-22)

rnP w

is W + w

2C4 _m W _V Ys Ms8 (A-23)
m+ w

-- -- Ms 2 (A-24)
R + wi 5

C6 M+ 1) 2 (A-25)

, Setting the ratio Vm/Vs -- we can write Equation (A-19)

in terms of the C's as:

2(C2 - C 6 ) vm + (C3 + C4 + C5) - Cl -0 (A-26)
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TABLE A-i

USEFUL OTHER EQUATIONS FOR AN IDEAL GAS

ISENTROPIC FLOW

TT 0 y - 1 M2
7= 2 (A-Ti)

P
0

+ (1 + 2'-~± M) y- (A-T .2)

p0  1

T i + L_ M2)"- (A-T3)

+~~ + 1 2
A 1 [2 (1+Y - 1 M2)] 2-(y - IT

1 + 2 (A-T4)

"T• - 2  - M2 (A-T5)

o

m p
0 V W+ 1 (A-T6)ATO /T0

0 (i + y - 1 M2)2• i)

2

MIXING FORMULA

C m =Cppmp + Cps s (A-T7)
PM p~p P

R. mmr CRm + R (A-T9)"m pp s s

ws mp y -s-

+ k S p7m - p Wy•7 - 1 (AI'1Ol)

w5  m -ws p Ys
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TABLE A-i (Concluded)

USEFUL OTHER EQUATIONS FOR AN IDEAL GAS

r [y /(Py p- l)1/cy8 /(Y5  ) (A-Ti1)

pp p

C PM C ps=(m i M AT2

C /c (r + W/(n+ 1) (A-T12)

Cpp p /Cpm Inm r/(m (A"'I14)

Rp Ap /mihm W F+9 AT
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If we evaluate Equation (A-6) for the secondary flow rate and

the primary flow rate, we can show that

m /(~/~~+)A*+ (1+.4 s M)2Ys5+ (A-27)_£m 2= 7

In Equation (A-27) we have assumed the primary nozzle is

chocked. The value of Ms can be controlled in an experiment by

adjusting the back pressure on the ejector at station 2 for a

given value of Pos. Thus, we have used Ms as ou: independent

variable in our computer calculations. A geometry, pair of fluids,

and stagnation conditions are chosen and Equation (A-27) is solved

for R (or we hold in fixed and calculate A) for various values of

Ms. Equations (A-20) through (A-26) can then be solved for each

value of Ms. Once Vm is determined, either Equation (A-27) or

(A-28) can be used to determine Tm. The density and pressure can
be determined by Equations (A-7) and (A-13) . Therefore, all of

j the properties at station 2 are completely determined.

Ejector "Efficiency"

Many definitions of ejector efficiency can be made and

found to be useful. Some of them, however, are pseudal efficiencies

since they can be greater than one under certain conditions of

operation.

For our purposes we have calculated at this time four
pseudal efficiencies. Each is briefly discussed below.

The first pseudal efficiency that we have considered is based

on the thermodynamic availability, *, of the primary vapor and

the availability of the mixed gas and vapor leaving the ejector.

If we neglect potential energy terms we have, in general, for the

availability of a fluid in steady flow:
S= h0 - hR - TR (s - sR) (A-28)

gwhere hR is the reference enthalpy and sR is the reference entropy

and h is the stagnation enthalpy of the fluid (therefore, it
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includes kinetic energy) and s is the static entropy of the fluid.

Ordinarily, the reference values would be evaluated at atmospheric

pressure and temperature; however, for our purposes we will evaluate

the reference values at the stagnation temperature and pressure of

the secondary gas. This insures us that the secondary gas will

have zero availability before mixing and that all the availability

results only from the primary flow.

For an ideal gas with constant specific heats, we have:

ho - hR : Cp(T° - TR) (A-29)

and since the entropy can be found from the isentropic stagnation

conditions, we have:

s- s Cptn(T•)- RSn( ) n (A-30)
R P

Therefore, we can write for the general case

C pT R TR 1 - In T P (A-31)

Evaluating Equation (A-31) for the primary flow and the

secondary stagnation conditions for the reference state, we have

iTT 1 )
05 T s T0 nT0 Pop) (A-32)

and for the mixed gas we have

\1 -- T os Ym
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Thus, the efficiency based on availability, nav' is

-l

T omT pm Yp

1 - in m s)
Smp~pp(A-34)

TopTS - -£ TP (--Tos P op

Since all the quantities in Equation (A-34) are known from
the previous calculations, we can determine nav' and it is a true

efficiency for the ejector if primary and secondary gases are the
same, but a pseudal efficiency if not, since we neglected the

availability due to disimilare gases.

In the other pseudal efficiencies that we have looked at, we

divide the enthalpy change of the mixed flow for an isentropic

expansion from the stagnation conditions of the mixed flow to the
secondary stagnation pressure, Pos, by three different changes in

enthalpy of the primary.

In the first case, we use the change in the enthalpy of the

primary for an isentropic expansion from the primary stagnation

conditions to the secondary stagnation pressure.

n 1tm (horn -nm @Pos)

pos =p (h _ h (A-35)
p op @Poo

In the sf'--nd case we use the change in the enthalpy of the
* •primary for an * tk.•pic expansion from the primary stagnation

conditions to t i Itatic pressure, Plp at the inlet to the ejector.

i (h -hm

nplp i (hop - h @Plp) (A-36)
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Finally in the third case we use the change in the enthalpy
of primary for an isentropic expansion from the primary stagnation

conditions to the secondary stagnation temperature.

hzhm (h om - m @pos) (-7

n Tos = - (hopn -m h 5  (A-37)
p p @Tos)

Under certain conditions the "efficiencies" in Equations
(A-35) to (A-37) can be greater than one and, therefore, they are

not true efficiencies.

Constant Pressure Analysis

For the constant pressure case, the momentum equation takes

a very simple form if we neglect shear stress:

p (Vp - Vm) + ms(Vs - Vm) = 0. (A-38)

Equation (A-38) can be immediately solved for Vm. Using the same

notation as for the constant area case we obtain the result:

m nV + (A-39)

The temperature can be found from the energy equation,
Equation (A-18), which is also valid for the constant pressure case.
The pressure is, of course, equal to the inlet value, therefore

Equation (A-13) can be solved for the exit area. Thus, a complete
solution can be found for constant pressure which is simpler

than the constant area case. The efficiency definitions can be

used for either the constant pressure or constant area case.

Computer Results of Ejector Studies

A large number of comptuer runs have been made for various

combinations of fluids and geometries. Data for the runs presented
in the main body are presented in this section.
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The first set of data is presented for air driving air in

the constant area case. The mass flow ratio was set to 0.1. All
of the tables present the tabulated comptuer results used to plot

Figures 2 and 3 in the main body. The first column contains the

secondary Mach number Ms which is taken as the independent variable.
The second column is P ls/POs (because of lack of space, it is

labeled (PlS/ and the third column is the temperature ratio
Tls/T0 s. Each of these values are obtained from Ms using isentropic

relations. The exit area of the primary nozzle is chosen to match

the pressure of the primary to the secondary. This sets the value
of the primary Mach number, Mp (located in column 10) and enables
one to find T p/Top and P 1 p/Pop (located in columns 11 and 12).

Column four gives the ratio of the primary velocity to the

secondary velocity V p/Vs and column five gives the ratio of the
mixed velocity to the secondary velocity.

Column six gives the mixed flow Mach number. Column seven
is the pessure ratio Pm/Po0 and column eight is the temperature
ratio T m/T os. The gamma value of the mixture is given in column

nine.

Column thirteen gives the area ratio A p/As required to match
the exit pressure and column fourteen gives the value of A/R*.
The last four columns give the three efficiencies discussed

in this Appendix and the entropy increase.
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CONSTANT AREA CALCULATIONS
SUBSONIC BRANCH

PRIMARY VAPOR: AIR SECONDARY CAS:AIR
PR: 6.000 Tih 3.700 Gh1..400 GS.1.400 WR 1.00 VP. 29.00 VSW 29 00

m1/M.s, 0.100

MS PIS/ TIS! VP/VS VN/VS MM PMi/ T11 GH hi TIP/TOP PIPIPOP AW/AS AIAPI EFPOS EFTOS EFAWL SR
0 1!00 0 993 1.000 54.485 1.341 0.060 1.016 1.145 1.400 1.03 0.599 0.166 0.004 363.038 0.05 0.03 0.180 0.497
0.1000 0.993 0.996 27.293 1.316 0.111 1.024 1.142 1.400 1.13 0.598 0.166 0.00 1813.073 0.09 0.05 0.206 0.411
0.1500 0.984 0.996 11.252 1.29! 0.174 1.027 1.238 1.400 1.14 0.597 0.164 0.012 123.455 0.13 0.87 0.129 0.467
0.2000 0,972 0.992 13.748 1.277 0.229 1.025 1.233 1.400 1.85 0.595 0.162 0.016 93W 931 0.16 0.09 0.250 0.454
0.2500 0,95? 0.981 11.059 1.261 0.283 1.017 1.2116 1.400 1.16 0.592 0.160 0,020 76.449 0,19 0.10 1.269 0.443
0.3000 0.939 0.982 9.277 1.147 0.3316 1.004 1.211 1.400 1.17 0.519 0.157 0.024 64.996 0.21 0.11 0.285 0.433
0.3500 0 919 0.976 1.013 1.234 0.318 0.97 10.209 1.400 1.8 I .31 8 05 0.153 0.028 56.994 0.24 0.13 0.300 0.424
0.4000 0.096 0.969 7.073 1.224 0.440 0.966 1.199 1.400 1.90 0.511 0.149 0.031 51.156 0.26 0.14 0.312 0.417
0.4100 0.070 0.961 6.349 1.214 0.092 0.942 1.181 1.400 1.92 0,576 0.145 0.035 46.766 0.17 0.15 0.323 0.410
0.5000 0.843 0.952 5.775 1.206 0.543 0.914 1,176 1.400 194 0.571 0.141 0.038 43.311 0.9 I 0. 0.333 0,404
0.5500 0.014 8.943 5.311 1,200 0.394 0.884 1.163 1.400 1.96 0.56 0.136 0.042 40.780 0.30 0.16 0.441 0.399
0.0000 0.784 0.933 4.928 1.194 0.645 0.152 1.150 1.400 1,99 0.559 0.131 0.045 310.731 0.3 10.17 0.348 0.395
3.6000 0.753 0.92. 4.609 1.190 0 697 0.817 1.135 1.400 2.01 0.553 0.125 0.040 37,127 0.32 0.88 0.353 0.392
0.7000 0.721 0 911 4.339 1.1If 0.750 0.701 1.120 1.400 2.04 0.546 0.120 0.051 35.181 0.33 0.18 0.357 0.319
0 7500 0.689 0 099 4.108 1,186 0.004 0?742 1.103 1,400 2.07 0.539 0.115 0.054 34.918 0.33 0.18 0.361 0.317
0.8000 0 656 0.087 3.909 1.194 0.864 0.639 1.084 1.400 2.10 0.531 0.109 0.057 34.212 0.33 0.18 0.363 0.3816
0.0300 0.624 0.074 3.736 1.220 0.942 0.643 1.058 1.400 2.13 0.324 0.104 0,059 33.727 0.34 0.18 0.364 0.385
0.9000 IMAGINARY SOLUTION
0 9500 IMAGINARY SOLUTION
10000 IMAGINARY SOLUTION
1.0500 IMAGINARY SOLVTION
8.1005 IMAGINARY SOLUTION

1.0500 0.440 0 791 3,050 0.920 0.911 0.662 1.061 1.400 1.36 0.474 0.073 0.073 34.044 0.32 0.15 0.336 0.390
1.2000 0.412 0.776 2.974 0.085 0.166 0.691 1.013 1.401 2.48 0.465 0.069 0.075 34.531 0.31 0.17 0.347 0.396
1 2500 0.386 0.762 2.906 0.798 0.132 0.710 1.094 1.400 1.44 0.457 0.064 0.076 35.143 0,29 0.16 0.334 0.403
1,3000 0.361 0.747 2044 0.750 0.803 0.724 1.103 1.400 1.41 0.441 0.060 0.071 35855 0.27 0.15 0.319 0.413
1.3500 0,337 0.733 ,787 0.709 0.777 0.734 1.111 1.400 2.53 0.439 0.056 0.080 36.673 0.14 0.13 0.299 0.425
8.4000 0.314 0 711 2.733 0.673 0.755 0.740 1.118 1.400 2.57 0.431 0.052 0.001 37.97 0.20 0.11 0 276 0.431
1.4500 0.293 0.704 Z,688 0.640 0.734 0.742 1.124 1.400 1262 0.422 0.049 0.001 31.6127 0.16 0.09 0.150 0.434
1.5000 0.272 0.690 2.645 0.61 0.716 0.742 1.130 1.400 2.66 0.413 0.045 0,054 39.764 0.11 0.06 0.220 0.472

1.5500 0.252 0.675 2.605 0.584 0.699 0.738 1.135 1.400 2.71 0.405 0.041 0.005 41 009 0.0 0.03 0.187 0.491
1.6000 0.235 0.6612 .561 0.60 0.6813 0.7331 .139 1.400 2.76 0.396 0.039 0.006 42.365 0.00 0.00 0.151 0.514
1.1600 0.210 0.47 0.534 0.331 0.669 0.724 1.143 8.400 1.11 0.318 0.036 0.010 43.135 -0.06 -0.03 0.113 0.537
1.7000 0.243 0.634 2.503 0.519 0.155 0.715 1.14? 1.400 2.816 0.380 0.034 0.019 45.420 -0.13 -0.07 0.071 0.563
1.7500 0.181 0,620 2.474 0.500 0.643 0,703 1.150 1.400 1.91 0.371 0.031 0.090 47,125 -0.10 -0.11 0.027 0,519

. 1 8000 0.174 0.607 2.447 0.414 0.631 0.690 1.153 1.400 2.96 0.364 0.029 0.091 41.9153 -0.21 -0.15 -0.020 0.611
1.1300 0.+61 0.394 2.412 0.46 0.621 0.676 1.156 1.400 3.01 0.356 0.027 0.0912 50.909 -0.36 -0.20 -0.0618 0.647
1.9000 08149 0.581 2.399 0.454 0.611 0.660 1159 1.400 3.06 0.348 0.025 0.092 52.997 -0.44 -0.24 -0 .1? 0.678
0.9500 0 131 I6.6 2.377 0.441 0.611 0.644 1.161 1,400 3.11 0.340 0.023 0.093 55.223 -0.53 -0.29 -0.171 0.710
2,0000 0.121 0.556 1.356 0.429 0.593 0,617 1.164 1,400 3.16 0.1333 0.02 0.094 57.591 -0.62 -0.34 -0.227 0.743

' 1 2.0500 0.10 0.54I 2.337 0.418 0.515 0.610 1.166 1.400 3.22 0.326 0.020 0,093 60,107 -0.72 -0.40 -0.284 0.778

266



CONSTANT AlIA CALCULATIONS
SUPERSONIC IBANCH

PRIMARY VAPOR: All SECONDARY GAi:AIR
PR" 6,000 TI. 3.700 Gfs1.010 G0.2.400 VR. 1.00 WPv 21.00 We. 29,01

MI PIS/ TISI VP/VS VRIVS MR PHI TI/ GM MP TIPITOP PIP/POP Al/AS A/AP' 1PO5 EM1oS EFAVL S
0.0100 VIOLATION OF IND LAW: REQUIRES NEGATIVE TESIVRATUVES
0.1000 VIOLATION OF2IND LAW: REQUIRES NEGATIVE TEMPERATURES
0.1500 VIOLATION OF IND LAW: REQUIIIS NEGATIVE TEMPERATURIES
0.2000 VIOLATION 02 IND LAW: REQUIEIS NEGATIVE TEMPIRATURES
6.2500 VIOLATION 02 IND LAW: REQUIRES NEGATIVE TEMPERATIRES
0.3010 VIOLATION OF 2(0 LAW: REQUIRES NEGATIVE TEMPERATURIES
0,3500 VIOLATION Or IND LAW FOR ADIABATIC SYSTINSI:RQUIIES WORK INPUT AND COOLING
0.4000 VIOLATION O 2ND LAW FOR ADIAIATIC SYSTEMS:RIQUIRI5 WORK INPUT AND COOLING
0.4500 VIOLATION OF :NO LAW FOR AOIAIATIC SYSTEMS:REOUIRES WORK INPUT AND COOLING
0.5000 VIOLATION OF 2ND LAW FOR ADIABATIC SYSTEN$:REQIIRES WORK INPUT AND COOLING
0.5500 .0S14 0.943 S.311 3.033 1.908 0#.1? 0.711 1,400 1 96 0.505 0,131 0.042 40,710 1.96 0.33 0.781 0.112
0.6000 0.764 0.933 4.921 2.311 1.611 0.271 0,795 1,400 1 99 0.59 0 131 0,045 31.731 0.61 0.37 0.590 0.140
0,6500 0.7153 0.922 4.409 1 239 1.511 0.3t? 0.155 1.400 2.01 0.553 0.125 0.041 37.127 0.51 0.10 0.410 0.315
0,7000 0.721 0,911 4.331 2.f9 1 1,377 0.381 0.903 1.400 2,04 0.544 0.120 0.051 SI35111 0.42 0,23 0,411 0.351
0.7100 0.609 0.199 4.108 1,71 1.2165 0.437 0.944 1,400 2.17 0,531 0.115 0.054 34,911 0.37 0.10 0,3116 01.37
0,6000 0.6516 0.117 3.909 1.532 1,166 0,491 0.07t 1.400 2,10 0.531 0,109 0.057 34,122 0.35 0,1? 0.370 0.381
0.1800 0.624 0.874 3.736 1.348 1.063 0.11 t.016 1,400 2.13 0.154 0,104 0.059 33.727 0.34 0.1? 0.365 0,315
0,9001 IMAGINARY SOLUTION
0,9f500 IMAGINARY SOLUTION

1,0000 IMAGINARY SOLUTION
1.1000 IMAGINARY SOLUTION
1,1001 IMAGINARY SOLUTION
1.1500 0.440 0,791 3.010 1.071 1.1012 0.530 1.002 1,400 2.36 0.474 0,073 0.073 34.044 0.33 0.16 1.351 01319
1.2000 0.411 0+776 2.974 1,019 1,163 0.490 0.900 1.400 2.40 0.465 0.06 0.075 245331 0.32 0.11 0.354 0.391
1.2500 0.316 0,762 2.906 1.093 1.217 0,455 0.961 1.400 2.44 0.437 0.064 0.076 35.143 0.31 0.l7 0.24? 0,394
1.3000 0.161 0.747 11.44 1.091 1.261 0.424 0.943 1.400 2,41 1,441 0 060 1.071 35.855 0.31 1.27 0.344 0.397
1.3500 0.337 0.733 1,717 1.096 1,317 0.391 0.92S 1.401 2.53 0.439 0.056 1.010 36.673 01.0 0.16 1.33? 0.401
1.4001 0.314 0.711 2.75 1,096 1.366 01.361 0.907 1.400 2.57 1.431 0.152 0.111 37.597 0.29 8.16 0.332 0.404
1,4300 0.293 0,704 1.611 1.196 1.413 0.343 0.190 1.400 2.61 1.412 0.049 0.0118 31.41 0,28ll 151 1.36 0.411
1.5000 0.272 0.690 1.645 1.895 1.460 0,312 0.173 1.400 2.166 0.413 0.045 0,014 39.764 0,27 0125 0.319 0.412
1.501 0.252 0.675 1.605 1.095 1.307 4.197 0.156 1.400 2.71 1.4135 0.042 0.015 41.109 0.15 0.14 0.212 0.417
1.6000 0.235 0.661 1.561 1.094 1.554 0.276 0,140 1.400 2.76 0.39d 1,039 0.016 42.365 1.24 0.13 0.304 1.412
1.6300 0.22l 0.647 2.534 1.194 1.600 0.257 0.114 1,400 2.82 0.311 1.036 0.511 43,135 0.23 0.13 0.295 0.417
t.7000 0.203 0.634 1.503 1.191 11645 0,239 0,111 1.400 2.16 1.110 0.034 0,019 45.41t0 0.1 01.1 0,216 0,431
1.7500 1.111 0.620 1.474 1,192 1.691 0.312 1,792 1.401 2.91 1.372 0.031 1.090 47.12S 0.10 0.11 1.177 0,431

1.1001 0.174 0.607 2.447 1,191 1.716 0.106 0.777 1.400 .196 1.364 0.012 0.091 41.953 1,19 0.10 0.167 0.444
1.1501 0.261 0.594 1.412 1.091 1.711 0.1,1 0.762 1.4011 3.1 0.3316 0.027 1.192 50.-09 0.1? 0.09 1.27 0.450
"1.9000 0.149 0.511 2.399 2.091 1.126 0.177 0.747 1.400 3.06 1.341 1.025 0.192 52.999 1.15 0.01 0,247 0.456
1 1.9500 0.131 0.561 2.277 1.019 1.170 1.165 0.733 1.401 3.11 1.340 .023 10.093 55.213 0,14 0.07 1.236 0.413
2.0001 0.121 0.556 2.356 1.011 1.915 0.153 0.71? 1.400 3.16 0.333 1.021 0.094 57.591 1.12 1.07 0.122 0.471
2.1500 0.111 1.543 2.337 1.011 1.959 0.14 0.701 1.400 3.212 0.3116 0.011 1.95 60.107 8.11 8.06 01.13 0.477
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CONSTANT PRESSURE CALCULATIONS
SINGLE SOLUTION

PRINARY VAPOR: AIR SECONDARY GAS:A1R
PR. 6.100 Tim 3 700 MIMI0 GS.,400 Wil 1.00 W. 29,00 VS. 29.00

R1`1 l1 .S 0,100

NS P1SI TISI VPIVS VHIVS MR PFI T4I CM HP TIPITOP PIPIPOP AWIAS &/AP* EFPOS EFTOS EFAVL SR
0.0500 0.990 1,000 54.415 5.162 0.2M4 0.998 1.228 1.400 1213 0.599 0,161 0.004 360.038 0.12 0.07 0.Z27 0.468
0.t100 0.993 0.998 27.293 3.390 0.306 0.993 1.223 1.400 1.13 0.590 0.166 0.008 183.073 0.15 0.08 0.246 0.457
0,1500 0.984 0.991 18.252 2,561 0,343 0.914 1.216 1.400 1.14 0.597 0.164 0.012 123.453 0.18 0.10 0.263 0.447
0.2000 0.972 0 991 13.748 2.159 0.391 0.972 1.208 1.400 [135 0.591 0.162 0.016 9W.931 0.20 0.11 0.271 0.437
0.2500 0,957 0.988 11.059 1,914 0.434 0,957 1.200 1,400 1.86 0.I92 0.160 0,020 76.449 0.22 0.12 0,291 0.429
0.3000 0.939 0,982 9.277 1.752 0.477 0.939 1,191 1.400 1.17 0.519 0,157 0.014 64.9,6 0.24 0.13 .304 0.421
0.3500 0.919 0.976 8.013 1,63 0,521 0,919 1.181 1.400 1.18 0.585 0.153 0.028 561994 1.26 0,14 0.316 0.415
0.4000 0.196 0.969 7,073 1.552 0.565 0.896 1,171 1.400 1.90 0,511 0.149 0.031 31.156 0.21 0.15 1,325 0.409
0.4500 0.870 0.961 6.349 1.486 0.609 0.870 1.159 1.400 1,92 0.576 0.145 0.035 46.766 1.29 0.16 0.334 0.403
0 2000 0,843 0.952 5.775 1.434 0.653 0.843 1,148 1.400 1.94 0,571 0.141 0.013 43.391 0.30 0.17 0.341 0.399
0.5500 0.814 0 943 5,311 139 0.,01 0,114 1.135 1.400 194 0,565 0.1316 0.042 40.700 0,3 0.17 0.341 0,395
0 6000 0.784 0.933 4,918 1,357 0.743 0.714 1.12 10.400 1.99 0,559 0.131 0,045 38.731 0,32 08.1 0.353 0.392
0 6500 0.753 0.912 4.609 1.321 0.711 0.753 1,208 1.400 2.01 1.553 0,125 0.041 37.117 0.33 08.1 0.357 0.390
0 7000 0.721 0.911 4,339 1.304 0,133 0.711 1.094 1.400 2.04 0.546 0.110 0.051 35.081 0.33 0,18 0.360 0.3108
0.7500 0.609 0.899 4,100 1.283 0.171 0.689 1,079 1.400 2.07 0.539 0,115 0.054 34.911 8,33 0.18 0.362 0.386
0,0000 0.656 0.087 3.909 1.264 0,913 0.656 1.064 1.400 2,10 0.531 0.109 Q,057 34.121 0.34 0,1 0,364 0.385
0,0500 0.604 0 ,874 3736 1249 0.969 0.624 1.049 1.400 2.13 0.524 0.104 0.059 33,737 0.34 0.18 0.364 0.385
0,9000 0.591 0.861 3,585 1.235 1.015 0.592 1.033 1.400 2.17 0.516 0,099 0.062 33.416 0.34 0.11 0.3164 0.315
09508 0,559 0.847 3.452 1.223 1.060 8,559 1,017 1.400 2.20 0,508 0.013 0.064 33.161 01.33 0.11 0,3613 0.316
1.0800 0.5218 0.133 3.334 1,112 1,106 0.52l 1.001 1.400 2.24 0.499 0.011 0.067 33.161 0.33 0.28 0.361 0.317
1.0500 0498 0.819 3.1218 1.03 1.151 0,401 0.914 1.400 2.28 0.491 0.013 0,169 33.403 0.33 0.18 0.3519 0.31
1.1000 0.468 0.805 3.135 .194 1,198 0.460 0.918 1.400 2.32 0.413 0,071 0.071 33.664 .3 0.11 1,156 0.3190
1,1500 0.440 0.791 3.050 1.0l6 1.244 0.440 0.951 1.400 3.36 0.474 0.073 0.073 34.044 0.31 0.17 0.351 0.392
1.2000 0.412 0,776 1.974 1,179 1.290 1.412 8.934 1.400 2.40 0.465 0.069 0.075 34.531 0.31 0.17 8.341 0.395
1.2500 0.386 0.7612 1,906 .2173 1.334 0.386 01.9I 1.400 1.44 ,457 0.014 0.071 35.143 0.30 0,17 0.343 0.398
1.3000 0.361 0.747 1.144 1.168 1.382 0.361 0.901 t.400 2.48 0.441 0.060 0.178 35.155 0.30 1.14 1.331 0.401
1.3300 0.337 0.733 2.717 1.142 1.428 0.337 0.114 1.400 1.53 0.439 0.056 0,010 36.673 0.29 0.16 0.331 0.405
1.4000 0.314 0.718 2.735 1.151 1.475 0.314 1,68 !.400 2.17 0.431 1.052 1.011 37.597 0.21 0,1 f.3115 0.419
1.4500 0.393 3.704 12688 .253 1.521 0.293 08.52 1.400 1.62 0,412 0.049 0.021 31,627 0.27 0.25 0.311 0.413
1,5000 0.272 0.690 .645 1.150 1.567 0.272 0,135 1.400 2.66 0.413 0,045 0.004 39.764 0.25 0.14 0.311 0,417
1.5500 02ý53 0,675 2.605 1.140 12613 0.253 0.119 1.400 1.71 0.405 0.041 0.015 41.009 0.24 8.13 0.303 0,421
1.6000 0.235 0.461 2.568 2.143 1.659 0.135 0.103 1,400 2,76 0.3196 0.0319 0.016 42.1615 01.23 0.13 0.194 0.427
1.6500 0,118 0.647 1.534 1.139 1.705 0.211 0.711 1.400 2.11 0.311 0,031 0.081 43.835 1.21 0.12 0.215 0,433
1.7000 0.203 0.6134 2.03 1.137 1.750 0.203 0.772 1.400 2.06 0.310 0.034 .01V9 45.420 0.20 0.11 1.176 0,439
1.7500 0.118 0.620 2.474 1,134 1.796 0.111 0.757 1.400 2.90 0.372 0.031 0.090 47.125 0.18 0.10 0.246 0.444
1 8000 0.174 0.607 2.447 1.132 1.142 1.174 1.742 1.400 1296 0.364 0.0219 0.091 41,951 0.17 0.09 8,256 0.451
1.8500 0.141 0.594 2.4221 .1.9 1.08i 0.161 .727 1.400 3.02 0.356 0.027 0.092 50,909 8.15 1.08 0.245 0.457
1 9000 0.141 0581 2.399 ,1,17 1.133 0.149 0.7131 .400 3.04 0,348 0.025 .092 52.999 0.13 0.07 0.134 0.414
1.9500 0.131 0.568 1.377 1.125 1.971 0,131 01699 .1400 3.11 0.340 00.23 0,093 55.231 0.12 0.06 0,223 0.471
1.8000 0.121 0.554 1.356 2.123 2.024 0.112 0.485 1.400 3.16 0.333 0.021 0.094 57.591 0.10 0.05 8.211 0.471

..0500 0.111 0,543 2.33?7 21.2 12 069 1 .III 0.671 1.400 3.12 0,316 0.021 0.095 60.107 0,08 0.04 0.199 0.415

268 )



CONSTANT ARi& CALCULATIONS
SVUBONIC IRANCH

PRItlUY VAPOR: AIR SICONDAIRT GAS:Lt
PR. 6.010 Tim 3.700 MIMI.40O GS-1.400 VWi 1.00 We 29.00 V. 29.00

N.PlN.S. 0.500

HS PIl TISl VPIVS VKlVS HK PHI THI GCH PI TIPITOP PIPIPOP APIAS LIAP' IFPOS ErTOS E11YL SR
0.1500 0.198 1.000 54.485 1.574 0,093 1.002 1.197 1.400 1.13 0.599 0.116 0.010 73.785 0.09 0.05 0.445 1.233
0,1000 0.993 0.991 27.293 2.374 0.173 1.141 1.889 1.400 1213 1.591 0.166 0.041 37.7?9 1.16 10.9 0,476 M165
0.1300 0.984 0.996 11.132 2.120 0.142 1.183 1.171 1.400 1.14 1.597 0.164 0,061 25.17? 0.12 1.12 0.501 1.101
0.200O 0.172 0.992 13.741 2.096 0.306 1.111 1.165 1,400 1.15 L,39 , 0.16 1 .81 19.979 0.2? 0.15 0.522 .1061t
0.12500 0.937 0.988 11.05V 1.994 0.344 1.227 1.151 1.401 1.16 0.591 0.110 0.100 16.490 0.31 0.17 1.540 1.011
0.3000 0,939 0.982 9,177 1.90 0,41f 1.133 1,136 1.400 1.8? 0.589 0.157 0.120 14.111 01.3 0.19 0.555 1.917
035108 0.91? 0.976 1.013 1.133 0.470 1.131 1.120 1.400 1.18 0.115 0.153 1.131 12.W2? 0,38 1.21 8.506 0.931
0.4000 0.896 0.961 7.073 1.78 0U511 1,213 1.103 1.400 1.90 0.511 0.149 0.157 11.475 1.40 101. 0.310 0.9133
0.4500 0.170 0.961 6.349 1.70? 0.564 1.109 1,16 1.400 1.92 0.576 0.145 0.175 10.616 0.41 0.13 1,319 0.922
0.5000 0.143 0.952 5.775 1.655 0.607 12191 2.76? 1.400 1.94 1.571 0.141 0.192 9.963 1.44 0.24 0.590 0.194
1.5500 0.114 0.943 5.311 1.05 0.648 1.170 1.753 1.400 1.96 0,565 0.136 0.20? 9.464 0.45 8.25 1.604 0.17?
0.6008 0.784 0.933 4.90 1.557 0,68I 1.141 1.737 t.400 1.99 0.559 0.131 0.115 9.010 0.47 8.16 0.610 0.866
0.6300 0.733 0.922 4.609 1.510 0.718 1.126 1.712 1.400 1.01 0.553 0.125 0.141 1.719 0.48 0.216 ,615 0,855
0.7000 0.721 0.911 4.339 1.462 0.747 1.105 1.709 1.400 2.04 0.546 0.110 0.2156 1.571 0.41 0.27 0.619 0.147
0.7100 0.689 0.199 4.108 1.412 0.771 1.011 1.608 1.400 1.97 0.539 0.115 0.270 1.417 0.49 0.17 0.612 0.140
0.1000 0.656 01087 3909 1.359 0,711 1.075 1.690 1,400 2.10 0.531 0.109 0.114 01.14 0,0 0.17 0,24 01.135
0.1500 0.624 1.174 3,736 1303 1.797 1.011 1.616 L,400 2,13 01.54 .104 0.297 1.:57 0.0 0.17 0,625 0.133

0.901 0.311 0.161 3.515 1.144 0.111 1.066 1.614 1.400 1.17 1.516 ,.99 0,309 1.:41 0.50 0.17 0.625 0.113
1.9500 0.559 0.147 3.451 1.114 0.797 1.068 2,686 1.410 20 0.508 0.093 0.331 8,160 1.51 0.17 1.625 0.133
1.0001 0.521 0.133 3.334 1.114 0.709 1.073 1.690 1.401 1.14 4.499 .011 0.333 1.314 1.49 0.17 0,423 0.136
1.0300 0.491 0.119 3.111 1.066 0.771 1.0?? 1.695 1.401 2.11 1.491 0.013 1,343 1.398 10.4? 0.7 08.21 0.141
1.1000 0.461 0.805 3.135 1.011 0.763 1.014 1.701 1,400 2.32 O.413 0.171 0,134 1.512 1.41 f.26 0,611 0@.9#
1.1300 0.440 0,791 3,050 0.9M0 0.732 1.011 1,70? 1.401 2.36 0.474 1.073 0.303 2.655 0.47 .26 0.613 0.189
1.1000 0.412 0.776 2.974 0.913 0.737 1.089 t.714 1,400 1.40 1.4615 069 0.373 1 l25 04 1 .25 9,608 0.170
1.2500 0.386 8.762 2.906 0.170 0.713 1.018 1.720 1.400 1.44 1.457 0.064 0.312 9.102 0.45 0.25 0.601 0.114
1.3001 0.361 0.747 2.144 0.131 0.710 1.014 1.726 1.410 1.41 0.441 .60 0.3190 9.146 0.43 .24 0.594 0.901
1.3500 0.337 0.733 2.717 0.793 0.697 1.077 1.732 1.400 1.53 0.439 .054 0.398 9.497 1.41 0.23 0.586 0.919
1,4001 0.314 0.711 2.735 0.760 0.614 1.061 1.737 1.400 1.57 1.431 1.153 0.405 9,775 0.39 1.22 0.577 0.93?
1.4300 0,193 0.704 1.6181 0.72t 0.672 1.055 1.743 1.400 2.42 10.42 0.049 0.412 10.100 0.37 0.20 1.567 0.961
1.5111 1.172 0.690 2.645 0.701 0,660 1.041 1.741 1.4010 266 1.413 0.145 0.419 11.414 0.35 0.29 0.557 0.913
1.5300 0.153 0.6715 .605 0.875 0.650 1.014 1.752 1.400 2.71 1.415 0.142 0.426 1.776 0.31 1.11 1.545 1.010
1,6000 0.135 0.661 2.568 0.651 0.639 1.005 1.756 1.400 2.76 1.396 1,039 0.432 11.167 1.30 1.16 0.533 1.037
L16510 0.311 0.647 2.534 0.629 0.630 1.915 1.760 1.401 2.81 0.311 1.136 1.435 1t.W19 0.27 1.13 1.330 1.086
1.7101 0.203 0.634 2.503 0.609 0.62t 0.963 1.764 1,401 1.06 0310 0.034 0.443 12.1041 .24 0.13 0.50? 1.096
"1.7311 0.t1U 0.60 2.474 0.590 0.613 0.939 1.768 &.400 1.91 0.371 0.031 1.441 1252 6 0.20 0.11 0.492 1.117
1.1.00 0.174 0.60? 2.447 0.573 0.604 0.913 1.771 1.411 2.96 0.364 1.019 0.453 13.041 1.17 0.09 0.471 L.I6A
t.1311 0.161 0.594 1.422 0.357 0.596 0.190 1.774 1.400 3.01 0.356 0.01? 0.451 13.591 0.13 0.07 i.463 1.194
1.9001 0.149 0.501 2.399 0.541 0.519 0.864 1,777 1.400 3.06 .341 0.0125 0.461 14.111 0.10 0.03 1.44? 2.229
1.9100 .13i 0.568 2.377 0.528 1.312 1.131 1.710 1.400 3.11 0,340 0.013 0.466 14.115 0.06 0.03 1.431 1.415

,0008 0.12 8.5115 2.356 0.515 0.575 0.22, 1,711 1,401 3,16 1.331 1.011 0,471 15,481 0.02 0.01 0.414 1,301
2.0300 0.111 0.543 2.337 0.503 6.569 1.716 1,714 1.40 3.211 0,316 0.010 0.474 16.110 -0.01 -..t 10.397 1.339
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CONSTANT AREA CALCULATIONS
SUPERSONIC IRANCH

PRIMARY VAPOR: All SECONDARY GAS:AIR
PRi £000 TRs 3.700 Gol.400 G@l.400 Wi. 1.00 Wi. 29.00 VS. 29.00

X.PIN.Sx 0.500

IS PISI TISI VPIVS VXIVS MN PHI THI GM M? TIPITOP PIPIPOP APIAS AIAPt IlFOS IFTOS EFAVL SR
0.0500 VIOLATION OF IND LAW: REOUIRES NEGATIVE TEMPERATURES
0.1000 VIOLATION OF 2ND LAW: REQUIRES NICATIVE TEMPERATURES
0.1500 VIOLATION Of IND LAW: REQUIRES NEGATIVE TEMPERATURES

0.Z000 VIOLATION Or 2ND LAW: EQUIRES NEGATIVE TEMPERATURES
0.2500 VIOLATION Or 2ND LAW: REOUIRES NEGATIVE TEMPERATURES
0,3000 VIOLATION 0 IND LAW FOR ADIAEATIC STIETiS:RIOUIRES WORK INPUT AND COOLING
0.3500 VIOLATION OF 2ND LAW FOR ADIABATIC SYSTEMS:RIOUIRIS WORK INPUT AND COOLING
0.4000 0.196 0.969 .073 3.777 1.446 0.17? 0.165 1.400 1,90 0.511 0.149 0.137 11.475 0.99 0,34 0.173 0.111
0.4500 0.170 0.961 6,349 4.760 2.011 0.147 1.011 1.400 1,92 1.576 0.145 0,175 11.616 1.77 0.43 0.761 0.533
S0.3000 0.143 0.951 5.775 4.017 1.143 0.314 1,133 1.400 1.94 0.571 0.141 0.192 9.963 0.6£ 0.36 0.701 0,663
0.5500 0.114 0.943 5.311 3.451 1.673 0.377 1.211 1.400 1.96 1.560 0.136 0. 09 9.464 0.59 0.32 0.669 0.735
0.6000 0.784 0.933 4.921 3,027 1.548 0.437 1.214 1.400 1,99 0.551 0.131 0.215 9.010 0.55 0,30 0.611 0.776
0.6500 0,753 0,922 4,609 1,691 1.454 0.490 1,136 1,400 2.01 1.553 0,125 0.241 1.719 01.53 0.2? 0.641 0,797
0,7000 0,711 0.911 4.339 2,427 1,313 0,5316 1.374 1.400 2.04 0.341 0.120 0.256 1.572 0152 0.12 1.636 0.101
0.7500 0.689 0.890 4.101 2.217 1.331 0.572 1,401 1.400 2.07 0.539 0,115 0.270 1.417 0.52 0.25 0,6)34 0.13
0.1000 0,616 0,887 3.909 1.053 1.197 0.5?? 1.422 1.400 2.10 0.531 0.109 0.1124 ,314 01.1 0,20 0.633 0,115
0,1500 0,624 0.174 3.736 1.925 1.271 0.614 1.431 1.401 2.13 0.514 0.104 0.197 1.17 0.51 0,11 0.6.3 0.116
0.9000 0.591 0.161 1.581 1.12 1.272 0.619 1.435 1.410 2.17 1.316 0.09t 0,309 1.240 0.31 0,21 0.633 0.816
0.9500 0.559 0.847 3,452 1.750 1.171 0.614 1.432 1.400 1.11 1.501 8,093 0,321 8.26l 1.51 1.25 0.613 0.11£
1.1000 0.318 0.133 3.234 1.691 1.294 0.601 1.424 1.401 1.24 0.499 0.011 0.333 1,114 0,11 1.2l 1,632 0.11t
1.0500 0.491 0,119 3.211 1.644 1.325 0.512 1.412 1.410 2.21 0.491 1.013 0.343 8.391 0.51 0.25 0.632 0.15l
1.1000 0.465 0.105 3.135 1.607 1.342 0.560 1.397 1,410 :,12 0.413 1.070 0.354 1.512 0.51 0,21 0.631 0.110
1.1500 0.440 0.791 3.050 1.577 1.37 0,5316 1.310 1.410 3.36 0.474 0.073 0.363 1.655 1.51 02 0.630 1.133
1.2000 0.412 0.776 2.974 1.551 1.415 0.110 1.361 1.100 1.40 0.465 0.069 0.373 8.125 0.5 0.21 1.6231 0.126
1.2501 0.356 0.762 1.906 1.519 1,440 0.413 1,343 1.400 2.44 1,457 0.064 0.312 9.021 0.50 1,27 0.616 0.131
1.3000 0.361 0.747 2,144 1.511 1.476 0.457 1.323 1.400 2.41 0.441 0.060 0.390 9.146 0.49 0,27 1.624 0.136
1.3500 0.337 0.733 12717 1.494 1.513 0.430 1.303 1.400 2.53 1.43V 0.056 0.391 9.497 0.49 1,07 0.621 01.41
1.4000 0.314 0.711 1.735 2,40 1.511 0.415 1.213 1.400 2,57 1.431 1.051 0.405 9.775 0.41 0,17 1.618 .814l
1.4500 0.193 0.704 1.611 1.467 1.5119 0.310 1.163 1.400 2.62 1.411 0.149 0.412 20IIgl 0.45 01.6 0.6115 0,55
1.5000 0.272 0.690 2.645 1.456 1.627 0.356 1.241 1.400 .166 0.413 0.045 0.419 11.414 1.47 0.26 0.612 0,161
1.5500 0,253 0.675 1.6015 1.445 1.666 0.334 1.222 1.400 2.71 1.405 1.141 0.4216 10.776 0.46 0.15 0.6l8 0.187
1.6000 0.135 0.662 2.56l 1.436 1,714 0.32 1,301 1.401 3.76 0.396 0,039 1.431 11.167 0.45 0.,5 1.604 0,17?
1.61500 0,211 0.647 2,34 1.427 t.743 0.2t91.102l 1 1.04 2.81 10.31 1.036 0.431 11159 10.44 0.14 0.600 01.11
1.7000 0.203 0.634 2.503 1.420 1.712 0.172 1.162 1.400 2.86 0.310 1.034 1,443 12 041 0.43 0.24 0.596 0.591
1.7501 0.181 0.6120 1.474 1.412 1.522 0.254 1.1421 .401 .921 1.372 1.031 0.441 12.5216 .43 1,23 0.591 0.901
1 .1000 0.174 0,607 2.447 1.406 1.860 0.137 1.133 1.400 1.96 0.364 0.021 0.453 13.045 0.41 0.23 1156 0.919
1 .1500 0.161 0.594 2,422 1,39? 1.191 0.120 .284 1 .400 3.101 0.356 0.817 0.451 13.591 0.40 0.22 0,11 0.930
1.9000 0,149 0.511 2.399 1.394 1.937 0.105 1.056 1.400 3.16 0.341 0.025 1.461 14,111 1.39 0.11 1.576 0.941
1 1.9500 0.131 0.561 21.377 1.311 1.975 0.191 1.067 1.400 3.11 .1.340 1.0:3 0.466 14.115 0.31 0.21 01.571 6,53
1.8000 0.121 .33,16 .331 1.313 2,013 0.171 1.049 1.400 3.16 0.333 0.011 0.471 15,411 0.37 0.0 0.561 0.966
2.0501 0.111 0.543 2.337 1.379 2.051 0.166 1,032 1.400 3.21 1.326 0.030 0.474 16.111 0.35 IIP 0.59 0,971
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CONSTANT P16SSU11 CALCULATIONS
SINCL9 SOLUTION

PRINARY VAPOR: All SICONDART 6AS:AII

PR. 6.011 Tit 3.701 MPIM.400 C1.400 Wit 1.00 WeP 29.00 VS. 29.00
N.FIM.S, 0.500

HS PIS/ TISO VFIVS VNIVS !N PHI N/ l CH XP TIPITOP PIPIPOP APIAS A/Alt EFPO$ IFTOS EHAVL SR
0.4500 0.991 1.000 54.445 11.118 0.717 6.990 1.733 1.400 1.13 0.5,9 0.166 0.020 73.713 0.36 0.20 1.51 0.977
0,106 0.091 0.9,1 17.293 9.764 0.746 L.993 1.710 1.400 1.13 0.590 0.166 0.041 37.795 0.35 0.11 0.570 0.955
0.1500 0.914 0.996 11.252 6.751 0.776 0,914 1.696 1.400 1.14 0.597 0.164 0.161 23.877 0.40 0.22 1.579 0.935

0.3001 0.972 0.992 13,741 5.209 6.106 0,972 1.6L1 1.400 1.85 0.595 0.1621 0.01 19.979 0.42 0.23 0.517 0.917
0.0310 0.957 0.981 11.059 4.353 0.118 0.957 1.666 1.400 1,8d 6.592 0.160 0.1t0 16.492 1.43 0.24 0.194 0.911
.3000 0.9139 0.911 9.277 3.759 0.170 0.939 1.650 1.410 1.7 0,.519 0.1 0.120 14.113 0.45 1.24 0.611 0.116

0.3500 0.919 0.976 1.013 3.331 0.903 0.919 1.634 1.400 1.18 0.156 0.153 0.131 11.617 0.46 0.2 1.607 0.873
0.4000 0.196 0.969 7.071 3.014 0.937 0.096 1.616 1.400 1.90.581 0.114t .157 11.475 0.47 1.16 0.612 0.362

0.4500 0.170 0.961 6.349 1.713 0.9E 1 0.170 1.99 1.400 1.91 0.576 0.145 0.175 10.616 0.41 0.26 1.617 0.152
0.5000 0.143 0.952 5.775 3.912 1.006 6.143 1.580 1.400 1.94 0.571 0.141 0.92 9.9613 0.49 0.27 0.620 0.143
0.5100 0.114 0.943 1.311 2.437 1.042 0.114 1.361 1,400 1.96 0.565 0.136 0.309 9.464 0.49 0.27 0.61 4 0.136
0.6001 0.714 0.933 4.901 3.309 1.07 0.7104 1.541 1.400 1.99 0.559 0.131 0.225 9.031 0.50 0.27 0.627 0.19
0.6500 0.7513 0.922 4.609 2.203 1.115 0.753 1.311 1.400 2.01 0.553 0.123 0.241 1.719 0.1 0.21 0.6129 0.125
0.7000 0.721 0.911 4.339 2.113 1.151 0.721 1.502 1.400 2.04 0.546 1 0.10 0.256 8.572 0.51 0.21 0.630 0.121
0.7500 0.659 0.399 4.101 2.036 1.190 0.619 1.411 1.400 2.17 0.539 0.115 0.270 1.417 0.51 0.28 1.632 6.111
0.1000 0.616 0.817 3.909 1.971 t.225 0.656 1.460 1.400 L.I 06.31 0.109 0.114 1.314 0.51 0.21 0.6132 0.116
0.1100 0.6124 0.174 1.736 1.911 1.267 0.624 1.438 1.400 2.13 0.514 0.104 0.297 1.157 0.51 0.28 1.633 0.116
0.9001 0.391 0.161 3.513 1.562 1.306 0.591 1.417 1.400 2.17 0.516 0.099 0.309 1.241 0.5 1 U21 0.643 0.116
0.95100 0.59 0.147 3.452 1.117 1.345 1.559 1.395 1.401 2.20 0.501 0.093 0.321 C.H6 0.51 0.23 0.632 1.31?

1.0001 0.528 0.133 3.334 1.771 1.318 0.511 1.373 1.400 1.14 6.499 0.611 0.333 1.314 0.51 0.28 0.631 6.8I9

1.6001 0.4901 0.811 3.32 1.743 1.415 1.491 1.351 1.400 2.21 0.491 0.013 1.343 1.391 0.51 0.23 1 .630 U 0.12
1.1001 0.461 0.105 3.135 1.712 1.4615 0.461 1.329 1.400 2.32 0.413 0.171 0.354 1.512 0.50 0.11 0.6431 0.25
1.1200 0.440 0.791 3.050 1.610 1.506 0.440 1.317 1.400 3.16 0.474 0.073 I.363 1.655 0.50 0.17 0.636 0.130
1.2000 0.412 0.776 2.974 1.651 1.547 0.412 1.215 1.400 1.41 0.465 0.069 0.3713 1.25 0.50 0.27 0.614 0.135
1,23500 0.56 0.761 1.906 1.635 1.17 0.316 1.163 1.400 1.44 0.457 0.064 0.352 9.022 0.49 0.17 0.601 0.141
1.3100 0.362 0.747 2.044 1.615 1.621 0.361 1.242 1.400 2.41 0.448 0.060 0.310 9.246 6.41 1.17 0.619 0.147
1.3500 0.337 0.733 1.717 .596 1.670 0.337 1.120 1.400 2.13 0.439 0.016 0.390 9.49? 0.48 0.16 0.615 0.134
1.4000 0.314 0.711 2.731 1.571 1.711 0.314 1.191 1.411 1.57 1.431 0.015 0.416 9.775 1.47 0.26 0.612 1.162
1.4500 0.193 0.704 1.610 2.56 1.732 0.293 1.177 . ll 00 2.021.413 0.049 0.411 11.111 0.46 0.25 1.601 0.170
1.5001 0.271 0.691 2.645 1.541 1.794 0.1271 L.I6 1.400 2.66 6.413 0.045 0.419 10.414 0.45 1.25 0.604 0.179
1.5500 0.253 0.675 1.605 1.535 1.135 0.233 1.135 1.40 12.71 0.405 0.042 0.42 6 10.176 0.44 O.24 0.600 0.111
1.66001 0.:35 .661 2.5161 1.3 1.171 0.123 1.115 1.400 2.76 0.196 0.039 0.432 11.167 6.43 6.24 1.595 0.598
1.6500 0.21 0.647 1.34 1.311 1.918 1.095 1.400 2.I1 0.311 1.036 1.431 11.519 0.42 1.23 0.591 0.919
1.7060 01.03 0.634 2.503 1.511 1.959 1.203 1.175 1.400 3.16 0.3#0 0.034 0.443 12.041 0.41 0.23 0.5116 0.923

1.7500 0.115 6.620 1.474 1.491 1.111 1.111 1.055 1.4001 3.91 0.371 0.031 1.441 11.516 6.40 0.22 1.811 0.931
1.1010 0.174 0.607 1.447 2.412 3.042 0.174 1.036 1.401 2.96 0.364 1.029 0.453 13.045 0.39 0.11 0.575 0.943
1.5130 0.161 0.594 1.422 1.474 2.183 1.161 1.017 1.400 3.11 0.351 0.017 1.451 13.598 0.33 1.21 1.571 0.916
1.9001 0.149 0.5311 1.399 2.466 2.114 0.149 0.999 L.401 3.06 0.341 0.015 0.462 14.118 6.36 0.20 0.I64 0.968
1.9300 0.111 0.561 1.377 1.459 1.1 0.135 0.981 1.406 3.11 1.340 0.023 0.466 14.115 6.35 0.19 1.151 0.918

2.0006 0.121 0.316 1.316 1.452 3.206 0.132 1.963 1.401 3.16 1.333 0.161 6.471 15.411 6.34 0.19 0.552 0.991
1.0500 0.111 0.543 2.337 1.446 2.247 0.1 1.945 t.401 3.12 0.316 0.020 0.474 16.111 0.33 0.21 1.545 1.019
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APPENDIX B

DETAILED DESCRIPTION OF MACHINERY REQUIRED TO ACHIEVE ANY
DESIRED TOTAL PRESSURE FOR CONSTANT ENERGY STEADY FLOWS

273



4-3

4.)

E 4? 0

0

00I0

4-2
0

044

5-4
0>1

0 w

m 0 u>1
5.4>

5.4

w0

275



Components of Figure B-1.

1. Reversible adiabatic components:

Cl: primary compressor

C2: primary turbine that drives C1

C3: primary turbine that drives C4

C4: secondary compressor

2. Reversible isothermal components

C5: primary isothermal compressor

C6: secondary isothermal turbine that drives C5 and

exchanges heat with C5

C7: Mixed flow isothermal compressor (or turbine) that

adjusts final stagnation pressure to any desired value
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Stations

Op: We have shown a turbojet engine receiving mass flow mp at
p

Tos and Pos and supplying conditions of Pop and Top at sta-

tion ip.

ip: Conditions Pop and Top and mp. The nozzle produces any

desired Mach number ?4p (or Mp*) at station ip with static

pressure Plp and static temperature Tlp. The flow can be

diffused and fed to the reversible adiabatic turbine.

Although we show that the stagnation conditions are supplied

by a jet engine, they could also be provided by a boiler and

the gas could be a primary vapor which may be a different

gas than the secondary.

is: A secondary gas flow is supplied at flow rate mis and stagna-
tion conditions Tos and Pos. The nozzle supplies rhe flow

at any desired Mach number, Ms(or Ms*), at a static pressure

of Pls. The flow can be diffused to any desired value

before entering the reversible adiabatic compressor C4.

2p: After passing through the reversible and adiabatic turbine

the primary flow comes to the total temperature Tom and a

total pressure P0 2 p. Since the reversible adiabatic process

is isentropic, the entropy is unchanged. Thus,

S2p = slp - sop (i.e., the stagnation value of the entropy
at station Ip).

S2s: The secondary flow is compressed in a reversible adiabatic

process in compressor C4 to a stagnation temperature of

Tom at stagnation pressure P0 2 s. Since this is an isentro-
pic process, we have: S2s Sls - o (i.e., the stagnation

value of the entropy at station is).

Now the isentropic work, WISE, transfered from turbine C3 to

compressor C4 is:

WISE = fp Cp(Top - Tom) Is Cp(Tom - Tos) •
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Hence,

(m + m)T m T +m T " (B-1)
p 9 om p OP 5 OIS

Clearly, this is just the constant energy mixing condition.

Im: The conditions at lm result from mixing the secondary and

primary gases that went through the reversible isothermal

compressor C5 and the reversible isothermal turbine C6. We

can relate the isothermal work to the heat transfer and to

the entropy changes (since we have assumed reversible

processes).

W ;-n T (S-s )=xT (S -ISO s om m os pomr op om

therefore

(1; + s m s + Sos " (B-2)
s p om p OP So

Clearly, this is just the constant total entropy condition

which is required for reversible mixing of the two incoming

streams.

m: Finally, we take the mixed flow at conditions im and

compress the mixed flow with a reversible isothermal

compressor C7. In this way, we can compress the mixed flow

to any desired stagnation pressure while still keeping the

total temperature the same: i.e., Tom. The work required

for the compressor C7 is equal to the heat transfer. These
quantities are shown crossing the control volume at the

boundary station B. We amy expand the mixed flow through a

nozzle to any Mach number and exit area that we wish.

If we write the momentum equation for the control volume

shown in Figure B-1, we must in general include the force in

the strut at the boundary station f. Since we are free to

produce any stagnation pressure we want at station m, we can

produce any force we desire at station f. (Note: th.

couplings at lp and ls have seals that do not contribute

any force on the control volume).

1
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Clearly, we can write the following equat'ois for the control

volume of Figure B-1 when we havu steady flow conditions.

Continuity:

m = m  +m (B-3)s p

or

SAm Vm s s s p Ap A p (B-3a)

Energy:

rTom -r T +rn T (B-4)
om s0O p OP

and momentum

P -Am P-pAp - PlsAs + f = mp(Vp Vm) + ms(Vs- Vm) (B-5)

Now if we arbitrarily require that

Am = A + A (B-6)
p S

and that the force in the -trut is ze:'o

f - 0 (B-7)

We have a set of equations that are formally identical to

those that we write for a constant area ejector.

The complete solution to these equations for a given set of

inlet conditons can be used to produce efficiency maps as

shown on Figures 4 and 5 of tne main body of the report for

subsonic and supersonic solution branches.

"All of these solutions could be achieved with the machinery

shown in Figure B-i of this Appendix, but all of them could

not be achieved with a constant area ejector.

It is also quite clear that the ideal machinery of Figure B-1

could be replaced with real, inefficient machines and ordinary

heat exchangers such that Equations (B-3) thorugh (B-5) would

still be valid. Thus, all of the solutions shown on Tigures

4 and 5 of the main body of the report could be achieved

with real machines. However, it is highly unlikely that such

a device would have any practical significance.
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Abstract

A discussion of the development of the compact jet-diffuser ejectors

utilized for hovering and low speed flight propulsion has been presented.

This is followed by a description of ideal ejector performance as derived

from a compressible flow theory, over the range of flight speeds from zero

to supersonic speed. These analyses introduced the concepts of ejector

configuration optimization and the validity of the so-called "Second solution"

to the mixing problem, wherein the flow after complete mixing is supersonic.

The ideal performance of thrust augmenting ejectors designed under this

"second solution" has been shown to be far superior to those designed by

conventional methods. The ability of properly designed ejectors to utilize

the thermal energy of injected gas for the production of useful energy has

also been described. Finally, the influence of major losses has been discussed,

including means for avoiding excessive performance degradation by proper

optimization of the geometry of the ejector in view of these losses.
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List of symbols

A duct area

a primary jet ijrea

C coefficient

M Mach number

NPR nozzle pressure ratio (= P or/P)

P stagnation pressure

p pressure

T temperature

U secondary or mixed flow velocity

V jet velocity

X duct width

(X inlet area ratio (ct - A /a ; C, A /a*)2 * = A2 a
6 geometric diffuser or outlet area ratio (- X3/X 2)

n efficiency factor

AS change of total entropy due to mixing

AP primary jet pressure rise (= P - Po)
or o00

AT primary jet temperature rise (= T - T
Op 000

thrust augmentation

Subscripts
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dj diffuser jet or jet diffuser

i induced flow
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o stagnation

1, 2, 3 ejector stations

0 undisturbed or ambient condition
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Thrust Augmenting Ejectors

Morton Alperin and Jiunn-Jenq Wu

Flight Dynamics Research Corporation

July. 1981

Introduction

Early theoretical and experimental work in ejector technology was related

primarily to the jet pump application. This work reported in References 1 and

2 for example, emphasized the inlet flow and assumed that a large subsonic

(diverging) diffuser was required at the outlet to return the flow to small

velocity at the ambient static pressure. The existence of two different resultant

flows after complete mixing of compressible fluids in a constant area duct was

observed in Reference 1, but the second solution, which represented supersonic

flow after complete mixing was not considered as being of practical importance.

These may have been proper conclusion for the jet pump application since the

objective was the achievement of large secondary flow compression and entrainment

4 ratios, rather than high momentum flux increment as is required in the case of

thruist augmenting ejectors.

The use of jet propulsion for aircraft created interest in the ejector

as a thrust augmenter. Unfortunately, the early work in thrust augmenting

ejectors borrowed the jet pump concept of large divergent diffusing outlets

as being desirable for high performance. This concept was reinforced by the

use of incompressible flow theory (References 3 and 4 for example), in the

analysis of the flow and performance of thrust augmenting ejectors, leading

to a limited understanding of the optimal capability of ejector thrusters.

Analyses using compreisible flow theory also presented a bleak picture

of thrust augmenting ejector performance when the ejectoz was translating at

even small velocities in the thrust direction, and when the primary injected

gas was heated. Nagaraja, Hammond and Graetch (Reference 5) for example,

indicate a very rapid decrease of thrust augmentation with increasing velocity

and primary fluid stagnation temperature. It was noted in that document however,

that "as speed increased above about 400 ft/sec, the downward trend of thrust

augmentation begins to abate and indeed turns upward".

287



Very small performance improvement with increasing primary jet stagnation

temperatures at speeds in excess of 400 ft/sec. is also illustrated in Reference 5,

but the data terminated at speeds of about 600 ft/sec, and general conclusions

appear to indicate a degradation of performance with increasing primary jet

stagnation temperature.

As a result of the poor performance predicted by-the incompressible flow

analyses, and by compressible flow analyses as utilized in Reference 5 and

others, very little effort was devoted to experimental work aimed at the

application of ejectors as primary thrusters during high speed flight. Instead,

the Air Force Aerospace Research Laboratory established a research program

called Cold Thrust Augmentation (OTA), aimed at the development of ejectors

using bleed or fan air for thrust vectoring and augmentation during hover and

low speed flight. Under the assumption that ejectors should utilize cold gas

injection, this program devoted itself to the investigation of methods for

acceleration of the mixing process (References 4 and 6 for example). Other

programs were sponsored by the Navy, Marine Corps, NASA, and the Air Force

Flight Dynamics Laboratory in attempts to examine the fundamentals of ejector

phenomena and to stud~y the problems issociated with integration of ejectors

into realistic aircraft designs.

During that period of time other investigators have made valuable

contributions to ejector technology and have in some measure overcome some of

the objections to ejector utilization for V/STOL capability, however, the present

remiarks will be restricted primarily to work with which we are most familiar.

This consists of efforts by Flight Dynamics Research Corporation to demonstrate

the feasibility of designing very compact, high performance ejectors and to

descibetherealistic effects of injected gas characteristics and of

translational velocities in the thrust direction, upon ejector performance.

Early in-ýestigations by VDRC resulted in demonstrating the feasibility of

elimination of a discrete mixing section and of a very short wide-angle diffuser

which diffused a fully attached flow to an area ratio of more than 3.0. This

ejector developed under a Navy/Marine Corps program called STAMP (Small Tactical

Aerial Mobility Platform), developed a thrust augmentation in excess of 2.0 with

a configuration described in Reference 7 and shown on Figure la.
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In this ejector, mixing was achieved by injection of the primary fluid

4 upstream of the inlet of the ejector. The short 45 degree half-angle diffuser

contained a diffuser jet which completely circumscribed the periphery of the

diffuser, to prevent separation and to provide additional diffusion and mixing

length beyond the exit of the solid surfaces of the diffuser. End plates

extending beyond the diffuser exit were used to prevent collapse of the jet

diffuser flow pattern thereby providing additional effective diffuser area

ratio. This jet-diffuser ejector produced a thrust augmentation of 2.13 under

stationary conditions and a net thrust augmentation of 2.68 at a tunnel speed

of 66 ft/sec (perpendicular to the thrust), in the FDRC wind tunnel. This program

is reported in detail in Reference 7.

The removal of the diffuser end plates from the STAMP ejector resulted in a

decrease of thrust augmentation from 2.13 to 1.82. To avoid this deterioration

of performance, a more sophisticated diffuser was designed by FDRC under the

sponsorship of NADC. This diffuser, having a shape derived from the potential

flow theory is shown on Figure lb. It produced a thrust augmentation of 2.13

with a length (measured from the diffuser jet exit) of only 1.25 times the

throat width of the ejector without the end plates required by the STAMP design.

The.curvature and divergence of the ends of the diffuser provided a means for

avoiding the collapse of the jet diffuser flow downstream of the solid surfaces

and provided a means for thrust vectoring in the longitudinal axis of the ejector

as will be discussed later. Methods were developed for the design of this type of

diffuser, which can conceptually be utilized for design of even shorter diffusers.

Details of this effort are described in References 8 and 9.

Protruding primary nozzles were considered as undesirable by aircraft

designers. Therefore a modification of the STAMP ejector injection system was

carried out with joint NASA and NADC support. Many interesting observations

were made during this effort, but briefly a set of nozzles was designed for

* attachment to the inlet of the ejector in a non-protruding manner, as illustrated

* - on Figure lb. Thrust augmentation of 2.02 was measured with the new nozzles and

the diffuser described above. The entire ejector from inlet to end of the diffuser

had a length equal to 2.4 times its throat width, and later modification reduced

this to less than 2 times its throat width for aircraft integration. This work

is reported in References 9 to 11.
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* ~Having develo~ped this extremely small, high performance ejector, FDRC

was given the opportunity to integrate the ejector into a supersonic fighter/

attack aircraft designed by General Dynamics and designated E205 (Figure 2).

This effort was sponsored jointly by NADC and NASA. The achievement of the

required ejector lift force corresponding to a wing loading of 118.3 psf at

a nozzle pressure ratio of 3.0 while limiting the total size of the ejectors

to fit within the structural limitations of the strake of the small supersonic

fighter/attack aircraft necessitated a large injected momentum per unit throat

area and a large thrust augmentation.

In this design, the ejectors are required to provi.de a thrust force to

accelerate the aircraft to transition flight speeds, and the vertical force (lift)

to achieve VTOL capability. This thrust vectoring is accomplished by an asymmetric

extension of the rear ends of the diffusers and by use of specially designed thrust

vector control jets within the ejector. The high value of thrust per unit area of

ejector is achieved as a result of the effective use of injected gas at the

diffuser jet in addition to the primary injection jets. This permitn a high

concentration of injected momentum while maintaining a high inlet area ratio

and correspondingly high -performance. Forces in the flight direction equivalent

to 12% of the total thrust were measured with a single vector control jet in

conjunction with an asymmetric extension of the rear end of the diffuser, in

static tests at FDRC with a short ejector integrated into the forward end of the

strake. The ejectors designed for the E205 are foldable and can be stowed

completely within the strake during normal flight. Testing at high nozzle pressure

ratios will be conducted at NASA Ames Research Center.

asThe design, based upon the use of unheated primary and diffuser gas appeared

asillustrated on Figure 2. Further details are presented in Reference 11.

Ejector design considerations including performance predictions with high

nozzle pressure ratio injected gas and estimated loss factors are discussed in

a later section of this document.
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Ideal Ejector Performance

These programs and others in a more advanced stage of development

(Reference 12 for example) have given some indication that ejectors may

be satisfactory for use in thrust vectoring and augmentation at zero

translational velocity or at low speeds when oriented perpendicularly to

the flight path. The adverse effect of high temperature injected gas has

been considered as inevitable and some systems have been developed using

bleed air or fan air exhaust to minimize this problem. The real advantage

achievable by thrust augmenting ejectors has awaited a more thorough

analytical treatment of the problem. Previous analyses which indicated

very large performance degradations due to translational motion in the

thrust direction and due to the injection of heated gas were lacking in

several important aspects, which have become clear to us as a rcosult of

the effort sponsored by AFFDL and some considerable in-house efforts, some

of which are reported in Reference 13, "High Speed Ejectors".

The analysis of the flow th~rough an ejector under the assumption that

the fluids are incompressible, yields results which are pertinent to those

systems which operate underwater (References 14 and 15 for example). However,

incompressible fluid analyses cannot provide information related to the effects

of high pressure and temperature injected gas, nor those phenorrena which are

associated with heat transfer such as thermal choking. Therefore, realistic

estimates of the performance and flow characteristics within a thrust augmen~ting

ejector required to utilize the exhaust from conventional gas turbines, ramjets

or rockets as the source of power, must utilize the theory of conpressible flow.

In addition to the choice between compressible and incompressible theory,

the analysis of ejector flow generally utilizes a choice between constant pressure

and constant area mixing. The selection of one of these two cycles permits precise

expression of the momentur, theorem in the mixing section in a global analysis. Of

these two choices, the use of constant pressure mixing results in the simpler

mathematical formulation and better pumping characteristics (Reference 1) and

has been utilized extensively in jet pump ejector literature.
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Unfortunately the design of a zonstant pressure mixing duct becomes

difficult since the exact shape of the duct cannot be determined by a

global analysis and would require a complex, detailed analysis of the flow

throughout the mixing process. A further disadvantage to the use of constant

pressure mixing is related to the obvious restriction to the variation of the

static pressure'during mixing. The processes are restricted to those in which

the pressure after mixing is identical to the pressure of the two individual

flows at the start of mixing. The potential thermodynamic and aerodynamic

advantages attributable to pressure changes during mixing are obviated by the

assumption of constant pressure. This is immediately evident by observation

of the character of the solution to the global treatment of the mixing problem

under both assumptions. Clearly the constant area mixing problem has two

solutions while constant pressure mixing has only one solution, and the freedom

to permit pressure variations provides the opportunity to observe many cypes of

flow patterns not possib'.e within the constant pressure restriction.

The assumption of constant area mixing is also restrictive, but the

feasibility of using a global analysis, of writing a precise momentum equation,

and the geometric simplicity has prompted its use in analytical treatr'ents of

the ~mixing problem. It appears possible that some special mixing duct designs

would result in better performance but no such analysis has been published

to date to our knowledge. Therefore all further discussion of ejector flow

and performance in this report will be based upon the assumption of constant

area mixing of compressible flow, and will use the symbols and station designation

presented on Figure 3.

Gas Generator

p.0
M ~(Primary Flow) POO

T IE co
CO

(Induced Flow) -

Figure 3. Ejector Configurations and Station Designation
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As will be shown by means of the analyses described in the "High Speed

Ejectors" report (Reference 13), high speed and hot gas injection need not have

the adverse influence on ejector performance predicted by previous analyses.

Although the reasons for these divergent views are complex in detail, there are

several rather obvious differences in the treatment of ejector flow as presented

in the "High Speed Ejector" report compared to the previous compressible flow

analyses.

Most importantly, it has been observed that either of two distinct types

of flow may exist after complete mixing of compressible fluid in a constant

area duct. The so-called "first solution" always results in a subsonic (or

sonic) flow after complete mixing, regardless of the conditions at the start

of the mixing process. This solution dictates the geometric characteristics

of the ejector required to return the mixed subsonic flow to ambient pressure

at the outlet. The so-callcd "second solution" always results in a supersonic

(or sonic) flow after complete mixing, regardless of the conditions at the start

of the mixing process. obviously the geometric characteristics of the ejector

required to return this supersonic flow to ambient pres. ure will differ from

those of the first solution. Since the mathematics allows only supersonic mixed

flow under the second solution, it is obvious that certain conditions at the

start of mixing may be inconsistent with physical reality. These conditions

ca~n be screened out by consideration of the Second Law of Thermodynamics.

Although both solutions have been observed previously, to our knowledge, no use

has been made of the second solution in the design of thrust augmenting ejectors

to date.

Further, optimal geometries exist for all conditions examined by means of

the compressible flow analysis. The optimal geometry is dependent upon the

solution (first or second) utilized in the analysis, the operational and

injected gas characteristics, and upon the losses within the ejector. As will

be shown, the thrust augmentation achievable decreases rapidly on either side

of the optimal inlet and outlet configurations. While some variations of outlet

area have been examined, it is not apparent that those experiments were

performed in the light of theoretical guidance nor that the geometries were even

close to the optimal given by the theory.

In the following discussion, use is made of several unique parameters not

generally used by theoreticians, but which we believe are important in relating

theory to reality.
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To evaluate the influence of any parameter on ejector performance, it is

essential that the ejector size be fixed in relation to the size of its

reference jet. To accomplish this it is necessary to define a reference jet

as a free jet whose gasE has the same stagnation properties and mass flow as

those of the primary jet of the ejector. Then the relationship of the mixing

section area of the ejector to that of its reference jet when expanded

isentropically to ambient pressure (0am), defines the ejector size. When the

nozzle pressure ratio is supercritical, it is sometimes convenient to relate

the size of the mixing section of the ejector to the throat area of the reference

jet (a*~). In either case the comparison of ejector size to that of its reference

jet remains constant as the pressure at the injection plane in the ejector varies

as a result of changes in the ejector geometry.

When the ejector is in motion in its thrust direction, it is necessary to

comparc its performance with that of its reference jet while in motion under the

same conditions. Thus the variation of nozzle pressure and temperature with

changes in the translational velocity must be considered in a realistic manner.

This can be accomplished with reasonable realism if the nozzle pressure and

temperature ratios are expressed as increments in excess of the free stream

ratios. Thus in the--analyses presented, the nozzle pressure and temperature

ratios are expressed in terms of tAP/p,, and AT/T.. Obviously data presented for

a fixed flight Mach Number can be related to fixed stagnation properties as is

done on the maps to be described in the following discussion, but in presenting

data on ejector performance as a function of its translational velocity, it is

more realistic to utilize constant values of AP/p, and AT/T. and permit the nozzle

pressure and temperature ratios to vary with the free-stream pressure and temperature

ratios. Further, the net thrust of the ejector should be compared to the net

thrust of its reference jet, to provide a meaningful indication of the ability

of the ejector to augment the thrust of its reference jet.

These considerations have been utilized in the preparation of the data

to be discussed in the following section.
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Stationary Ejector

To i~llustrate the importance of a proper selection of the ejector

configuration, we first examine the so-called stationary case in which

the ejector is at rest with respect to the undisturbed medium or oriented

so that its thrust vector is normal to the flight direction. Figure 4

illustrates the influence of ejector geometry upon the performance and

thermodynamics of the flow in a stationary ejector. The chart was prepared

with a fixed value of a. (=20) to assure consideration of an ejector whose

mixing duct area has a constant relationship to the area of the reference

jet when fully expanded to ambient pressure. To simplify the presentation,

the thrust augmentation, ratio of mechanical energies of ejector output to

reference jet output, and the outlet area ratio required to return the mixed

flow to ambient pressure are plotted versus the Mach Number (M) of the induced

f low at the start of mixing. M 1 also determines the geometry at the inlet and

outlet of the ejector for any given operational and injected gas characteristics.

As indicated, there are three performance points where the thrust augmentation is

optimal.

Under the first, solution a-maximum thrust augmentation always occurs with

subsonic valies of M .In this particular case it occurs very close to the lower

limit of thermal choking. This optimal point varies with operational and injected

gas characteristics.

The second solution usually displays a local maximum performance point with

a supersonic value of Mi, which in this case occurs at the higher limit of

choking, and a limiting performance at a subsonic value of Mi. limited by the

Second Law of Thermodynamics.

It is interesting to note that in this ideal limiting situation, the

total entropy of the mixed flow is equal to the sum of the entropies of the

flows at the start of mixing and that the mechanical energy of the ejector

discharge can be larger than that of the reference jet. Thus some of the

thermal energy of the reference jet is converted to mechanical energy during

the mixing process. Real gas effects and wave losses obviously preclude

achieving the performance predicted by the AS = 0 point, but achievement

of this second solution flow pattern would obviously result in superior

performance to that achieved by the conventional first solution.
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Limit Point (AS=O)

• _ - \• 2nd Soln.
3 \ _

Choking Limit

1st Soln j

M.E.= Mechanical Energy
04J Q (above freestream level)o -,

U ' 2nd Soln.

0 0 1st Soln.

'01

o 4

" 3

Slst Soln.-- ..
,• 2

- - 2nd Soln.

I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Mach No. of Secondary Flow at Station 1

"Mo = 0; AP/p• = 3; AT/T = 4; ax = 20

(P /P• = 4; T /T, = 5)
or op

Figure 4. Example of Stationary Ejector
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To illustrate the influence of primary fluid stagnation temperature and

outlet geometry on stationary ejector performance, the variation of thrust

augmentation is plotted versus outlet area ratio, for the first solution

(Figure 5) and for the'second solution (Figure 6), at an arbitra-rily chosen

primary nozzle pressure ratio and for several different primary nozzle

stagnation temperatures. on these figures, the outlet area ratio is defined

as the ratio of the area at the section where the pressure returns to axnbierc

to the area of the mixing section of the ejector. on Figure 5, the outlet in

the regions of practical interest (near maximum perforinance) is a diverging

diffuser (area ratios greater than 1.0 and all discharged flow is subsonic).

Both the thrust augmentation at a fixed outlet area ratio and the maximum

achievable thrust augmentation decrease with increasing primary jet stagnation

temperatures when the outlet area ratio is smaller than a certain critical value.

At larger values of the outlet area ratio (supersonic mixing) , the thrust

augmentation increases with increasing primary jet stagnation temperatures when

the outlet area ratio is fixed. Maximum thrust augmentation in th.'½ region

however, decreases with increasing primary jet stagnation temperatures. The

natural solution of this region, (where outlet area ratios correspond to

supersonic values of M 1), is presumably the second solution.

Under the second solution (Figure 6), where the flow after complete mixing

is supersonic, the ideal outlet (for the cases shown) is a converging or convergent-

divergent diffuser. In order to distinguish between these two different types of

outlets, dashed lines are used to represent the convergent diffuser while solid

lines represent the convergent-divergent diffuser (which requires a sonic throat).
As in the case of the first solution, increasing primary jet stagnation temperatures

have an adverse influence on performance with a given outlet area ratio. Maximum

limiting performance however, improves with increasing primary jet stagnation

temperatures as a result of the ability to operate at smaller outlet area ratios

without violation of the Second Law of Thermodynamics.

Comparison of Figures 5 and 6 disclose the considerable performance advantage

in the use of second solution design criteria, even for the stationary ejector.
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To provide a quick reference for determination of the influence of

primary jet pressure and temperature ratios on ejector performance, maps

showing ideal iso-augmentation lines with the appropriate configurations of

inlet and outlet, on pressure-temperature surfaces are presented on Figures

7 to 9 for a stationary ejector with ot.= 20 (a mixing duct having an area

equal to 20 times that of the reference jet when fully expanded to ambient

pressure).

Figure 7 represents the ideal performance of an ejector at rest or whose

motion is normal to the thrust direction, designed with a geometry described

by the optimal condition under the first solution. To our knowledge all thrust

augmenting ejectors designed to date have utilized this design criterion but

little effort has been devoted to optimization. As shown on Figure 7, ejectors

designed under this criterion display a performance degradation with increasing

primary jet pressure and temperature ratios. These ejectors require an accelerating

inlet, and a subsonic diffuser or nozzle outlet for conditions within the boundary

of Figure 7. The achievement of high performance ejector designs under this

criterion lies in the effective design of diffusers, the minimization of component

losses and the optimization of the geometry for any given set of injected gas

characteristics, as will-be illustrated on Figures 16 and 17.

Figure 8 represents the same opetational conditions as those of Figure 7,

but assumes that design criteria are established by use of the second solution

with supersonic induced-flow at the start of mixing, which requires a convergent-

divergent accelerating inlet. As shown, increasing primary jet pressure and

temperature ratios produce performance deterioration. Excessively high temperatures

result in no analytical solution.

Use of the second solution with subsonic mixing is limited to the region

where the total entropy change during mixing is greater than zero. At the

limit (AS = 0), ideal ejectors display a maximum performance limited by the

Second Law of Thermodynamics and at this point the performance map is as presented

on Figure 9. Under this design criterion the ideal performance is very high

over the entire practical range of primary pressure and temperature ratios.

301



Using this design criterion, increasing primary jet stagnation temperature

generally results in improved performance except at relatively low temperatures

(AT/To < 1) as illustrated. As shown, within the boundary of Figure 9, the inlet

is a subsonic accelerating duct, while the outlet is either a convergent-divergent

supersonic diffuser, or a convergent supersonic diffuser.

Obviously losses due to wave drag, skin friction, blockage, etc., will result

in some performance degradation. These effects will be discussed in a later

section of this docurnent.
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Subsonic Flight Speeds

Thrust augmenting ejectors encounter their most difficult operational

conditions in the mid-subsonic range of flight speeds. At these speeds, the

beneficial effects of ram compression tend to be balanced by their adverse effects.

optimal ejector designs based upon the first solution with subsonic mixing

are distinctly divided into two types separated by the upper line of =1 on

Figure 10. The first type is sketched below the 4~=1 line and as shown has

similar geometry to the conventional stationary ejector design which has an

accelerating inlet and operates best with relatively low temperature injected

gas (like fan air for example). The second type requires a compression inlet,

and operates best at relatively low nozzle pressure ratios and high temperatures,

or ramjet like injected gas. The first (conventional) type ejector can not achieve

adequate performance at this flight speed, as shown. The performance of the

second (ramjet) type ejector becomes significant and shows good performance at

this flight Mach number (0.7) as illustrated on Figure 10. This is not evident

in the stationary case (Figure 7). As will be shown later, the ramnjet type

ejector dominates the ejector design configuration under the first solution

at higher speeds.

Ejectors operating at a flight Mach Number of 0.7 and designed under the

secorid solution witi, supersonic mixing also display very~poor optimal performance.

The best performance, however, occurs at high primary nozzle pressure ratios and

low primary temperature ratios as illustrated on Figure 11.

Figure 12 illustrates the tremendous advantage achievable through the use

of the second solution with subsonic mixing. The ideal, limiting performance

achievable by ejector designs prescribed by thi,.s type of flow can be very high

over the entire practical range of primary pressure and temperature ratios.

Further, the performance of these ejectors improves with increa sing primary

stagnation temperature (except for temperature below roughly the fan-air line),

but falls off with increasing primary stagnation pressure. As indicated on

Figure 12, the appropriate outlet design is a supersonic diffuser, ei.ther

convergent or convergent-divergent. Therefore wave losses at the outlet become

the major concern in designing this type of ejector for operation at this flight

speed range.
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Supersonic Flight Speeds

Ejectors translating at supersonic speeds can provide very large thrust

augmentations provided the design criteria and injected gas characteristics

are properly chosen and the configuration of the ejector is optimized.

Figure 13 illustrates the ideal performance of ejectors designed under

the optimal conditions of the first solution, while translating at a Mach

number of 2. As shown, better performance occurs at higher temperature and

lower pressure ratio injected gas (ramjet type efflux), but the performance is

a rather weak function of the nozzle pressure ratio, thus providing good

performance even with turbojet or rocket type injected gas. As illustrated a

supersonic convergent-divergent diffuser is required for ideal inlets and

outlets over thisý range of specified conditions for flows resulting from this

optimal desigr. point,

Figure 14, illustrates the ideal, optimal thrust augmentation for ejectors

translating at a Mach number of 2, when designed under the second solution with

supersonic mixing. Better performance in this case also occurs when the

injected gas has a higher stagnation temperature. The inlet is a supersonic

converging diffuser, and the outlet is a diverging nozzle over most of the

range of conditions illustrated.

Figure 15 illustrates the ideal, limiting thrust augmentation for ejectors

translating at a Mach number of 2, and designed under the second solution with.

subsonic mixing. This limiting performance occurs at the condition where the

total entropy after mixing is equal to the sum of the entropies of the primary

and induced flows at the start of mixing. As shown, the limiting performance

under this condition still achieves its maximum values (for a given temperature)

with ramjet type injected gas, but the performance of ejectors designed under

the second solution with subsonic mixing is considerably better than that

achievable by ejectors designed under either of the other conditions. To

achieve this type of flow at the prescribed flight Mach number it is essential

that the ideal inlet be convergent-divergent, and the outlet be a divergent

nozzle as illustrated. Therefore, inlet compression loss is likely to be a

major factor controlling the ejector performance.

The influence of losses in the ejector flow upon optimal design criteria

and performance are illustrated in the following discussion.
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Influence of Losses on Ejector Performance

The actual performance of an ejector will obviously be degraded in

comparison to that calculated under the assumption of ideal flow. This

degradation of performance may be attributed to skin friction, blockage,

incomplete mixing and where supersonic flow is involved, to wave losses.

The actual realistic performance of ejectors can only be determined by

precise evaluation of the various loss factors or by experiment. Exaggerated

concepts of the amount of degradation due to the losses can result from

overly pessimistic estimates of some loss factors or from a failure to properly

optimize the ejector geometry in view of the losses.

Since thrust augmenting ejectors operate with an overall pressure ratio

of 1 (ingestion and discharge are at ambient pressure) , the processes occurring

within the ejector generally require compression and expansion. Constant pressure

throughout the cycle always results in very poor performance. Those operational

and injected gas characteristics which can result in very high ideal performance

virtually always require a high degree of compression (adverse pressure gradients

or shock waves) at the inlet or outlet, or both.

..Obviously, an, ejector at rest with respect to the undisturbed medium must

have an accelerating (expansion) inlet. Thus, as is well known, high performance

requires high compression (diffusion) at the outlet.

Ejectors translating at high speed (subsonic or supersonic) may have either

expansion or compression inlets at their optimal performance configuration, but

high performance will generally require a compression process as a part of the

cycle.

It is those compressive elements of the ejector which may significantly

alter the ideal flow pattern (flow separation for example) and which must be

carefully designed to avoid excessive losses if high performance is to be achieved.

The following discussion is intended to illustrate the influence of those major

losses on ejector design and performance.

Subsonic Compression

In a conventional ejector configuration, the outlet generally consists of

a subsonic diffuser. This is particularly true for ejectors designed under the

first solution for operation at low subsonic speeds, with low stagnation pressure

and temperature primary fluid (Figure 7 and the lower part of 10 for example).
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At high subsonic speeds, subsonic compression inlets dominate the configurations

which achieve optimal performance, as illustrated on Figures 10 and 12. This inlet

configuration is somewhat similar to those utilized for subsonic jet engine inlets,

but the details of these designs remain to be investigated.

The jet-diffuser ejector was created to overcome the subsonic compression

problem involved in the conventional ejector outlet. However, other major obstacles

to high performance include the primary nozzle attitude and mixing, which contribute

to variations of the flow pattern. In addition, skin friction and inlet blockage can

contribute to high losses. Methods utilized to evaluate and optimize these factors

are described below.

Jet-Diffuser Ejector - Designed Under the First Solution

To illustrate the advantage achievable by optimal ejector design, the

arnalysis described in Reference 13 was used to evaluate the performance and

to determine the optimal geometry of the stationary jet-diffuser ejector to

be integrated into the E205 (as shown on Figure 2). The influence of geometric

diffuser area ratio, nozzle pressure ratio and the loss factors upon the thrust

augmentation of a jet-diffuser ejector with an appropriately designed inlet are
described on References 9 - 11 and illustrated on Figures 16 and 17.

Nozzle thrust efficiency CnrN) had been evaluated experimentally at a

low pressure ratio (NPR = 1.24) as reported in Reference 10. At this low

pressure ratio, the nozzle thrust efficiency was determined to be 0.96, and

it is estimated that at high pressure ratios, this factor will exceed 0.99

as a result of the Reynolds Number effect. The inlet drag coefficient (C d

was determined by experiment and theoretical correlation to be 0.013 for a

two-dimensional ejector. The increase of C di due to skin friction at -he

-, ends of the ejector is a function of the throat aspect ratio of the e~ector

and is taken into consideration in the performance calculations used to

derive Figures 16 and 17. The effect of skin friction on the diffuser jet

is evaluated with the aid of conventional boundary layer theory as described

in Reference 13. To include viscous effects, the influence of manufacturing

and flow non-uniformities, two and three-dimensional effects and finite

longitudinal dimensions, a factor (nd called jet-diffuser efficiency was

used to represent the ratio of the effective to the geometric area ratio

4' of the solid portion of the diffuser as described in Reference 13.
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Figure 16 illustrates the existence of an optimal diffuser area ratio

for any given nozzle pressure ratio. The magnitude of this optimal diffuser

area ratio and the corresponding thrust augmentation achievable with this

optimal design depend upon the other geometric ejector factors and the loss

factors. Thus, as shown on Figure 16, an increase of the diffuser area ratio

can compensate somewhat for the performance degradation due to increased losses.

Conversely, diffuser area ratios in excess of-the optimal values can result in

large performance losses. The lowest dashed curve on Figure 16 is drawn to

indicate the correlation between analysis and experiment for the test conditions

utilized in the experiments. The measured thrust augmentation of 1.95 achieved

during the testing is very close to the theoretical curve resulting from the

use of the factors derived for the ejector having a diffuser area ratio of 2.78.

As shown on Figure 16, testing of this same ejector at high pressure ratios

(greater than about 2.0 to 2.5) would result in operation beyond the optimal

point with drastic degradation of performance. For example, at a nozzle

pressure ratio of 3.0, the thrust augmentation would be reduced from its

optimal value of 1.95 to about 1.32, if the diffuser area ratio remained

at 2.78. To provide optimal performance at a nozzle pressure ratio of 3.0,

the solid diffuser area ratio must be reduced to about 2.3 if the losses at

this pressure ratio are-as assumed. Experiments were conducted with the diffuser

cut down to an area ratio of 2.3 and, as illustrated, the measured thrust

augmentation was 1.93 at the nozzle pressure ratio of 1.24. This experimental

point lies above the theoretical curve indicating an improvement of the

jet-diffuser efficiency (nl ), due to the decreased diffuser area ratio.
dj

Figure 17 illustrates the variation of the thrust augmentation of the

jet diffuser ejector as a function of nozzle pressure ratio for an ejector

with a fixed diffuser area ratio of 2.3. As illustrated, a change of the

jet-diffuser efficiency from 0.7 to 0.8 results in a reduction of the cut-

off nozzle pressure ratio from 2.95 to 2.55. Thus if the jet-diffuser

efficiency is increased as a result of the reduction of the area ratio,

testing at a nozzle pressure ratio of 3.0 would result in very poor performance,

since it would exceed the cut-off point shown on Figure 17. In that case,

it would be desirable to reduce the nozzle pressure ratio to about 2.5 or to

further reduce the diffuser area ratio to about 2.0, or increase the stagnation

temperature of the primary jet.

A carefully planned experiment for correlation with this theory would be

of great value in the design of thrust augmenting ejectors.
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Inlet Wave Losses

Ejectors translating at supersonic speeds generally have an expansion

outlet (either subsonic to supersonic or supersonic to supersonic, as shown

on Figures 13 to 15) or a very weak supersonic compression outlet at low

supersonic flight speeds. Therefore compression losses at the outlet are not

a concern to the ejector design. The ejector may have a subsonic or a supersonic

Mach No. (M 1) at the start of mixing. With supersonic mixing CM 1 greater than 1.0),

the inlet for optimal designs is usually decelerating, and requires some weak

compression of the supersonic flow. Since high compression can be avoided in

this case, the performance degradation compared to the ideal should be small and

can be evaluated. With subsonic mixing (M1 less than 1), ejectors generally

perform better than with supersonic mixing, but the inlet wave loss is also

significant.

Figure 18 illustrates the change in the optimal ejector configuration and

the performance degradation of supersonic ejectors, resulting from inlet losses.

The losses were evaluated with the use of the standard engine inlet compression

loss specification as required by MIL-E-5007D, in an ejector translating at a

Mach number of 2. As indicated, the inlet compression loss results in a performance

reduction and a configuration change. The optimal geometry is modified by the

losses for designs under the first solution. Consideration of performance in the

light of known losses requires a sm'aller value of M 1 than in the ideal case, and

if properly optimized, the performance degradation can be small. Under the second

solution, with subsonic Mir the design configuration change is small but the thrust

augmentation is degraded from a value of 3.13 to 2.56 due to the inlet losses.

Outlet Wave Losses

The performance achievable by ejectors designed under the second solution

with subsonic mixing has been shown to be considerably better than that achieved

by designs under the other optimal conditions over the entire range of flight

conditions encountered by modern aircraft. This second solution with subsonic

mixing design criterion is particularly important for flight from the mid-subsonic

to transonic speed range, since other optimal conditions generally can not achieve

the desired performance, with efficient gas generators. The actual achievement of

the flows required to obtain this high performance involves the design of outlets

capable of accepting supersonic flows at some arbitrary pressure and returning

them to ambient pressure with minimal or acceptable wave losses.

319



I,,I3.51

3.0 i
* f AS=O

o 2.5
. ,/2nd Soln (ideal)

' 20' 2n S
2nd Soln with loss*E ltSoln (ideal)'•

1.5

E 1.0

0.5 st Son with loss*
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Mach No. of Secondary Flow at Station 1, MI

Condition: (Ram-jet) M., = 2; AP/pm = 0; AT/TW = 10; am = 20

*loss: MIL-E-5007D Inlet Recovery Factor

for 1 < M < 5 is,
pWPo 01I.35

= .�21 = 1-0.075 (M - 1)
2. P

Figure 18. Supersonic Ejector with Inlet Compression Loss

320



In an attempt to demonstrate the feasibility of achieving the flow and

performance attributable to second solution-subsonic mixing ejectors, FDRC

with support from AFOSR and AFFDL, has initiated studies of the outlet design

required by such ejectors. The study included an investigation of the..starting

problem for such supersonic flows and the losses and realistic performance of

fixed geometry outlets capable of "swallowing" the starting shock wave and of

avoiding excessive outlet losses. As a continuing part of this study, the

use of simple, adjustable outlets have also been investigated.

Fixed Geometry Outlets

The starting problem can be avoided if the ideal isentropic outlet

has a minimum area larger than that required for accomodating the mass flow

when a normal shock wave is present in the mixing section, similar to the

supersonic wind tunnel design discussed in Reference 16. In other words, the

starting problem disappears if the mixed flow has a static pressure high enough

to permit isentropic return to ambient pressure without excessive supersonic

compression. Investigation to date showed that avoiding the starting problem

is possible only at high flight speed (especially supersonic) and at high

primary stagnation pressures and temperatures. These characteristics represent

some realistic, in flight conditions and are encouraging from the point of view

of the feasibility of designing operational systems which are quite simple.

However, at supersonic speeds, the inlet compression loss becomes dominant, as

discussed earlier. It has been observed that the utilization of an exit area

large enough to accomodate the mass flow when a normal shock wave exists in the

mixing section, can result in one of four possible outlet flows, described

schematically on Figure 19.

When the steady state flow after mixing is supersonic and has a sufficiently

high pressure to be returned isentropically to ambient pressure with very little
. -or no supersonic compression, a shockless outlet can be utilized. In this case

* no starting problem exists. The outlet design for these conditions can appear

as illustrated on Figures 19a and 19b.

In Figure 19a, the isentropic outlet design for starting as well as cruise

operation is a divergent nozzle, which represents the case in which the supersonic

flow at the end of mixing has a pressure in excess of ambient and must be expanded

to return to ambient pressure.
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Figure l9b illustrates the case in which the supersonic flow after mixing

has a pressure less than ambient and isentropic compression to ambient pressure

results in a smaller, but still supersonic Mach number, and with a minimum area

larger than that required for accomodation of the subsonic mass flow behind a

normal shock wave in the mixing section.

When the flow after mixing is supersonic and has properties such that its

isentropic return to ambient pressure requires high compression, and results

in low supersonic or subsonic exit velocities, it is impossible to avoid outlet

shock waves if the starting problem is considered. The outlet flow pattern

and schematic shapes for these situations are represented on Figures 19c and l9d.

Figure 19c illustrates the situation in which the ideal steady state

operating outlet has a minimum area (either a "sonic throat" or the outlet opening)

which is smaller than the minimum area required for starting (swallowing the

starting shock wave). If the properties of the flow after mixing are such that

a normal shock wave at the minimum starting area will result in exit pressure

greater than ambient, and if the ejector outlet has an opening corresponding to

the minimum starting area, the final compression of the flow to return to ambient

pressure will be accomplished by a system of oblique waves. This situation

appears to dominate ejectors which are translating at low subsonic to transonic

speeds.

Figure 19d illustrates a situation in which the ideal steady state operating

outlet has a minimum area which is smaller than that required for starting

and in which a normal shock wave at the minimum starting area will result in

an exit pressure which is smaller than ambient. This situation can result in

either a stronger shock wave to satisfy the exit pressure requirement or, more

desirably, a weak normal shock wave at the minimum area followed by a subsonic

diffuser. The application for this type of outlet appears to be in the low

subsonic flight speed regime, or low primary stagnation pressure and temperature

* gas at higher subsonic speeds.

* The performance of ejectors suitable for laboratory study, using cold air

supplies and translating at a Mach number of 0.65 and utilizing fixed geometry

outlets is shown as a function of the nozzle pressure ratio on Figure 20. As

indicated this type of outlet design for a second solution ejector with subsonic

mixing is capable of performance which is considerably better than that obtained

from ideal optimal first solution or second solution with supersonic mixing designs.
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Note that a* is 25 for the considerations presented on Figure 20. This means
that the mixing duct area is fixed at 25 times the throat area (for supercritical
pressure ratios) or 25 times the jet area when fully expanded to ambient pressure
(for subczitical pressure ratios). Also, the entrainment ratio (induced mass flow
rate/primary mass flow rate) for the conditions shown on Figure 20, decrease rapidly
from about 21 at AP/p. - 0.2 to about 1 at AP/p . = 20 under the second solution

at the limiting design point, AS - 0.
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a) Shock-Free Supersonic Nozzle

b) Shock-Free Supersonic Diffuser

c) Supersonic Diffuser Followed by
Systems of Oblique Waves

Normal Shock

Subsonic Diffuser

d) Supersonic Diffuser, Normal Shock Wave
Followed by a Subsonic Diffuser

Figure 19. Fixed Geometry Outlets For Thrusting Ejectors
Designed Under Second Solution
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Simple Adjustable Outlet

Those conditions which require outlet designs in which the ideal minimum

area cannot accomodate the mass flow under the starting condition are of two

types illustrated on Figures 19c and 19d. Figure 19d, represents a configuration

which requires a subsonic diffuser downstream of the minimum starting area. This

would require a complex mechanism, similar to an adjustable second throat utilized

in supersonic wind tunnels, for achieving an efficient outlet capable of swallowing

the starting shock wave and providing an optimal outlet during cruise operation.

Fixed geometry outlets corresponding to the starting condition are probably the

most practical design for these conditions.

Fiqure 19c represents a more universal wave pattern which can provide

acceptable but still quite degraded performance compared to the isentropic case

as illustrated on Figure 20. By designing a simple adjustable outlet, the cruise

performance of the ejector will be almost equivalent to that of the ejector with

an isentropic ojutlet.

The simple adjustable outlet consists of a flat surface (in a two-dimensional

ejector) on either side of the outlet, capable of very small rotation only, as

illustrated on Figure 21. In the starting configuration these surfaces are

adjusted to provideý the required minimum starting area (Figure 19c or 21a) . The

surfaces can then be rotated to reduce the outlet area. The reduction of outlet

area results in a reduction of the Mach number and an increase of the static

pressure at the exit section. Obviously, the Mach number inside the exit section

is still supersonic. When the increase of the static pressure is sufficient to

compress the mixed flow to ambient pressure, the external starting oblique wave

system (Figure 21a) will be eliminated during the outlet area adjustment, and the

wave pattern associated with the cruise configuration will appear as shown on

Figure 21c, which has a supersonic exit flow. When the increase of static pressure

is not sufficient to return the mixed flow to ambient pressure, the external

starting oblique shock wave system will require larger wave angles, due to the

decreasing Mach number and finally form a normal shock wave at the exit section

(Figure 21b) , during the outlet area adjustment. Since the final compression of

the mixed flow is accomplished by a normal shock wave, the discharged flow is

subsonic.
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The performance improvement resulting from the adjustment of the outlet is

shown on Figure 20. This analysis for the simple adjustable outlet utilized

the concept of two internal oblique shock waves as shown on Figure 21, for

realistic evalua~tion of the wave loss. These wave losses have been shown to

have very little effect upon the ejector performance both during starting or

with fixed geometry configurations (Figure 19) and therefore the internal waves

(if any) in the fixed geometry configurations have been neglected.
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Starting

a) Starting Configuration

Starting
Are a

b) Cruise Configuration with a
Normal Shock at the Exit

Starting
Ar a

c) Cruise Configuration without a
Normal Shock at the Exit

Figure 21. Simple Adjustable Outlets
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Conclusions

The process of mixing of compressible gases represents one of the most

outstanding examples of the erroneous conclusions which can be drawn as a

result of the use of incompressible flow theory where the fluids are actually

compressible. Limitations implicit in the incompressible flow theory result

in a failure to display the reality of a "second solution" which represents

configurations having the best ideal performance over the entire ranges of

operational and injected gas characteristics. Incompressible flow theory

also fails to describe limitations due to thermal effects and choking.

The analysis of ejector flows based upon the use of compressible flow

theory provides insights into the influence of motion in the thrust direction

and thermal effects due to the injection of hot primary gas, which are of

great value in the design of thrust augmenting ejectors operating in and with

compressible fluids.

As shown by the compressible flow analysis, a properly designed ejector

can derive beneficial performance from the utilization of'the thermal energy

content of its primary, injected fluid. Further, the performance of thrust

augmenting ejectors need not deteriorate as rapidly due to motion in the

thrust direction as is indicated by incompressible flow theory, provided the

variation of stagnation characteristics of the injected and ingested gas are

properly treated with changes of velocity.

The choice of ejector geometry required to achieve optimal performance is

also essential to the design of high performance ejectors. The variation of

optimal geometry with loss factors, in addition to the operational and injected

- gas characteristics must be considered in the final selection of ejector geometry.

Properly designed thrust augmenting ejectors can achieve high performance

over the entire range of flight conditions, and can achieve large savings of energy

(fuel consumption) in most aircraft applications.
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PRESENTATION SUMMARY

AN OVERVIEW OF "SUPERSONIC" E~JECTOR

PERFORMANCE ANALYSES

Three general approaches are available for the analysis of "supersonic"

ejector performance. In order of complexity, they are: (1) one-dimensional

flow models, (2) combined one- and two-dimensional interactive flow models

with a superimposed viscous mixing component, and (3) application of finite-

difference approximations of the Navier-Stokes equations to the overall

flowfleld within the ejector.,,_Ihonstant-pressure and constant-area one-

dimensional flow models are well developed and understood. The constant-area

ejector model has the advantage in that this simplified model retains most of

the essential features which are observed in ejector operation. The constant-

pressure model is restricted in the features which can be included and in the

range of ejector operating characteristics which can be predicted. The

combined one- and two-dimensional interactive flow models have been developed

during the past twenty years. These flow models provide a means for predicting

overall supersonic ejector performance and details of the flowfield in the

interaction region for non-constant area mixing ducts. Unfortunately, this

approach is, in general, both tedious and computationally time consuming.

The finite-difference approach to analyzing supersonic ejector performance is

in the developmental stage. This general approach offers many positive

* , incentives; however, there are still considerable difficulties to be overcome.

* - The objectives of this presentation will be to provide a brief overview

of each of the methods for predicting "supersonic" ejector performance, to

outline the significant features and advantages/disadvantages of each method,

and to suggest possible future directions for consideration.
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NOMENCLATURE

Symbols

C p Specific heat at constant pressure

h Specific enthalpy

L Length

M Mach number

Mw Molecular weight

P Pressure

R Gas constant

rd Diffuser compression coefficient

V Magnitude of velocity

Wa Mass flowrate

W Work, shaft and shear

y Ratio of specific heats

p Density )
SSecondary-to-primary mass flowrate ratio, ws/wp

Subscripts

0 Stagnation state or location

1, 2, 3, 4 System locations

ATM Atmosphere

B Back

BO Break-off conditions

M Mixed

MAX Maximum

P Primary

S Secondary

T Total

To Refers to stagnation temperature function

X, Y Upstream and downstream normal shock locations
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PRESENTATION SLIDES

I

GENERAL EJECTOR CLASSIFICATIONS:

* "SUBSONIC" EJECTOR

(1) SMALL COMPRESSION PRESSURE RATIO
(2) LARGE SECONDARY (INDUCED) MASS FLOWRATE

* "SUPERSONIC" EJECTOR

(1) LARI•GE COMPRESSION PRESSURE RATIO
(2) SMALL SECONDARY (INDUCED) MASS FLOWRATE
(3) EXHIBITS "CHOKING"/"LIMITING" FLOW

PHENOMENA

POSSIBLE "SUPERSONIC" EJECTOR ENTRANCE FLOWS:

PRIMARY (DRIVER) SECONDARY (INDUC ED)

0 SUPERSONIC SUBSONIC

0 SUPERSONIC SUPERSONIC

"SUPERSONIC" EJECTOR FLOW REGIMES (AFTER FABRI) WITH

-SUBSONIC/SUPERSONIC FLOWS:

* "MIXED" FLOW REGIME

* "SUPERSONIC" FLOW REGIME

* "SATURATED SUPERSONIC" FLOW REGIME
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p P M3

Mixing tube

StaticS•pftuwre

wall tops

Primary nozzle

,Secondary

flow pO
TPO

Primary flow

Constant-ral mixing section

4 "':•Secondary

M1 -- Uniform
mixed
flow

Primary MM3 < 1
MIVI > ,,-iP,

Exists only for the "supersonic" regime
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EJECTOR FLOW REGIMES

"MIXED" FLOW REGIME CHARACTERISTICS:

0 SECONDARY (INDUCED) FLOW IS UNCHOKED AND IS
DEPENDENT ON THE DOWNSTREAM PRESSURE BOUNDARY
CONDITION

* MIXING TUBE WALL PRESSURE DISTRIBUTION IS
AFFECTED BY THE DOWNSTREAM PRESSURE BOUNDARY
CONDITION

EJECTOR FLOW REGIMES

"SUPERSONIC" FLOW REGIME CHARACTERISTICS:

* SECONDARY (INDUCED) MASS. FLOWRATE IS "CHOKED"
AND IS INDEPENDENT OF THE DOWNSTREAM PRESSURE
BOUNDARY CONDITION

* MIXING TUBE WALL PRESSURE DISTRIBUTION DOWN-
STREAM OF THE AERODYNAMIC THROAT IS AFFECTED
BY THE DOWNSTREAM PRESSURE BOUNDARY CONDITION

EJECTOR FLOW REGIMES

"SATURATED-SUPERSONI C" FLOW REGIME CHARACTERISTI CS:

* SECONDARY (INDUCED) FLOW IS "CHOKED" AT THE
EJECTOR ENTRANCE AND IS INDEPENDENT OF THE
DOWNSTREAM PRESSURE BOUNDARY CONDITION

* MIXING TUBE WALL PRESSURE DISTRIBUTION IS
* AFFECTED BY THE DOWNSTREAM PRESSURE BOUNDARY

CONDITION
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Break -off/

Ra Conlstant P

Conestant PC - Independent

re /
Curve

aP

dependen
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EJECTOR ANALYSES:

* QUASI-ONE-DIMENSIONAL EJECTOR FLOW MODELS

* CONSTANT-PRESSURE EJECTOR FLOW MODEL
* CONSTANT-AREA EJECTOR FLOW MODEL

* TWO-DIMENSIONAL EJECTOR FLOW MODELS

* INVISCID INTERACTION COMPONENT
* MIXING COMPONENT
* RECOMPRESSION COMPONENT

* FINITE-DIFFERENCE EJECTOR FLOW MODELS

C> ONE-DIMENSIONAL ANALYSIS

OF

CONSTANT-PRESSURE EJECTOR SYSTEMS

CONSTANT-PRESSURE EJECTOR FLOW MODEL:

* SUPERSONIC PRIMARY NOZZLE

"0 VARIABLE-AREA, CONSTANT-PRESSURE MIXING SECTION

* DIFFUSER SECTION
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mixing section

Submnic I Conmtnt-wars diffuser uctlon

uýWwy flow
II Uniform Uniforim

suesnosiuim w ic subonic .=

Smixed flow mixed flow
70rmU!Y flow$ II

AxisymwtrIc constant-presurs ejector configuration
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- .v_ -"-m m---- - .-- -IL

Pp, A, V., T, M, ao. me deflne for a•M ma
at wuenst amn I

Constant-pressure mixing section control volume
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vd. P•,.2 VMS. P A",

, , • t- Di.•l . -............_ . .

M,,.>16 0 3,• •.

L./O > Minimum reqMuired value from Pig. 2.1.3,

Consunt-4ran supersonic diffuser notation

342



10 S 0<0 0~

0 0i

2o- 0 s suesncdfiaustrs

M * Avv•q. Macla numlbir at d•o u't l3c4

., Empirical correltiton for 1enqth-to-diamter ratio of
S~consan~/t-urla sup~ersonic diffusers
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CONSTANT-PRESSURE EJECTOR ANALYSIS ASSUMPTIONS:

(1) STEADY FLOW

(2) PIECEWISE UNIFORM FLOWS AT SECTION 1 AND UNIFORM
FLOW AT SECTIONS 2 AND 3

(3) PRIMARY AND SECONDARY GASES OBEY THE PERFECT GAS
RELATI ONSH IPS

(4) PRIMARY AND SECONDARY FLOWS ARE ISENTROPIC FROM
THEIR RESPECTIVE STAGNATION STATES TO THE STATES
AT SECTION 1

CONSTANT-PRESSURE EJECTOR ANALYSIS ASSUMPTIONS (Continued):

(5) PRIMARY AND SECONDARY STREAMS MIX IDEALLY TO FORM
A MIXED, UNIFORM STREAM AT SECTION 2

(6) NEGLIGIBLE SHEAR STRESSES AT THE WALL

(7) ADIABATIC FLOW BETWAEEN SECTIONS I AND 2

(8) NO SHAFT/SHEAR WORK BETW#EEN SECTIONS 1 AND 2

CONSTANT-PRESSURE EJECTOR ANALYSIS ASSUMPTIONS (Concluded):

(9) THE INTEGRATED PRESSURE-AREA SURFACE FORCES
ACTING IN THE FLOW DIRECTION ARE ZERO

THE CONSTANT-PRESSURE EJECTOR IS A SPECIAL CASE SATISFY-
ING ASSUMPTION (9)

THE MIXING SECTION AREA VARIATION IS ASSUMED TO VARY SO
THAT THE STATIC PRESSURE OF THE MIXING FLOW IS CONSTANT
WITHIN THE MIXING SECTION

344



CONSERVATION OF MASS:

dA 2 0 UW MV2Z

Pp1  P~A1  P51 S51A51

w BpAY, W9P+ WS

W~ W/Wp

CONSERVATION OF MOMENTUM:

F~ x P p IAPI+p 4* PA si - P M2AM2 - x fPdA

Aw

yM 2  + AsiYM A M2 2

YPp A-p YsIi 0 AT M2

CONSERVATION OF ENERGY:

S(h 0)pV -d

W hp +~ 5 W h wh~

T~ £(CP)M) (C) S
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"* AREA DISTRIBUTION OF THE MIXING SECTION IS:

(1) UNKNOWN,
(2) DEPENDENT ON THE EJECTOR OPERATING POINT,

4. AND
(3) NOT DETERMINABLE FROM THE ANALYSIS.

"* FLOW MODEL DOES NOT INCLUDE KNOWN EJECTOR
PHENOMENA AND REGIMES:

(1) INTERACTION BETWEEN STREAMS AND
(2) "CHOKING".

SONE-DIMENSIONAL ANALYSIS

OF

CONSTANT-AREA EJECTOR SYSTEMS

CONSTANT-AREA EJECTOR FLOW MODEL:

* SUPERSONIC PRIMARY NOZZLE

• CONSTANT-AREA MIXING SECTION
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[-Cnmrit-iru. mixing .otion

MI 1  Uniform

miXe ,-
flow

Pvfriwv M3 < 1M, 1 > 1 -

2 Exism only for the "su onic" regime

Axisyuitrlc constant-arm ajector configuration
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P, D, A, V, T, M, L we dufined f• r mm
at unI and 3.

* If "div"kng aeim

Constant-4ira mixing section control volum

*" ~ w *a i " -

--- - - --- - ---- X

-----=-u., vdlurm'

Control volum for Fabri "choking" analysis
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CONSTANT-AREA EJECTOR ANALYS:S ASSUMPTIONS:

(1) STEADY FLOW

(2) PIECEWISE UNIFORM FLOWS AT SECTIONS 1 AND 2, AND
UNIFORM FLOW AT SECTION 3

(3) PRIMARY AND SECONDARY GASES OBEY THE PERFECT GAS
RELATIONSHI PS

(4) PRIMARY AND SECONDARY FLOWS ARE ISENTROPIC FROM
THEIR RESPECTIVE STATES AT SECTION 1

CONSTANT-AREA EJECTOR ANALYSIS ASSUMPTIONS (Continued):

(5) PRIMARY AND SECONDARY STREAMS MIX TO FORM A UNI-
FORM STREAM AT SECTION 3

(6) NEGLIGIBLE SHEAR STRESSES AT THE WALL

(7) ADIABATIC FLOW BETWEEN SECTIONS 1 AND 3

(3) NO SHAFT/SHEAR WORK BETWEEN SECTIONS 1 AND 3

"FABRI'S "CHOKING" CRITERION --- ASSUMPTIONS:

(1) STREAMS REMAIN DISTINCT AND D0 NOT MIX
BETWE-,N SECTIONS 1 AND 2.

"(2) FLOW IS ISENTROPIC FOR EACH STREAM BETWEEN
SECTIONS 1 AND 2.

(3) AVERAGE PRESSURE OF THE STREAMS CAN BE
DIFFERENT AT EACH CROSS-SECTION.

(4) THE MACH NUMBER OF THE SECONDARY FLOW AT
SECTION 2 IS MS2 * 1.

(5) THE STATIC PRESSURES ARE SUCH THAT
PP1 > Psl"
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CONSERVATION OF MASS:

lopiv + p51VAA Pi s iAS M3 VM3AM3

W pAV, w,+ WS W M

U. W S/W p

CONSERVATION OF MOMENTUM:

4--1F x af VX(pv dA)
CS

Pp ~P +psi A Si - p M3AM3

P A V2 (pp Ap V2  +PJ
~M3 M3VM3 - 1 i 1 si siVi)

CONSERVATION OF ENERGY:

Sho(pV * dA) u0

CS

wh + w o W M hm

T MO 1 (Cp ~ C)5  T so
T-p 7 E-=.] 11 + u~ C ~ P
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CONSTANT-AREA EJECTOR OPERATING REGIMES:

* "MIXED" REGIME ... BACK-PRESSURE DEPENDENT

* "SUPERSONIC" AND "SATURATED SUPERSONIC" REGIME
BACK-PRESSURE INDEPENDENT

* TRANSITION BETWEEN REGIMES OCCURS ALONG THE
"BREAK-OFF" CURVE

"MIXED" FLOW REGIME:

• M Sl < 1

0Psl/PP 1.

• MS2 < 1

* Ws/Wp , f(Pso/PPo, PM3 /POPO

"SUPERSONIC" FLOW REGIME:

* ,rI4s < 1

* Psl/PPl < 1

M MS2 I

* Ws/Wp f(Pso/P~o, ..

"SATURATED-SUPERSONIC" FLOW REGIME:

• M 5l•1 )

* Psi/PP1 > 1

* WS/WP m f(Pso/PPO, ... )
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INVISCID INTERACTION CHARACTERISTICS AND CRITERIA:

0 SUBSONIC/SUPERSONIC ENTRANCE FLOWS

* SECONDARY FLOW ACCELERATES TO' FORM

AN AERODYNAMIC THROAT

0 "CHOKING" AT AERODYNAMIC THROAT,

• UNEQUAL AVERAGE STATIC PRESSURES AT
AERODYNAMIC THROAT

INVISCID INTERACTION CHARACTERISTICS AND CRITERIA (CONT'D)

O SUPERSONIC/SUPERSONIC ENTRANCE FLOWS

0 SECONDARY FLOW DECELERATES TO FORM AN
AERODYNAMIC THROAT

* "LIMITING" MACH NUMBER OF ONE AT AERO-
DYNAMIC THROAT

0 UNEQUAL AVERAGE STATIC PRESSURES AT
AERODYNAMIC THROAT

• INDUCED FLOW SEPARATION MAY LIMIT
PERFORMANCE

r
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CONSTANT-AREA EJECTOR FLOW MODEL

* POSITIVE FEATURES:

"* INCLUDES EXPERIMENTALLY OBSERVED FLOW REGIMES
"* INCLUDES "CHOKING" PHENOMENA
"* CONVENIENT AND RAPID ANALYSIS

* NEGATIVE FEATURES:

o CONSTANT-AREA RESTRICTION
o "LONG" MIXING SECTIONS
o POOR AGREEMENT WITH EXPERIMENT FOR CERTAIN

SMALL SECONDARY FLOWRATE CONDITIONS
* LACK OF FLOWFIELD DETAILS

TWO-DIMENSIONAL EJECTOR ANALYSES

TWO-DIMENSIONAL EJECTCR FLOW MODELS:

- "ZERO" AND "SMALL" SECONDARY FLOWRATES
0 TURBULENT MIXING

. FLOW-WALL INTERACTION

* FLOW RECOMPRESSION

* "HIGHER" SECONDARY FLOWRATES

• INVISCID PRIMARY-SECONDARY INTERACTION

• TURBULENT MIXING

* SOLUTION CRITERIA AND BOUNDARY CONDITIONS

* FLOW DIFFUSION
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TWO-DIMENSIONAL INVISCID INTERACTION:

* MUTUAL INTERACTION BETWEEN FLOWS WITHIN
AVAILABLE FLOW AREA

* MATCHED STATIC PRESSURE AT MUTUAL FLUID

BOUNDARY

* FORMATION OF AERODYNAMIC THROAT

* "CHOKING" CRITERIA AT AERODYNAMIC THROAT

TWO-DIMENSIONAL MIXING COMPONENT:

S INVISCID VELOCITIES AT FLUID SLIPLINE BOUNDARY

* SUPERIMPOSE FULLY DEVELOPED MIXING PROFILE

* ESTIMATE ENTRAINMENT AND DISPLACEMENT EFFECTS

EJECTOR OPERATING REGIMES:

* "MIXED" REGIME.,.BACK-PRESSURE DEPENDENT

* "SUPERSONIC" AND "SATURATED-SUPERSONIC"
REGIME...BACK-PRESSURE INDEPENDENT

( 0 TRANSITION BETWEEN REGIMES OCCURS ALONG
THE "BREAK-OFF" CURVE
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TWO-DIMENSIONAL INTERACTION MODEL

* POSITIVE FEATURES:

"* INCLUDES EXPERIMENTALLY OBSERVED FLOW
REGI MES

* INCLUDES "CHOKING" PHENOMENA
"* ANALYZE NON-CONSTANT AREA MIXING DUCTS
* AGREES WELL WITH EXPERIMENTS THROUGHOUT
OPERATIONAL REGIME

* NEGATIVE FEATURES:

* TEDIOUS SOLUTION PROCEDURE
* TIME-CONSUMING COMPUTATION
* NOT APPLICABLE TO "LONG" NON-CONSTANT

AREA MIXING DUCTS

366



EXPERIMENTAL EJECTOR RESULTS

P" o T"rlN "P e

Tvft P(X) Pv

Vol WP P

Se 'mfl •'v V r .. ... XV~olll ,

Pums TUN

E36rlm7ntal ejector set-up and notation
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An 33merimental Studv on th& Mixing of

Two'.-CDimensional Jetsa.

By
M.A. BAI NASAYANAN.6.&

Thid pape deals with the experiments carried out on the mixing

of a pair of two dimensional subsonic jets with different exit

•q velocities placed adjacent to each other, The flow field doistreag

Sof the jets was investigated for its growth, for turbulent fluctue-

tions and for the entrainment of mass. Sam preliminary studies

were also made an the spread of the jets due to artificial distur-

banoes.

INTRODUCTION*

The performance of an ejector heavily depends on the mixing of

primary and secondary flAows. High rate of mixing enhances the

efficiency of the ejector system which is required for achieving

larger augmentation in throat (R~ef. 1,293). Mixing process in fluid

dynamics is basically a turbulence phenomenaon. The mechanism of

turbulent mixing involves different scoals of motion ranging from

large scales cmwparable to the width of the mixing sone to micro

* Professor
Uxperimental Fluid Dynamics

+ Graduate Student
j "IBoth Department, of Aeronautical NngineeringIndianI. Ntituts of Scaenae,Bangalore - 80 012.
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soales responsible for dissipation. In the case of an ejector the

large scale motions play the significant role since they are

primarily responsible for the transport of mass and momentum across

the flow., bSall scale mixing is a localised phenomenon and its

Involvement has different Importance.

Brown et aI (!oef.4) have observed that in free shear layers

the larp scale motions are orderly and coherent in nature and recent

investigation by Wygnanski (lBef.5) fnrther supports this view.

Based an the above observation one is tempted to energise these large

saale fluctuations in a selective munner to achieve greater momentum

transfer across the flow. Platmer et al (Bef.6) and Hermann Vieta

(Ref.7) have recently shown that by the introduction of sinusoidal

fluctuations at select4d frequencies it is possible to enhance mixing

appreciably in Jets. In this tuned system the input energy is

efficiently utilized. This selective pulsation may have applications

in ejector technology as well.

The present investigation was aimed towards the study of the

effact of velocity gradient on mixing process. A pair of two dimen-

sional Jets having different exit velocities was chosen for this

'- puaypose. The measurements consisted of mean as Well as turbulent

quantities In the mixing region for different Jet exit velocity
U1

ratios ( -. ). Attention was focussed towards entrainment, growth

of the mAig xone and the large scale structures. Attempts were

made to enhance mixng by artificial means.

3n1e rimental ut-n lu

The experimental set-up consisted of a pair of two dimensional
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Jets placed adjacent to each other as shown in figure.1. At the

exit, the width of the Jets was 2.5 cms and length 30 cmi (.aspect

ratio 12). The flow in the mixing region was enclosed between two

-ide plates kept parallel to each other to prevent expansion in the

lateral direction. Both the Jets were operated by a single blower

powered by a 3 H.P. motor. In between the blower end the Jets a

large silencing chamber with a set of screens and two honeycombI

was incorporated to damp out the fluctuations produced by the blower

and other flow disturbances. The velocity in one of the Jets was

controlled by introducing a suitable screen in its flow path. Four
U

screens were employed which produced velocity ration ( -- ) of 0.37,
U

0.53, 0.65, 0.87. The turbulence level at the exit was lbout 0.1%.

The turbulent as well as mean velocities were measured using hot-wires

All the electronic circuits for the above purpose were locally

fabricated. For studying the instantaneous fluctuations the hot-wire

traces were recorded using a continuous feed camera.

3zperimantal E~ee1ts a

The mean velocity profiles were measured at a number of stations

downstream of the exit (i/D I 1 to 11) for the different values of

32 /UT/2(I.0, 0.87, 0.66, 0.53, 0.37). Except for the oase U/2 a 1.0

all the profiles were initially unsymmetrio, however they beomes

symmetric around x/D a 8.0 even for the smallest velooity ratio of

0.37 (Fig. 2,3.). In addition, the mean velocity profiles exhibited
oa U

similarity and beyond Y/D of 9.0 when plottd in the form -- versus
2y - m

V (Fig.4) and coincided with that of a two dimensional single

turbulent jet under equilibrium conditions (Ref.8). The value of 5

was chosen as the thickness of the jet corresponding to a velocity
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equal to half that of the local maximum (UM).

The growth of the jet (based on S.8) was slow to begin with but

increased raidly beyond ;/D-f 4, linearly with x. Based on this

linear behaviour, neglecting the initial region, the virtual origin

(xo) of the combined Jets was estimated. Xo varied froa negative
U1to positive Values ranging from - 2 m oam for .- . 1.0 to +7.6 ams

U1  U2for -- a 0.37, (Fig.S). The thickness of the boundary layer, at the
U2

exit, was about one millimeter an all the four walls.

The maximum velocity (UMn) of the jet varied linearly with F(z"mo)

except in the vicinity of the exit and this trend was conspicious for

the came U1 a 0.37 (Fig.6), an altogether different behaviour fromU

that of a lwo dimensional jet •iere U3 Is supposed to vary with

I/f (x[..x). A plot of U. versus 2/j/i'1.) Is also shown in figure.6

for comparison.

Based on the mean velocity profiles the entrainment of mass was
U1estimated (within permissible errors). For the case UM a 1.0 the

. a U2entram .ent ratio C -- ) is around 2.0 (Fig.7) at r/D of 12 and 2.8
U1  110for -. .0.37 at the same location, no ard m being the mass flow. U'

rates at xn0 and x respectively. This result clearly Indicates that

the initial shear has significant effect on mixing.

The longitudinal velocity fluctuations ( a-Ju-72) were measured
at many x locations for all the cases and the results chowed (Figs.8a)
that u' profiles do not reach similarity conditions even at large
values of V/D. The ua distribution e ibited two distinct peaks with

U1  U1the turbulence intensities higher for W" u 0.37 than for MW U 1.0.
8imilar trend was observed with W but the U 2

3v8 profile did
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not exhibit the two peaks (Fig.10).

The correlations N.u (Z) in the lateral direction (S) was
U1measured at x/i - 9 for the Case -Z.= 0.37. Ru. rapidly decreased
U2to zero within a distance (A Z) of 40 am, however this trend was

reversed when the high frequency part of the hot wire signals was

filtered. At low frequencies the correlation was 0.2 even beyond

Au180 MM (Fig. 12 ). This result if of great significance (RefeQ)

since it suggests that the large scale fluctuations maintain their two

dimensimnality, as well as orderly notion for considerable distances,

downstream of their origin.

Some preliminary attempts were made to identify the large scale

structures fro the hot-wire signals. A single inclined hot-wire

(45 ) was employed for this purpose, since it In sensitive to both

u' so well as v' fluctuations. The hot-wire signals were recorded

on a 38 am film using a continuous feed oscilloscope canera. A low

pass filter was employed to remove the unwanted high frequency noise

like signals. Only signals between 4 to 600 cycles/sea were recorded.

Fran the oscilloscope traoes the large scale structures were counted.
These experiments were carrled out along the center line for -- a 0.37

U2
at few x stations. The frequency of occurance of the large scile
structures f, was found to be nearly constant all along z and the

value was around 170 per second in this experiment,(FIg.JA) the

nondimensional strouhal number ( -- ) being esqlal to 0.16 appri•miately
U3

Attempts were made to increase the spread of the jet as well as

the entrainment of mass using artifioal disturbances. The distur-

bances were produced by the voitex shed by two circular r•od 2 mm
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in diameter placed in the flow near the end of the dividing plate al

shown in figure 15. In this experiment ony the mean velocities were

measured. Analysis of the results indicated the following trends:

(a) The width of the Jet increased appreciably. However the virtual

origin (zO) did not change from that of the undisturbed flow the

values of zo being 25 oms and 24.9 ars for the undisturbed and

disturbed cases respectively. The growth of the jet was linear

(Fig.5) except near the exit and the increase in the spread was

larger by a factor of about 1.5.

(b) The enhancement in entrainment rate was about 20% greater than

the undisturbed came (F1g.7).
U1

When the above experiment was conducted for the came -- a 0.37
U2

the increase in entrainment was negligible when compared to the

corresponding undisturbed flow.

(1) The spread as well as. the entrainment ratio of a two-dimensional

subsonic jet can be increased appreciably by introducing shear in the

flow. Similar results couldbab obtained with artificial disturbances.

1. McCormick B,W, Aerodynimsios of V/GTOL Flight

Acadmic Press, Now York, London
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ABSTRACT

An analytical study was performed to determine the theoretical

limits on the performance of non-static ejector thrust augmentors.

Idealizing assumptions were made, such as inviscid compressible

working fluids, isentropic flows in inlets, diffusers, nozzles and

ducts, constant pressure mixing, and thermally and calorically

perfect fluids. By ignoring details of the primary flow "pump",

the performance of ejector augmentors was found in terms of three

parameters (the secondary/primary mass flow ratio, a pressure para-

meter and a temperature parameter) in a form which was not an

explicit function of the flight Mach number. It was also shown

that multi-stage ejectors offered no performance improvement over

ideal single-stage ejectors. Two primary "pump" devices, a tur-

bine engine gas generator and an isentropic compressor, were

considered. With them, the Mach number dependent behavior of

ideal ejectors was determined. As a result of th~s study, the

following conclusions were drawn: 1) The performance of ideal

ejector is severely degraded by increasing the primary fluid

temperature; 2) The performance of ideal ejectors is degraded

faster than that of ideal turbofans as the flight Mach number is

increased; 3) Neither the turbine engine nor the isentropic com-

pressor is a suitable "pump" for ideal ejectors, except at very

low Mach numbers, 4) Ejector augmentors should be most useful for

low flight speed applications, e.g., V/STOL.

IMMMMPAW3 BLJAOI- flILN
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SECTION I

INTRODUCTION

1. BACKGROUND

The idea of using ejector devices to obtain thrust
augmentation for gas turbine engines is not new. However,

it has received increased attention during the past decade
or so, due in part to the significant advances which have

been realized in the design and performance of static (stationary)

ejector augmentors.

In his 1966 paper (1), Heiser reported on an analytic

study of thrust augmentation, in which he used a few basic

assumptions and the conservation laws. His analysis of

ejector augmentors was limited to static devices with constant

area mixers and incompressible flows. He showed that,

except for small bypass ratios (secondary/primary mass flow
ratio), the thrust augmentation ratios attainable by ejecto.rs

were considerably less that those of ideal thrust augmentors,
and were limited to values of less than two.

In an earlier note (2), Knox briefly discussed the

optimum performance of the nonstationary, constant pressure

mixing ejector augmentor. His results indicate that potential

performance is possible which is considerably better than

Heiser's predictions. The only flaw we find with Knox's

results is that he did not consider the primary (high pressure)

fluid to have been collected from the atmosphere, and hence,

did not include its contribution to the ram drag.

In this study, we have sought to ascertain the theoret-

ical limits of performance for nonstationary ejector augmentors,

compared with those of turbofan engines. To do this, we

have essentially re-derived and extended Knox's results by

also examining turbofans, multistage ejectors and various
S"pump" devices.

417 nu=
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Using an aerothermodynamic cycle analysis, the performance

of the ideal ejector augmentor is examined without making

any assumptions about the primary "pump" device which supplies

the high pressure working fluid. Both single and multiple

stage ejectors are considered. The ideal mixed-flow turbofan

is also analyzed for comparison. Finally, the influences of

two "pump" devices - an isentropic compressor and a turbine

engine gas generator are addressed.

2. ASSUMPTIONS

In order to make our analysis ideal (and tractable), we

have made a number of assumptions about the working fluids

and the thrust augmenting devices:

o Perfect gases - Both the primary and secondary gasses

are calorically and thermally perfect, and both have

the same value for y, the ratio of the specific heats.

e Inviscid, compressible flow - Both the primary and

secondary flows are inviscid and compressible.

e Uniform flows - All flow fields are uniform in the

direction normal to the flow direction, e.g., no

transverse pressure gradients.

e Isentropic or adiabatic processes - All flows in

inlets, diffusers, nozzles, ducts, compressors and

turbines are isentropic; i.e., no shock losses, or

skin friction or heat transfer losses. All mixing

processes are adiabatic; i.e., no skin friction or

"* :heat transfer losses.

o Constant pressure mixing - All mixing processes occur

at constant pressure.

These assumptions generally produce performance estimates

for thrust augmentation devices which are greater than those 4
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physically attainable, and thus, can serve as optimistic

upper bounds for performance. The possible exception is the

assumption of perfect gases. We will not, however, address

the effects of thermal and caloric imperfections on ejector

performance.

3. DESCRIPTION OF AN IDEAL EJECTOR AUGMENTOR

Figure 1* is a schematic sketch of an ideal ejector

augmentor with a temperature-entropy (T-S) diagram for the

ejector cycle assuming complete mixing of the primary and

secondary flows. The operation of the ejector augmentor may
be described as follows:

Ambient air is captured by the inlet and isentropically

diffused to stagnation conditions. On the T-S diagram,

this is represented by the vertical line from (p., T , s.)

to (Pts' Tts, s.).

A portion of this diffused flow is then pumped by some means

to the primary reservoir conditions (ptp, Ttp' Sp ). The

remainder of the captured flow forms the secondary, or bypass,

flow. The mass fractions of the captured air in the primary1 8
and secondary flows are 1 and where 8 is the secondary/

primary mass flow ratio (bypass ratio).

The primary and secondary flows are expanded through nozzles

to some mixing pressure pm" This is represented on the T-S
diagram by the vertical lines from the primary and secondary

reservoir conditions down to the mixing pressure isobar.

The two flows are completely mixed adiabatically at constant

pressure, as represented by the lines along the pm isobar to

the mixed flow isentrope.

*All illustrations appear at the end of this report.
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The mixed flow is then expanded or diffused, as required,

through the exhaust nozzle to ambient pressure. We consider

this to be a two-step process; the first step being the

isentropic recovery of the flow to stagnation conditions

(Ptm' Ttm' Sm)' and the second step being the isentropic

expansion of the stagnant flow to ambient pressure. This

is represented on the diagram by moving vertically along

the mixed flow isentrope upward to the mixed flow total

temperature isotherm and then downward to the ambient

pressure isobar.
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SECTION II

IDEAL CYCLE ANALSES

1. EQUATION OF STATE

For convenience in the following analyses, we will use a

modified form of the equation of state with nondimensional

enthalpy, entropy and pressure variables. Since the gas is

assumed to be thermally and calorically perfect, the temperature,
(3)

pressure and entropy are related by the equation.

T/Tw = (p/pw) Y e ps-s)/CP

where ( ) refers to ambient conditions. Defining the nondimen-

sional variables

S=T/Tm

7y-1

(P/PcA y-

S= e (s-sOD)/Cp

the equation of state which we use is obtained:

hi r

Since h/h,,= T/T. for a calorically perfect gas, h, is also the

nondimensional specific enthalpy. These variables have the minor

advantage that constant pressure, temperature and entropy curves

in a T-S diagram are all straight lines on the equivalent h-s

diagram.

In the remainder of this Section, when we refer to temperature

(or enthalpy), entropy or pressure, we mean the equivalent non-

dimensional variable, h, a or r, unless otherwise specified.

(
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2. EJECTOR AUGMENTOR (SINGLE STAGE)

The analysis of the single stage ejector augmentor cycle
shown in Figure 1 is relatively straightforward. Given the
total conditions (htp' %tp' 5ts' %ts) of the primary and secondary

flows and the mixing pressure irm' the primary and secondary

static enthalpies (hmp' Fms) at the entrance to the mixer are
determined, and hence, the primary and secondary mixing velocities:

lmp = Ftp'm/mtp (1)

u2 = 2(fi h ) (2)
p tp mp

etc., where a = u/h0 is a nondimensional velocity. The mixing
process itself is described globally by the conservation of

energy and momentum. Since the mixing is assumed to be adiabatic
and inviscid, the conservation of energy gives

(1 + 8) tm= Fi tp + 8its (3)

where 6 is the secondary/primary mass flow ratio. Under the
assumption of constant pressure mixing and inviscid flow, the

pressure and viscous terms drop out of the momentum equation, and

the conservation of momentum gives simply

(1 + B) ui = UP + BCs (4)

At the end of the mixing zone, the static enthalpy and entropy

are given by

h= F1tm - u (5)

" 7m = fl/i (6)

Finally, the expansion of the mixed flow through the exhaust

nozzle to ambient conditions gives the exhaust velocity
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=~ ,• (•_- •-m)

= V (htm - Pi am)
= /'2 (Pi - (7)co

/2- ( i (7)

(the latter because r = 1), and the specific thrust (f = U )

f = (1 + 8)(e/a - 1) (8)

In this equation for the specific thrust, we assume that both

the primary and secondary fluids consist of captured ambient

air, and hence, contribute to the ram drag.

The solution of these equations is relatively straight-

forward. However, we are not particularly interested in the

solution for arbitrary mixing pressures, but only in the solu-

tion at the mixing pressures which maximize the specific thrust.

As can be Peen from examination of Equations (7) and (8),

the specific thrust is maximized by minimizing the entropy am
of the mixed flow. With a little algebraic manipulation of

Equations (1) through (6), the entropy of the mixed flow can be

expressed as

am =tm its 2p ts(9)
(11k - C + - ½ 9

m + ) (m m s

Taking the derivative of this equation with respect to" ~m'
setting it equal to zero and solving for rm we obtain the

following solutions for the optimum mixing pressure:

*- hts) tp ts (10)m (tp - 7ts)/ 't a -

Examination shows that the first solution has the minimum

entropy if fitp 4 ts and Ttp > Tts' and the second solution

has the minimum entropy if Pi < Fits and tp > 7ts" We will not

423



consider the second solution further, because Fitp > Pi for
tpts

ejector thrust augmentors for gas turbine engines. Note that the

optimum mixing pressure im* is independent of the mass flow ratiom
8. By substituting the first solution of Equation (10) into

Equation (9), the minimum mixed flow entropy is found to be

o* = 1 (+ + 1 (11)m (1 + 8)2 (7p+8Ts t

and the maximum exhaust velocity

a.* V- (fi + B•tp)½([I - 1 + 8a1 - _1 ]) (12)
e 1+ B tp tsTTi tp ts

We now define two parameters; a "temperature" parameter

S= (fts/Htp)½ (13)

and a "pressure" parameter

_ ts (14)

tp

Using these parameters we may rewrite Equation (12) as

(1 - .Lt) Is 1 +T (1 + ) (1 + a) (15)

We have assumed that the secondary flow air is obtained by

isentropic recovery from ambient conditions, so

IT ts = 1 + M, = 1

ts 2 C
(16)

~2 M2
a= (y - 1)M = 2(fi - 1)CO ccts

Substituting from Equations (15) and (16) into Equation (8), the

specific thrust is found to be

f= 1 + - (1 + ) (17)
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and the augmentation ratio € (defined to be f/f 6 =0 )

S 1- H + )% 2(1 + BV2) - (1 + 8)IJv] (18)

These two equations give the maximum values for the specific

thrust and augmentation ratio which can be obtained from an

ejector augmentor with complete mixing, given the parameters

(6, v, v)

As an aside, if the mixing pressure is not optimum (7 ' T*)Sm 'm
then the specific thrust is

f + 1 ) + + B2 +

2 + ( "" () - •)½] - ( + )

where we have introduced the parameter

~1

"7ts

For optimum mixing pressure, * ( A 2 )/(1 1 2) This

can be used to evaluate off-optimum ejector augmenter performance.

3. EJECTOR AUGMENTOR (MULTI-STAGE)

The question naturally occurs as to whether or not the

performance of the ideal ejector augmentor with a single constant

pressure mixing stage can be improved by using an ideal multi-

stage mixer in which the secondary flow is introduced incre-

mentally, and in which each stage is optimized.

Consider the incremental mixer stage displayed schematically
in Figure 2. As shown, the output of the (n-l)st stage forms the

primary flow for the nth stage, and an increment s(n)of secondary

mass flow is added at the nth stage.
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Conservation of mass gives, for the nth stage,

(n) = (n-1) (19)
p m

(n) (n)+ (n) (20)
In p s

conservation of energy gives

n = (21)tp t

H(n) (_(n) p(n) + (n) (n) (22)tm = p -tp s •ts)/m (2

and conservation of momentum, for constant pressure mixing, gives

u(n) (.(n).(n) + •s(n) (n) & (n) (23)

In p p s s m

The assumption of isentropy between stages gives

a(n) = a(n-1) (24)
p m

For a specified mixing pressure 7(n)I the mixing velocities

of the primary and secondary flows are, respectively,

p(n) = /- (F(n) _ (n) , n)m (25)

Cn) (n V- (its - m 0 s
s

and the entropy of the mixed flow is

(n) o[ (n) -(n) 2 (n)a m ( /) m (26)

Given that = 1, Equations (19) and (20) may be
p

immediately solved to give
n (i

&M 1 + E (s (27)

4=l
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and, given that h -itp' Equations (21) and (22) have the

solution

n(n) = + R (n)
tm = tp tSi=l Cs )/Un (28)

Our analysis of the single stage mixer shows (Equation (10))

that the optimum mixing pressure for the nth stage should be

7T,,(n) . (n) . n
m = (ltp - ts)/ -ts

Tt ts (n)
S(n-1) tp

(hnl) n(n) tm ts (n-l))
tm ts 7ts (n-1) mtM

This choice minimizes the entropy increase in each stage.

(Which implies that the overall entropy increase of the multi-

stage mixer will also be minimized.) With this, Equations (19)

through (26) and some algebraic manipulation, the following
relation for the entropy of the mixed flow is found:

(nt (F(n-l) (n)

(n) htn tm - stm - +
cm h (n-l)- htstm - ts

(F(n) a(n-l)
tm- ts) m

F(n-l)

(o) Pt/t h ouino
With the initial condition = Pi /,Lt, the solution of

this recursion relation may be shown to be

(n) (n) ,[i. 1 W (i)A ,(n) (29)°m tm 7Ttp •ts i=l

and the optimum mixing pressure fo(n) r the n stage is then

m
found to be

7,(n) = (tp -S Fits) (30)

ts tp

which is a constant, independent of either stage number or mass

flow ratio.
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(i)
If we choose ts such that, for N stages,

N6 = ~~i
i=l

then Equations (27), (28) and (29) give

(N) 1+ 6
m

hNtm (ftp F ts)/(l + B)

a(N) 1

m t(t + s) • (t + ts

which results, including Equation (30), are identical to those

for a single stage mixer for the same mass flow ratio 6. There-

fore, ideal incremental staging offers no performance advantage

over an ideal single stage.*

4. MIXED-FLOW TURBOFAN

Figure 3 shows a schematic drawing and a T-S diagram for

an ideal mixed-flow turbofan. The primary (or core) fluid is

isentropically expanded through the turbine to extract power

to drive the fan which isentropically compresses the secondary

(or bypass) flow. The fan and turbine are matched so that the

total pressures of the core and bypass flows are the same at

the entry to the mixer. The flows are mixed adiabatically at

zero velocity in the mixer and expanded to ambient pressure in

the exhaust nozzle.

*This result appears to constitute one step in a proof that
the constant pressure mixer is the optimum mixer, i.e., the
mixer with the least entropy increase.
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The turbofan cycle may be analyzed by using the T-S diagram

of Figure 3(b). The work performed by the turbine must equal the

work required by the fan, so

tp tpm tsm ts

The total pressures at the turbine and fan exits must be equal,

so

Ptsm /s tpm /p = 7tm

Since the flow mixing is adiabatic and at zero velocity, conser-

vation of energy gives

h F =C + +tpm tsm tm

The entropy of the mixed flow is given by

a= Ft /rr
am tnm tm

and the exhaust velocity is

Ue t2- (htm ham)

=/2 (htm M)

The solution of these equations is straightforward and will

not be detailed here. The results are

tm (htp + 5 ts)/(l + B)

m =(p + 8 s)/(l + 8)

= (•tp/r tp + B•ts /ts)/( 1 + 8) (31)
7tm = F, tm/am

2 +
e tp T( P ts - t-
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In the manner used above for the ejector augmentor, we find the

specific thrust and augmentation ratio to be, respectively,

f (1 + P 1) (32)

122 [(i + ) (1 + $ 2p - (1 + a)WV] (33)

where we have introduced the parameters 1 and v defined in

Equations (13) and (14).

It can be shown, although we will not do it here, that

the best performance which can be achieved by a nonmixed-

flow turbofan is the same as that given above for the mixed-

flow turbofan, and is achieved when the primary and secondary

flows have the same exhaust velocities.

5. THE ISENTROPIC COMPRESSOR

Up to this point, we have not made any stipulations con-

cerning the nature of the "pump" which is used to compress

captured ambient air from its stagnation conditions to the

primary flow reservoir conditions for either the ejector

augmentor or the turbofan. The most efficient device for

the primary flow pump is an isentropic compressor. (We

assume that a suitable power source is available to drive

it.) For such a compressor, the parameters ýi and v are

related, since

Ttp = 7ts tp /Rts

for isentropic compression. One then finds the relationh.lp

V is [-t5 2]½
Sts -

from Equations (13) and (14). This may be expressed, using

Equation (16), is

risen [--M/(l -
2 + )] (34)
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which shows explicitly the Mach number dependence of the rela-

tionship.

6. CORE TURBINE ENGINE GAS GENERATOR

We now assume the "pump" to be a simple turbine engine gas

generator, since this is what is most commonly used in practice.

With this assumption, we can derive the primary reservoir condi-

tions (fi tp tpa p) in terms of the turbine engine compressor

pressure ratio (ptc/Pts) and the combustor temperature rise (LTc).

The T-S diagram for an ideal turbine engine gas generator is

shown in Figure 4. We define nondimensional compressor pressure

ratio and combustor temperature rise parameters

y-1
( =Ptc/Pts) Y

Zhc = LTc/Tc

Then by definition

Ttc = ts

tt tc c

and, since the turbine and compressor works must match,

(htc - ts) = (htt - ?tp)

The compression is assumed to be isentropic, so

5 tc = hts Tts/7ts = hts

Assuming isentropic expansion in the turbine and solving the

above equations, we find
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1T + 1 A

P al+- cp a•--

ts

htp= ts(l + A~C) (35)
tp ts

tts~t = ~ As 1 1S)( + c

ts ts

for the primary reservoir conditions. The "temperature" and
"pressure" parameters, p and v, can be expressed in terms of the

turbine engine parameters, a and 6hc

= [1+ c S]

ts

v= [2 + (1- )(1 - tS )]½ (36)

Since

ts ts

the relationship between (p,v) and (a,A•i), and hence between

(f,$) and (r,Mic ), are Mach number dependent.

Finally, if the compressor pressure ratio is made infinitely

large then the turbine engine gas generator becomes, in essence,

an isentropic compressor. This can be seen by examining Equations

(35) and (36) in the limit (a--).
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SECTION III

DISCUSSION

1. MAXIMUM THRUST AUGMENTATION AND THE TURBOFAN

In his analysis, Heiser obtained results for the maximum

performance of a passive augmentor which are essentially the same

as those we have derived in Section II.4 for the ideal turbofan.

However, it is theoretically possible to exceed the maximum

performance found by Heiser by using energy transfer processes

which are thermodynamically reversible.(4) ,xamples of thermo-
dynamically reversible devices are ideal turbocompressors and

ideal counterflow heat exchangers (under some conditions). In

the Appendix, it is shown that the maximum augmentation ratio
achievable by a passive augmentor using reversible thermodynamic

processes is

[i + 61 (htp + Ft ) - (1 + a)0 l+ý] - [1 + s- i]%max = -... _
[xtp Gp - tS

for given initial flow conditions (',htpf tsOp = 1). This

equation unfortunately, unlike those for the ejector augmencor

and turbofan, cannot be cast into a Mach number-independent form

in terms of the temperature and pressure parameters i and v.

Because of this, because the ideal mixed-flow turbofan performance

is only slightly worse (-5%) than the theoretical maximum for

practical flow conditions and because the turbofan is the most

common form of passive thrust augmentor, we will use the ideal
mixed-flow turbofan as the standard for comparison in the following

discussion.

2. COMPARISON OF ENTROPIES

The first comparison we make is between the nondimensional

entropies of the mixed flows for the ejector augmentor and the

turbofan. From Equations (11) and (31):

- a (P tp h ( H _ _ _ _A°m °mej -mtf (1+)2 - 1ts -ts 1tp
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This is always positive if Ttp > Tts and Ptp 1 P ts (If T tp< Tts
and P > Pts' then the second solution given in Equation (10)

tp
for the optimum mixing pressure must be used, which gives the
result Aom = 0.) Therefore, an ideal e3ector augmentor with

complete mixing can never be more efficient than an ideal turbo-

fan for the same (a, Ttp, Ptp' Tts, Pts). This is not unexpected
since the mixing in the ideal turbofan occurs at negligible

velocity, while the mixing in the ejector generally occurs at

high relative velocities.

3. IDEAL PERFORMANCE CONTOUR MAPS

In Figure 5*, we present constant specific thrust and constant

augmentation ratio contours for ideal ejector augmentors, plotted

as functions of W and v for various mass flow ratios using

Equations (17) and (18). The most obvious feature of the figure

is that, when v = v, the augmentation ratio is unity; that is, no

thrust augmentation is realized. The reason for this is as

follows:

When p = v, the optimum mixing pressure, given by
Equation (10), is equal to the ambient static pressure
(,* = 1). Now, in an ejector with constant pressure
mi~ing, no net thrust is developed in the mixer
(conservation of momentum); the thrust augmenting
forces are developed in the inlet, the secondary
flow nozzle and the exhaust nozzle. If the mixing
occurs at ambient static pressure, then, from
conservation of momentum, the secondary flow cannot
develop any net thrust in either the inlet and
secondary flow nozzle, or the exhaust nozzle; hence,
there can be no thrust augmentation of the primary
flow.

A second feature of the contour maps in Figure 5 and of Equations

(17) and (18), is the symmetry in w and \ of both the specific

"thrust and augmentation ratio contours (diagonal symmetry).

*The reader should bear in mind that this figure and Those to
follow, do not show the performance of a single augmentor.
Rather, each point in the figures represents the performance
of a different optimized ideal augmentor.
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As can be seen in the figure, for ideal ejector augmentors

the maximum value of the augmentation ratio for a particular mass

flow ratio ý is obtained when (Pv) is (0,1) or (1,0). From

Equation (18), this value is
Omax =' (i + ý) 1

Thus, the augmentation ratio theoretically attainable by an ideal

ejector augmentor, which uses compressible gasses and a constant

P:essure mixer, can exceed the limiting value of two which Heiser

found assuming incompressible flow and constant area mixing.

For an ideal ejector, the case ' = 1 (i.e., Ttp = T ts) is

that of a "pure ejector," that is, an ejector in which the energy

added to the bypass flow comes entirely from the pressure of the

primary flow. The case v = 1 (i.e., Ptp = ) is that of a
"pure ramjet"; the only energy added to the bypass flow is

thermal energy from the primary flow. For this reason, we refer

to the region of the i-v map which lies above the diagonal (.>v)

in Figure 5 as the "ejector side" of the map and the region below

the diagonal (vi<v) as the "ramjet side." The optimum mixing

pressure, as given by Equation (10), is below the ambient static

pressure on the ejector side and above ambient on the ramjet

side. In the limits, the optimum mixing pressure for the pure

ejector is zero, and for the pure ramjet, the freestream total

pressure.

Since the energy (fuel) consumpticn is more or less propor-

tional to the stagnation temperature difference between the

primary and secondary flows, one would prefer an ejector device

which operates on the ejector, rather than ramjet, side of the

map, where the total temperature difference is low (u near unity).

In Figure 6, we show constant specific thrust and augmenta-

tion ratio contours for several mass flow ratios for the ideal

mixed-flow turbofan, as given by Equations (32) and (33).

435



Comparison of this figure with Figure 5 shows a striking differ-

ence in the augmentation ratio contours. In particular, for the

turbofan, useful augmentation can be obtained anywhere in the

region of the maps, whereas, for the ejector augmentor, useful

augmentation can be obtained only away from the diagonal (w=,).

4. MACH NUM1BER DEPENDENCE OF LIMITS ON PERFORMANCE

Although the specific thrust and augmentation ratio contours

of Figures 5 and 6 are not Mach number dependent, the values of

; and v are (for specified ptp and T tp). In particular, the

theoretically accessible region of the figures is Mach number

dependent, since v has a limiting non-zero value as the primary

total pressure becomes infinitely large. From Equations (14) and
(16),

y-1 2

V m i n ( M .) = 1 + V - 1 2 )'2

This is a mathematical limit and contains no assumptions con-

cerning the Chrust augmentation device (other than that v is a

valid parameter for describing its performance). Thus, it is

equally applicable to the ideal turbofar and to the ideal e]ector

augmentor. The consequence of this minimum attainable v is that

the regions of hi,,;- c 4 cmentation ratio along the left border of

the p-v maps are beyQAkd reach unless the flight Mach number is

low. The regions of high augmentation ratio along the lower

boundary are practically unattainable because the required

primary flow total temperature is too high:

t 2 1
Tt= T. (1 + 2y-. ý7

(from Equations (13) and (16)). if, for the sake of illustra-

tion, we choose a maximum practical value of nine for Ttp/T.,

then

1 Y-1+ Yl 2 4min 3+
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This and Vmin' which is defined above, define accessible regions

of the p-v maps as functions of the freestream Mach number.

These regions are shown in Figure 7 for selected Mach numbers.

This figure may be overlaid on the ti-v maps of Figures 5 to

see, graphically, the effect of the Mach number on the at, .a'-e

performance for ideal ejector augmentors and turbofans.

5. EJECTOR AUGMENTOR WITH AN ISENTROPIC COMPRESSOR

We now examine the case in which the primary "pump" of our

ideal thrust augmentors is an isentropic compressor. In Figure 8,

are shown the ji-v curves for isentropic compressors for various

Mach numbers, as given by Equation (34). The horizontal tick

mark on each curve is at the value of o for which Ttp/T0 = 9, the

temperature used previously in Figure 7. As with Figure 7, this

figure may be overlaid on any of the maps of Figures 5 and 6. As

one would expect, the use of an isentropic compressor further

restricts the accessible regions of the W-v maps. This restric-

tion is particularly bad for low primary stagnation temperatures

(Pil) where the ejector augmentor performance is best. The

effect on turbofan performance is not as severe because the

turbofan has good performance near the p-v diagonal, whereas the

ejector augmentor does not.

Since an ideal turbine engine gas generator with infinite

compressor pressure ratio is an isentropic compressor, and since

an ideal turbofan is at best an isentropic compressor, Figure 8

also represents the outer limits for the accessible regions of

the p-v maps for turbine engines and turbofans used as primary
"pumps." (We project this statement, without proof, to include

all heat engines.) As a result, Figure 8 overlaid on any of the

maps of Figures 5 and 6 will show the theoretical limits of

ejector augmentor and turbofan performance for the given Mach

numbers and mass flow ratio.
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6. EJECTOR AUGMENTOR WITH TURBINE ENGINE GAS GENERATOR

Finally, we consider the case in which the primary "pump" is

a simple turbine engine gas generator, as described in Section

11.6. In Figure 9, constant specific thrust and augmentation

ratio contours are shown for a mass flow ratio of five at Mach

numbers of 0.2, 0.7 and 1.4, plotted as functions of the gas

turbine compressor pressure ratio and the combustcr temperature

rise. The contours were obtained from Equations (17), (18) and

* (36). In these maps, the area to the right of the 1 contour

is on the ejector side and the area to the left is on the ramjet

side, as defined above. As can be seen, for the low Mach number

case, useful thrust augmentation can be obtained. However, the

* maximum augmentation requires an unrealistically low combustor

temperature rise in the turbine engine. (Such a low temperature

rise would make the gas generator too large and heavy.) As the

temperature is raised to more reasonable levels, the thrust

augmentation is reduced, but remains useful. For higher Mach

* numbers, the attainable augmentation drops to practically useless

levels. At supersonic Mach numbers, some thrust augmentation is

realized on the ramjet side, but this is a relatively useless

benefit, because higher thrust can be achieved for the same fuel

consumption (which is proportional to combustor temperature rise)

simply by raising the compressor pressure ratio and forgetting

about the augmentor device.

To further clarify the relationship between the Mach number-

independent maps of Figure 5 and the Mach number-dependent maps

of Figure 9, we have plotted in Figure 10 the boundaries of the

*temperature rise -pressure ratio region of the maps of Figure 9

as functions of and v for selected Mach numbers. This figure

* is similar in concept to Figures 7 and 8. For each Mach number,

the region of interest is to the right of the curved line, which

is itself the contour for compressor pressure ratio equal to 32.

These curves are independent of mass flow ratio and may be over-

laid on both the ejector augmentor and turbofan maps of Figures 5

and 6. Comparing Figures 8 and 10, we see that the use of a gas

turbine as a core device further restricts the accessible regions

of the p-v performance maps for both ejector augmentors and

turbo fans.
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SECTION IV

CONCLUSIONS

The preceding analyses and discussion have all focused on the

maximum performarnce which is theoretically attainable by ejector

thrust augmentors. All flow processes were assumed to be isen-

tropic, except for the flow mixing, which cannot be isentropic

due to the second law of thermodynamics. The performance of real

ejector augmentors will not be as good because of viscous and

heat transfer losses, shock losses, incomplete mixing, non-
optimum mixing conditions, etc. For this reason and considering

the results of the present analytic study, we cannot be very

optimistic about the efficacy of ejector devices for thrust

augmentation for other than relatively low subsonic flight Mach

numbers. We have found that the turbofan offers better perform-

ance than does the ejector augmentor for all forward flight

conditions (for the same mass flow ratios).

As a result of this study, we have drawn the following con-

clusions:

0 The ejector augmentor is theoretically capable
of respectable performance. However, this per-
formance is severely degraded if the primary
flow is hot.

* The turbine engine is not a particularly suitable
"pump" for an ejector augmentor because the turbine
engine exhaust gases are too hot, and as a result,
degrade the potential ejector performance to nearly
useless levels, except at low Mach numbers. We may
"also turn this statement around: Ejector devices
are not very suitable for thrust augmentation of
turbine engines, except at low subsonic Mach num-
bers. (This conclusion also applies to isentropic
compressors and turbofans used as pumps for ejector
devices.)

* As the fliqht Mach number increases, the performance
of an ejector augmentor is degraded faster than that
of a turbofan.
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The ejector augmentor should be most beneficial for lift and

thrust enhancement at low speeds (e.g., V/STOL operations) . It

may also be useful for some special applications where geometric

considerations mitigate against the use of a turbofan. However,

the turbofan will probably remain the better device in terms of

performance, because of its advanced state of development and

high component efficiencies.

Lest these conclusions be assumed to apply to all ejector-

like devices, we close with the following caveat:

We have assumed throughout this study of ejector

thrust augmentors that the primary and secondary

flows are completely mixed and that all momentum

and energy transfer processes occur in the mixer.

For ejector-like devices for which these assumptions

do not apply (e.g., the so-called "jet copesr)

our conclusions do not necessarily apply either.
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APPENDIX

MAXIMUM THRUST AUGMENTATION

Assume that we have two fluid flows - a primary flow with

initial stagnation conditions (ht., sp) and a secondary flow

with initial stagnation conditions (hts, s) - with a secondary/

primary mass flow ratio a. Further assume that the two flows

interact and proceed through some thermodynamic processes to

final stagnation conditions (htp, s') and (h's, s's). The two

flows are then expanded isentropically through nozzles to ambient

static pressure to provide thrust.

The exhaust velocities of the two flows are given by

uep =2 [htp - hp

U V-' [h 5s - has]

where h' and h' are static enthalpies at ambient staticAap as
pressure:

h~ p h~(s p' - s -)/Cp(A 
2

h' = he (p
app

h' =h e(s' - s )Cas = s p

The resultant specific thrust is

f = (uep + ýUes)/UoC" - (1 + )(A.3)

The initial and final stagnation conditions are related by the

laws of thermodynamics,

htp + Shts htp + 5hts (A.4)

s' + $s" 1 s + $s
p s p 4
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The latter inequality can be written as

S' + ýS = sp + s + (1 + 6)Cp (A.5)

where E • 0.

We now seek the maximum specific thrust fnr fixed initial

flow conditions by varying first htp, then s' and finally E.

Using Equations (A.1) through (A.4), the first variation

af 0
tp

has the solution

h' =h - [h -' - h
tp =htp 1+ tp- hap -hts + has]

which gives upon substitution into Equations (A.1) and (A.3):

Uep= ues (i-+) [htp + Bhts - (hap + as)]

Using this result and Equation (A.5) in Equation (A.3), the

second variation

af •f= 0

p

is performed, which gives

5 + 8ss
"5s' = s = P ~

p S = +8 p+ CE

. =and thence,

h'p =h's - tp + ahts
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The specific thrust is

S + 6s

f = V2(1+6) [htp + Bhts - (1+ý)he pI+ - sO)/Cp eE]½/u0

- (1+S)

Cursory examination of this expression shows that the specific

thrust is maximized when e = 0, that is, when the flow processes

are reversible.

Finally, assuming isentropic diffusion in the inlet (ss = s.),
we obtain for the maximum attainable specific thrust:

f ma 1+1 ½[it + ýh ts (1+ý)o 1/+1 (1+B)fmax- -[s-i] ½tp - pl-

where we have introduced the nondimensional parameters used in

Section II. The process which gives this maximum performance is

one in which the two initial flows interact through a reversible

thermodynamic process to move to the same final thermodynamic

state, i.e.,

h' =h'tp ts

S, =5S
p s

E=0

"The augmentation ratio is

[l+]½tP + $R S) - (1+$)a 1 -1+?]

ýmax p - [1 -

'[tp- p] ts
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momentum.
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Abstract

The entrainrunt mechanisms in turbulent jets The present investigation was motivated by the
and methods to increase the entrainment have been quest for a simple, yet efficient method to in-
a subject of considerable basic and applied inter- crease the jet entrainment for potential use in
est for many years. Recently, this problem has thrust augmenting ejectors. As pointed out by
attracted increased attention because of the need Schum (1975), the augmenter performance is criti-
to develop compact, yet highly efficient thrust cally dependent on achieving high entrainment rates
augmenting ejectors for VSTOL applications. Sev- while maintaining high nozzle efficiencies if
eral new techniques have been introduced or pro- volume is to be minimized for a desired augmenta-
posed to increase the jet entrainment, e.g. hyper- tion ratio. Pulsating or fluidic jet nozzles have
mixing, swirling, acoustic interactions, and un- the disadvantage of a more complicated nozzle
steady jet flews. Measurements are described for design and of decreased efficiency, hence a new
two-dimensional turbulent free jets which are ex- jet excitation scheme was adopted in the hope to
cited by forced vibration of a small vane located achieve a good compromise between enhanced jet
in the jet potential core. Mean velocity measure- entrainment and decreased nozzle efficiency. For
ments using pitot tubes and hot wire or laser- this purpose a small vane situated in the poten-
doppler anemonstry show significantly increased tial core was excited into small pitch oscilla-
entrainment rates over the steady turbulent jet. tions such that both frequency and amplitude of
Measurement details and the effect of various pa- oscillation could be varied over a significant
rameters, such as nozzle pressure ratio, amplitude range. The investigation of this type of jet ex-
and frequency of vane oscillation, are smmarized. citation was stimulated by the encouraging results

- reported by Fiedler & Korachelt (1979) who used a
freely vibrating vane for jet excitation.

Introduction
In the following sections the experimental

Steady two-dimensional jet flows have at- set-up, the measuring techniques and results ob-
tracted the interest of many inveetigatorz due to tained to date are presented. This paper consti-
the fundamental and practical importance of such tutes the second phase of an investigation begun
flows. Much of the currently available informa- at the University of Queensland and reported
tion has been suemarized by Marsha (1971), earlier by Simmons, et al (1979).
Rajaratnam (1976) and Everitt & Robins (1978).
Significant interest in unsteady jet flow effects
first was sparked by the development of the pulse Experiments
jet engine, especially when Bertin (1955) and
Lockwood (1963) noted the favoroble effect of pul- Mean velocity measurements were made in a vane
sating jet flow on secondary flow entrainment, excited turbulent jet of air which issued into
Lockwood (1963) also identified the generation of stationary air from a plenum chamber through a
ring vortices in pulsing flow, a phenomenon later rectangular nozzle of length L - 300mm and width
"verified more clearly by Curtet & Girard (1973). h - 6mm (Fig. 1). Wire gauges and honeycombs were
Further inv~stigations of pulsating jet flows were installed upstream of the nozzle to reduce the tur-
performed by Johnson & Yang (1968), Didelle, et &l bulence at the jet exit. No side plates were used
(1972), Binder & Favre-Marinet (1973), Crow & to contain the jet. The chamber pressure and tem-
Champagne (1971) and, most recently, Breuihorst 6 perature were continuously monitored .L
Harch (l1'77) and Brerhorst & Watson (1980). A experiment through a manometer and a 'oup. e
different type of unsteady jet flow is produced respectively.
by time-varying Jet deflection, either by mechan-
ical oscillation of the jet nozzle or by fluidic A vane which had a s)emetric air. I section
jet actuation, The flow patterns produced by a with a thickness of 1.3mm, a span of 360mm and a
mechanically oscillated jet exhausting into a chord of 10mm was located symmetrically in the
secondary flow recently were measured in some potentical core at 1.42h from the nozzle. The vane
detail by Simons, at al (1978), whereas fluidic was oscillated by a reciprocating rod with an ec-
jet nozzles were developed and investigated by centricity e driven through a motor. Various
Viest (1975, 1979). A compartson of the entrain- frequencies and amplitudes of oscillation of the
ment rates produced by pulsating or oscillating vane about a mean position set at zero angle of
jets, presented by Platzer, et al (1978), shows attack could be attained by vaiying respectively

remarkably different rates depending on the type of the power input to the motor and the eccentricity
jet unsteadiness. a . Since the vane fluttered at high nozzle pres-
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Nozzle Pressure Ratio (PC/PA): 1.008,

1.137, 1.268

Jet Exit Reynolds No: 1.47 x 104
5.85 x 3.0 . 8~.19 x 104

Vane Amplitude of Oscillation (zero-peak)
(E): 2.60, 4.60. 6.90

- Vane Frequency of Oscillation (f): 0, 20,

D 30, 40Hz

Here P. is the plenum chamber pressure and
SPA is the atmospheric pressure.

- Instrumentation

S Pitot-Static Tube

A pitot-static tube of hole internal diameter
0.74mm was used by aligning it with the mean flow
direction. The tube had four static holes locates

symmetrically aroumd the periphery at 17 tube dia-
%0 m•eters. The mean pressure obtained with a pitot-

-o static tube in a fluctuating flow is generally
given by

P - P" P" 2 2 7(
Pt-ps 2 + K1 U + K2 (v + w)

0. -. where Pt and P. are the total and static pres-
sures, U the mean velocity, u , v and w the

... '---- - velocity fluctuations in the streaswise and the
two transverse directions. K1 and K2 are of
order unity. Bradshaw and Goodean (1968) con-
eluded that in highly turbulent jets, for dis-
tances less than 150 nozzle widths, the measured
static pressure is higher than the actual value.

Fig. 1 Configuration of Nozzle and Haraha (1971, page 69) noted that the deviation of

Oscillating Vane (All dimensions in millimeters). the total head tube reading caused by changes in
turbulence intensities is comnorly ignored.
Alexander, et al (1953) observed that the total
pressure decreased markedly with increasing rela-
tive turbulence level. On the other hand, Krause,
Dudzinski and Johnson (1974) observed that in pul-

sating flows total pressure tubes indicate values
higher than the true average pressure. In the

sure ratio of operation, it was supported with two present measurements no attempt was made to correct
bearings 4.5mm thick each and 123mm apart, hence for errors due to fluctuating flow effects. How-
reducing the nozzle's aspect ratio to an effective ever, it was noted that for both the steady and
value of 1:20. This aspect ratio Is still con- vane excited jet it was necessary to measure the
sidered acceptable for two-dimensional jets, e.g. static pressure simultaneously with the total head
Forthmann (1946), Zijnen (1958) and Goldschmidt pressure because of a significant static pressure
"and Eskinazi (1965). variation throughout the jet. Such variations were

reported earlier by Miller and Comings (1957).
Typical jet temperatures on the center line

at the exit, 20, 40 and 60 nozzle widths down- Hot Wire Anemometer*
stream, were 70 C , 30C, 1

0
C and 0.5

0
C respectively

above ambient. However, these will not have any A constant temperature hot-wire anemometer was
significant effect on the jet measurements, used, the wire being a platinum alloy 10 Um dia-

meter with its 4mm length aligned parallcl to the
For the convenient operation of the Laser length of the nozzle. The anemometer was operated

Doppler Velocimeter, the facility was designed such at a constant resistance ratio of 1.3 which gives a
that a velocity traverse across the jet was ob-
tained by fixing the probe (pitot-tube or LDV) in
space and moving the jet with a hydraulic lifting
device, x)The hot wire measurements were performed by the

last three authors on a set-up at the University of
The mean velocity measurements were made Queensland quite similar to the one shown in Fig. 1.

across the width of the jet at its midspan and at The pitot-tube and LDV measurements were performed

distances of 20, 40 and 60 nozzle widths downstream by the first three authors at the Naval Postgrad-

of the nozzle for the following range of parameters: uate School.
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mean wire temperature of the order of 7000K. Using computer simulation Hoesel and Rodi
Typical jet temperatures on the centre line at 20, (1975) showed that the error in LDV mean velocity

40 and 60 nozzle widths downstream were 4
0

C, 30 C is inversely proportional to the bandwidth of the
and 2°C respectively above ambient so that the cold bandpass filter. Throughout the experiments, the
resistance of the wire varied by at most 1%. An signal-to-noise ratio was continuously monitored to

analysis showed that a temperature change of 8oC give a value of 20 which is adequate for LDV data
gives a change of only 2% In the temperature sensi- procssed by counters. On-line histogram plots of
tivity of the wire. Hence a first order tempera- particle velocity distribution were used to heJp
ture correction to the anemometer calibration was select the most appropriate band pass filter values
adequately achieved by operating the wire at a and the value of the shift frequency. Vslidated
constant resistance ratio with its cold resistance signals were received at a rate of about 200-600/

determined by local jet conditions. sec. Assuming that the particle velocity distri-
bution is Gaussian, 95% of the data should fall

Laser Doppler Anemometer within + 2a limits, where a is the standard
deviation. These limits were used to ensure that

A single component, dual beam laser-doppler the band-pass filters were wide enough to accept
velocimeter wes used in the forward scatter mode at least 95% of the data.
with an on-axis photomultiplier for detecting the
signals. The laser was a Spectra-Physics Model
164 Argon-Ion laser operated at a wavelength of Results
514.5nm with 200 to 500 mw of power. The optics
system was that of a DISA two color system with a Figure 2 shows the mean velocity profiles

beam separation of 27.6mm and 9.2mm. The two beams obtained by hot wire anemometry at 60 nozzle widths

of the laser were focused on the measurement point from the jet exit. The vaae amplitude was 5.2 de-
by means of a 600mm lens. Frequency shifting was grees zero-to-peak, the vane chord was 10mm and the

used to separate the pedestal from the doppler vane leading edge was located at 3.3mm from the jet
signal. Particles, generated from olive oil by a exit. The jet exit velocity was 36.4m/sec. The
TSI Model 3075 constant output atomizer, were vane oscillation produces a substantial spreading of
seeded at a rate of 0.3cc/mm in the plenum chamber the jet which is accompanied by a much faster center
upstream of the nozzle. Also, before actual mea- velocity decay than is obtained for the steady jet.
surements were taken, the surrounding environment However, it should be noted that the hot wire inea-
of the jet was heavily seeded to ensure a uniform sures the velocity magnitude rather than the
distribution of particles both in the fluid orig- u-velocity component. Hence, the hot wire measure-
inating from the nozzle and the surrounding so ments overestimate the entrainment, as is indeed
that bias due to non-uniform seeding could he confirmed by the pitot tube and LDV measurements.
managed. Particle sizes, though variable, never
exceeded 1 prm. The particles ,herefore had a size Figures 3 and 4 depict typical center-line
of the oreer of the fringe spacing In the oper- velocity decays and jet spreading trends as a func-
ating mode of beam separation used and thus tion of downstream distance, measured by the pitot
yielded signals with full modulation. Dynamic cal- tube. These results were obtained for a pressure
culations indicate that the seed particles will ratio of 1.137 and a vane amplitude of 2.6 degrees
track the flow with a relaxation time of the zero-to-peak. Jet spreading is seen to increase
order of 10-6 sec. The Doppler signals received with increasing frequency, which is accompanied by
by the photomultiplier were transmitted to a DISA a decrease in conterline velocity with increasing
55L90 LDA counter for further processing. Counters, frequency. Figures 5 show a comparison of the
alternatively known as burst-signal processors velocity profiles measured by the pitot-static tube
which measure the velocity of individual particles, and by the laser-doppler valocimeter for several

are, by tar, the most versatile LDV signal proces- parameter combinations.
nars as compared with trackers, frequency analyzers
and photocorrelators and are especially suitable It can be seen that the LDV consistently mesa-

for low particle concentration provided that the sures low compared to the pitot tube, even in

signal to noise ratio is adequate. The signals steady jet flow and especially in the high turbu-

were first band-pass filtered to remove the high lance regions of the jet. Further measurements
frequency noise and the low frequency pedestal, are clearly needed to evaluate the accuracy of

The filters were used in conjunction with threshoid both measuring techniques in these regions.
window adjus.ments which set the upper amplitude

limit to reject signals from large particles and Table L lists the entrainment results obtained

amplifier gain control which attenuated the input to date for three pressure ratios, three vane ampli-
signal to reduce the noise signal to below the cir- tudes, three frequencies (20, 30, 40Hz) at three

* cuit trigger level. The signals were then vali- downstream stations (20, 40, 60x/h). Both the LDV
dated based on a 5/8 comparison mode with a toler- and pitot tube measurements are shown. The follow-

Sance accurarv of +1.5% or +3%. Details of the ing trends can be recognized:
validation rcuit and operation of the counter are

available in the DISA instruction manual (1976). a) Increasing vane amplitude and frequency subs-
The validated signals were further reduced on-line tantially increase the entrainment.
by an lIP9825A microcomputer to extract the mean

axial velocity component U and the aggregate b) Entrainment decreases with increasing pressure
axial turbulence Ti

2
. Histograus, were taken of ratio.

selected points during the experiment. The histo-
grams were used to determined the filter bandpass Typical entrainment increases range from 10% to

setting and on-line graphs of the experimental 175% depending on frequency, amplitude and pressure

results were also obtained, ratio. For example, at the highest pressure ratio

467



OHZ

0.2
20 HZ

0.I

4o -30 _M -10 a 10 3ý0 40

Fig. 2 profiles of INm Jet Velocitry Ma•itude Maccured with lot Wire at 60 goggle

Width@ dmmmatram of Nruezos. Tom Is Located 3.300 from goggle end Amplitude
of Oacillati0s 1 ).2 dSCOMee Mro-peak. Jet I3dt Velocity u° * 36.4 N/ee.

.6

30H

- 1
ZOHZ

.8 HHZ

0 20 40 S0 .20 40 60 -[

Fig. 3 Mtan Center-Line Velocity Deoe8Y s a Fig. 14 Meas Jet-spreeding (Jet Half-Width) as

Function of Downmtreem Distence, Measured with a Function of Domnstream Distance, Measured with

Pitot Tube at a Van* Prequency ot 0,20 3D),.0 Ns, Pitot Iube at a Vane Frequency of 0,20,30,.0 Hz,

Amplitude of 2.6 Degrees, Pressure kilo .13V Amplitude of 2.6 Degrees, Pressure Ratio 1.137

468



.4

PITOT

.3.

.2

./

- -3 'Z0 2 J-
Fig. 5A Comparison between Measured Velocity Profiles at 20 Nozzle Widths, Pressure

Ratio 1.137, Zero Frequency and Amplitude.

.3 
/

PITOT

"LDV

.2

.I

-6 -5 -4 -3 -2 -/ 0 I 2 3 4 5 6'

Fig. 5B Comparison between Measured Velocity Profiles at 20 Nozzle Widths, Pressure

Ratio 1.137, Vane Amplitude 2.6 degrees zero-to-peak, Frequency 301!z.

469



/ KTor

/"0,LM

-12 -/0 -8 -6 -4 -2 0 2 4 6 8 /0 12

Fig. SC Comparioe betlmen Memaurd Velocity Profiles at 40 Nomals Widths, Pressure
Ratio 1.137, Wa s2ipttub 2.6 d@pese wro-to-peak, frequency 30Uu.

0.2 ,/ ,. /\

00'..a l - t 0LDV, "

"• ' ~ ~0 ito,•.

-21 -/4 -7 0 7 /4 2/

Fig. SD Coemoulom beams Nmaasrod velocity hofiles at 60 Nestle Widths, Pressure ..
Wino 1.268e, T i Am Utuda 4.6 degre.. sero-to-peek, Frequency 301s.

470



Station Station S tat ion
Vane 20x/h 40x/h 60x/h

Frequency Amplitude LDV Pitot LiV Pitot LIDV Pitot

0 0 1.45 1.45 2.52 2.7 3.8
20 2.6 1.79 1.6 4.11 3.75 5.9
30 2.6 1.89 1.8 4.2 4.1 7.25
40 2.6 2.09 2 4.31 4.4 7.75
20 4.6 2.57 2.1 5.18 4.6
30 4.6 2.92 2.4 5.53 5.1
40 4.6 3.24 2.7 6.02 5.7
20 6.9 3.16 2.5 5.7 4.9
30 6.9 3.19 2.9 6.19 5.4
40 6.9 3.26 3.1 6.98 5.9

Table 1A Entrainment -qxl_ 1 at Pressure Ratio 1.008QE

Station Station Station
Vane 20x/h 40x/h 60x/h

Frequency Amplitude LDV Pitot LDV Pitot LDV Pitot

0 0 1.18 1.5 2.2 2.8 3.6 4
20 2.6 1.39 1.6 2.4 3.1 3.83 4.7
30 2.6 1.29 2.7 2.56 3.3 4.3 5.2
40 2.6 1.28 1.7 2.58 3.5 4.42 5.6
20 4.6 1.41 1.9 2.18 3.6 4.55 5.2
30 4.6 1.44 2 2.47 3.9 4.96 6.2
40 4.6 1.39 2 2.8 4.2 5.34 6.7
20 6.9 1.48 3.1 2.32 3.9 5.49 5.8
30 6.9 1.65 3.1 2.72 4.3 6.4 6.9
40 6.9 1.71 3.3 3.31 4.9 6.69 7.8

Table lB Entrainment -x.- 1 at Pressure Ratio 1.137QF

Station Station Station
Vane 20x/h 40x/h 60x/h

Frequency Amplitude LDV Pitot LDV Pitot LDV Pitot

0 0 1.08 1.5 2.2 2.7 3.16 3.8
20 2.6 1.11 1.6 2.2 2.9 3.17 4.2
30 2.6 1.15 1.6 2.3 3.1 3.6 4.5
40 2.6 1.00 1.7 2.43 3.2 4 4.8
20 4.6 1.01 1.8 2.24 3.3 3.67 4.8
30 4.6 1.30 1.9 2.24 3.6 4.22 5.5
40 4.6 1.33 2 2.36 3.9 5.87 6
20 6.9 1.20 2 2.30 3.7 4.14 5.5
30 6.9 1.21 2.1 2.63 4 5.7 6.1
40 6.9 1.17 2.3 2.79 4.5 6.4 7.1

Table IC Entrainment Jxl_- 1 at Pressure Ratio 1.268QE

measured (1.268), the entrainment increase at eta-

., tion 60 is still between 30% to 100% for an ampli- Salter, ARL-Report 75-0132, gives the following for-
tude of 6.9 degrees at frequencies ranging from mula for the entrainment of steady rectangular jets
20 to 40 Hz.

P 1/2
Considerable differences can be noted in some RLMI . (0.6 - 0.04

cases between the pitot tube and LDV results, espe- QA
cially for large frequencies and amplitudes. This

is to be expected due to the measuring uncertain- which produces the following values for the three
r1,p of pitor tv-hps In oscillatory flow. However, pressure ratios and stations measured:
significant differences also are obtained in steady
jet flows which occur mainly in the high turbulence
regions of the velocity profiles, Figures 5.
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20x/h 40x/h 60x/h which is always satisfied for sufficiently large
Reynolds number Re.

Q(X) 1 1.5, 2.54, 3.33 at PC/P - 1.008
QE Integration of Eq. (3) with respect to y gives

S1.48, 2.51, 3.3 at P - 1.137 the well known condition of momentum conservation

- 1.46, 2.47, 3.26 at Pc/PA a 1.268P fU2dy - M (4)

Analysis

Tennekes and Lumley (1972) show that for plane where M0  is the total amount of momentum put into

turbulent jets the cross-stream momentum equation the jet at the origin per unit time.

2 2 The third and fourth terms in the streamwise
V+ 2V 21- 2 " 1 P 2 V 2 V momentum equation differ by a factor of orderav ya + 1-(-uv)+ Ly(V . - Ty + V-x 0 (1

Dx y x2 + ;y2y For the vane excited jet the cross-stream length L

scale . will be significantly larger than for the
non-excited jet. This buggests to retain these

can be approximated by retaining only the two terms texmst edingto Th e f o re te
terms thus leading to the following more accurate

condition for momentum conservation
a y(V 2 ) (1)

J(U 2 + - v) dy - Const (5)
Here U , V are the mean velocities in the x and

y directions, u, v the velocity fluctuations,
P the static pressure and v the kinematic vis-
cosity. This approximation assumes that the tur-
bulence intensities are about half an order of mag- +
nitude smaller than the jet velocity, i.e., + 2 .2

, U dy and M2  (U2 + u )dy are

U 1/2 Go -.
u-- O(j)

plotted from the available LDV data. For the
lowest pressure ratio, 1.008, a significant in-

where Us is the maximum jet velocity, S is the crease in both jet momentum values is observed in
cross-stream length scale and L the streamnise the excited jet. The additional momentum imparted
length scale. The velocity scale for the turbu- to the flow by the oscillating vane in this case
lence is indicated by u , so that is likely to be a substantial percentage of the

initial jet momentum. Since this imparted momentum
. O ) 0(u2 ) 2 2 2 remains essentially constant at the higher pressure

v - ON O(u ) v ON 0(uratios, its contribution becomes less significant
g (1) and assuming no imposed exter- in comparison to the available initial jet momentum.

Integrating Eg.rant ads to Indeed, the momentum values at the two higher pres-
nal pressure gradient leads to

sure ratios exhibit no significant differences
between the steady and the excited jet momentum

I aP + a --2 values. However, it can be noted that the M 2 -
- -x (v) a 0 (2) values increase with increasing downstream

distance and with increasing vane amplitude, in
apparent violation of momentum conservancy. Here,

Hence, the streamwise momentum equation it must be remembered that the condition for momen-
tum conservation Eq. (5) contains at least another

2 additional term, i.e., the fluctuating cross-flow2 2U
BU - 2" D (.•. 2 momentum. Therefore, any definite statements
a+ a y a 2 y(uv) 2 2 + )2 about momentum conservation must await the measure-

* " ax 2y ment of the cross-flow fluctuations. Such measure-

are planned in the next phase of this investigation.
becomes Also, a more detailed analysis will be attempted

based on the unsteady shear layer equations for

BU + + 0turbulent flow. Prescribing sinusoidal Jet deflec-
Mx+ V--.- + -(uv) = 0 (3) tion these equations will be solved using the

ay ay Cebeci-Keller box method similar to the analysis

of pulsating jets by Lai & Simmons (1980) and by
where only the first, second and fourth term have Carrion (1980). Finally, it is interesting to note
been retained and where it has been assumed that that the M1  and H2 values differ only by about

10 for the steady jet, thus indicating the small
U contribution of the turbulent fluctuations. In

a 1 9. contrast, the excited jet exhibits quite substan-
U . ReL tial variations between these two momentum inte-

grals again indicating the need for more detailed
measurements and analyses of this type of jet flow.
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Momentum M2 Momentum M2

at Pressure Ratio 1.008 at Pressure Ratio 1.268

Station Station Station Station Station Station

Frequency Amplitude 20 x/h 40 x/h 60 x/h Frequency Amplitude 20 x/h 40 x/h 60 x/h

0 0 1.13 1.1 0 0 0.94 .98 1
20 2.6 1.34 1.58 20 2.6 0.97 .98 1.01
30 2.6 1.33 1.56 30 2.6 0.99 .98 1.13
40 2.6 1.45 1.52 40 2.6 0.90 1 1.17
20 4.6 1.66 1.85 20 4.6 0.97 .94 1.1
30 4.6 1.81 1.74 30 4.6 1.08 .89 1.13
40 4.6 1.94 1.82 40 4.6 1.12 .89 1.17
20 6.9 1.96 1.83 20 6.9 0.97 .95 1.19
30 6.9 1.91 1.8 30 6.9 0.94 .92 1.37
40 6.9 1.79 1.96 40 6.9 0.88 .89 1.4

Momentum M Momentum M

at Pressure Ratio 1.008 at Pressure Ratio 1.268

0 0 1.03 0.99 0 0 0.85 0.86 0.88
20 2.6 1.15 1.36 20 2.6 0.79 0.81 0.79
30 2.6 1.11 1.36 30 2.6 0.80 0.72 0.82
40 2.6 1.17 1.32 40 2.6 0.70 0.79 0.85
20 4.6 1.38 1.58 20 4.6 0.74 0.66 0.77
30 4.6 1.5 1.5 30 4.6 0.62 0.59 0.74
40 4.6 1.64 1.57 40 4.6 0.77 0.57 0.79
20 6.9 1.59 1.54 20 6.9 0.60 0.54 0.7
30 6.9 1.49 1.53 30 6.9 0.58 0.54 0.9
40 6.9 1.43 1.68 40 6.9 0.51 0.53 0.97

Momentum M2  Table 2 Momentum Values M1 and M2

at Pressure Ratio 1.137

0 0 .97 .97 1.03
20 2.6 1.09 1.02 1.09 Summay
30 2.6 1.05 1.05 1.12
40 2.6 1.04 1.01 1.06 Velocity measurements using pitot tube, hot
20 4.6 1.13 .97 1.18 wire and laser-doppler anemortry have been per-
30 4.6 1.13 1 1.12 formed in jets which exhausted into still sir and
40 4.6 1.08 .99 1.14 which were excited by a small oscillating vane
20 6.9 1.07 1 1.2 located in the jet's potential core. Entrainment
30 6.9 1.13 1.02 1.2 results obtained to date for three pressure ratios
40 6.9 1.13 1.08 1.15 (1.008, 1.137, 1.268), three vane amplitudes (2.6,

4.6, 6.9 degrees zero-to-peak), three frequencies
Momentum M (20, 30 40Hz) at three downstream stations (20,

N1  40, 60 nozzle widths) show significant entrainment
at Pressure Ratio 1.137 increases over the steady jet. In particular, the

following trends were identified: entrainment
0 0 .85 .85 .92 increases with increasing vane amplitude and fre-

20 2.6 .90 .84 .84 quency, but decreases with increasing pressu,'e
30 2.6 .84 .83 .86 ratio.
40 2.6 .83 .77 .85
20 4.6 .83 .83 .85 Acknowledgment
"30 4.6 .79 .62 .82
40 4.6 .76 .62 .9 This investigation was supported by the Naval
20 6.9 .54 .84 Air Systems Command, Code AIR-310, the Australian
"30 6.9 .53 .92 Research Grant Committee and the Department of
40 6.9 .63 .94 Mechanical Engineering, University of Queensland.

Table 2 Momentum Values M1 and M

I1
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PRESENTATION SUMMARY

AN INVESTIGATION OF PLANAR, TWO-DIMENSIONAL EJECTORS

WITH PERIODIC OR STEADY SUPERSONIC DRIVER FLOW*

The results of an experimental and theoretical investigation of a

planar, two-dimensional constant area ejector with a periodically pulsed

or a steady, supersonic dri!",r flow will be presented. The purpose of

this investigation was to determine the potential of using unsteady flow

techniques to enhance the mixing between high-speed streams interacting

within a duct and to improve the overall pressure recovery obtained

within an ejector system. This reseArch was motivated by mixing problems

which were encountered in high-energy chemical laser systems at the laser

fuel-oxidizer nozzle array and within the ejector-diffuser system required

to pump the laser effluent for atmrospheric discharge.

A large scale fluidic oscillator was developed to pulse the ejector

driver flow stagnation pressure about a constant valve at frequencies up

to 250 Hz. Driver flow frequencies of 142 Hz and 250 Hz were used in a

series of ejector experiments; for comparison, a series of steady driver

flow experiments were also conducted. A wide range of ejector flow condi-

tions were experimentally investigated for three values of ejector mixing

duct length-to-height ratios. All of the ejector experiments were con-

ducted in the "supersonic" or "mixed" regimes of operation. In the

"supersonic' regime, the ejector driver flow expands against the induced

(. *Research supported by the U.S. Army Research Office through Research
Grant BAAG 29-76-G-0200.
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flow as both flows enter the mixing duct and chokes the induced flow at

an aerodynamic throat formed within the mixing duct; in the "mijxed"

regime, the induced ejector flow is not choked and the driver flow may

or may not expand against the induced flow at the mixing duct inlet.

A one-dimensional, quasi-steady control volume analysis was success-

fully employed to model these ejector flows. Periodic ejector flows were

found to be well modeled by the quasi-steady analysis. The driver-to-

induced flow inlet static pressure ratios and mass flowrate ratios of

the steady driver flow ejector were accurately predicted by the one-

dimensional analysis. The wiean values of these inlet flow parameters

obtained with the periodic driver flow ejector were not significantly

different from the steady driver flow results. The experimentally deter-

mined steady driver flow ejector compression ratios were approximately

25% lower than predicted by the an~lysls. The pressure recovery obtained

with the ejector operating at given inlet flow conditions for both

periodic and steady driver flows increased slightly with driver flow

frequency. At the frequencies investigated, the pulsation of the driver

flow was found to have a small effect on ejector operation and the mixing

and entrainment characteristics did not appear to be altered significantly

by the pulsed driver flow. However, the mixing duct wall static pressures

in the steady driver flow ejector experiments were found, unexpectedly, to

* .. ~be unsteady under most flow conditions. The unsteady and highly disturbed

character of the flow within the mixing duct of the steady driver flow

ejector may be an inherent ejector characteristic which could have masked

some of the potential differences in performance between the periodic arid

steady driver flow ejectors. In the periodic driver flow experiments, the
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results indicate that the Strouhal number of the periodic driver flows was

not sufficiently high to alter significantly the dynamics of mixing between

the high-speed, ducted streams.

The steady driver flow ejector experiments raise two questions: (i) Are

the unsteady flow phenomena observed in these experiments a characteristic

of plane, two-dimensional ejectors? and (ii) Do similar unsteady flows occur

in an axisyvmetric ejector?
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NOMENCLATURE

Sy bols

A Area

C P Specific heat at constant pressure

Cv Specific heat at constant volume

h Specific enthalpy

L Mixing duct length

M Mach number

Mw Molecular weight

P Pressure

R Universal gas constant

St Strouhal number

t Time

T Absolute temperature

V Magnitude of velocity

w Mass flowrate

w Secondary to primary mass flowrate ratio

W Mixing duct width

X Longitudinal or flow-direction coordinate
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PRESENTATION SLIDES

OBJECTIVES:

0 TO DEVELOP AN EFFICIENT LARGE-SCALE FLUID
OSCILLATOR TO PULSE THE EJECTOR DRIVER FLOW

U ~ABOUT A WEAN VALUE.

9 TO INVESTIGATE THE EFFECTS OF A PERIODIC
DRIVER FLOW ON EJECTOR PERFORMANCE.

9 TO INVESTIGATE THE SAME EJECTOR CONFIGURATIONSj WITH A STEADY DRIVER FLOW.

* TO MODEL THE EJECTOR OPERATION WITH PERIODIC
DRIVER FLOW.
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The partl4lly assembled ejector unit (L/W - 9.0)
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CEC TYPE 4-312
PRESSURE
TRANSDUCERS

CC TYPE 1-103
SIONAL COND~ITIONER
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Schematic detailing the data acaulsltton system
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Control volime used in the overall analysis
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SECONDARY

PRIMARY MP, Z 1.0

S• •Mpt > M p

Control volume used in the supersonic regime analysis
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1.0
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Static pressures versus time in the 250 Hz driver ejector flow
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FINDINGS:

* EJECTORS WITH PERIODIC DRIVER FLOWS WERE WELL
MODELED BY A QUASI-STEADY, ONE-DIMENSIONAL
ANALYSIS.

* EJECTORS WITH STEADY DRIVER FLOWS WERE WELL
MODELED BY ONE-DIMENSIONAL ANALYSIS.

FINDINGS (CONT'D):

* THE MEAN FLOW EJECTOR RESULTS WITH A PERIODIC
DRIVER WERE NOT SIGNIFICANTLY DIFFERENT FROM
THE STEADY DRIVER RESULTS.

* THE FLOW WITHIN THE MIXING DUCT WAS FOUND TO
BE UNSTEADY FOR BOTH STEADY AND PERIODIC DRIVER
FLOWS.
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FINDINGS (CONT'D):

* UNSTEADY AND HIGHLY DISTURBED CHARACTER OF
THE FLOW WITHIN MIXING DUCT COULD HAVE MASKED
PERIODIC DRIVER EFFECTS.

* PERIODIC DRIVER FLOW EXPERIMENTS PROBABLY
REQUIRED HIGHER STROUHAL NUMBERS TO ALTER
MIXING DYNAMICS.

FINDINGS (CONT' D):

* IS OBSERVED UNSTEADY AND DISTURBED FLOW IN
MIXING DUCT CHARACTERISTIC OF PLANAR, TWO-
DIMENSIONAL EJECTORS?

* DO SIMILAR UNSTEADY FLOWS OCCUR IN AN
AX! SYMIETIC EJECTOR?
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4 ABSTRACT

A continuing series of experimental investigations is being carried

out on an underexpanded jet of air issuing from a convergent rectangular

nozzle in both free and confined configurations. Schlieren pictures of

the flow field along with hot wire and microphone data were obtained for

different operating conditions and configurations of the jet.

In our study of factors influencing jet mixing and concomitant sound

production the following observations were made for a free jet. At a

pressure ratio for maximum screech sound radiation, which occurs at a

pressure ratio of 3.7, Schlieren photographs show a very strong organized

cylindrical wave pattern on either side of the jet with their respective

sources located at the end of the third shock cell. Associated with

this wave pattern is a large angular spread of the jet of about 36 degrees,

compared with a normal spread of about 20 degrees. When small rigid sur-

faces were introduced near the nozzle exit, we found that the flow can be

either destabilized, characterized by a large spreading of the jet or

stabilized, depending on the position of the surfaces. These effects

show that solid surfaces and their placement have a profound effect on

mixing characteristics of jets.

Some experiments on partially confined jet (plates placed parillel

to the long dimension of the nozzle) indicate that the jet sprf~ads very

rapidly and fills the channel within about one channel width downstream

of the nozzle exit. The organized wave pattern present in a free jet is

replaced by a very complicated wave system. In a fully confined (ejector)

4 configuration with its greater secondary flow velocity these sound waves

are not present, and less rapid miximg between the primary and secondary

streams is observed. 517517 NA&4 • i



NOMENCLATURE

a Speed of sound

AR Aspect ratio

D Width of the nozzle

L Length of the nozzle

L1 Distance between the plates in x,z, plane

L 2 Distance between the plates in x,y plane

L,L3 Lenqth of the confining surfaces

M Mach nuxiber

P Ambient pressurea

p Stagnation pressure

o2
Po2 Pitot tub~e pressure

PS Surface pressure on the confining surfaces

R Pressure ratio

U Mean velocity

UCL Mean velocity along the centerline of the jet

/ -u rms velocity fluctuation

x Coordinate along the jet axis

y Coordinate along the small dimension of the nozzle

"y% Local half width of the U profile along the y axis

z Coordinate along the long dimension of the nozzle
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I NTRODUCTION

A continuing series of experiments is being carried out to

study the basic fluid mechanical properties of single and multiple

rectangular jets in a free and confined environment. This work was

motivated by the use of these jets in a augmentor wing considered by

NASA Ames Research Center., The configuration which is of interest

here is shown in Figure 1. Also shown in the figure is a slot nozzle

augmentor wing. The gross characteristics of a multi lobe augmentor

wing was reported by Aiken (1). These results show that the lobe

augmenter gives higher static thrust augmentation than slot nozzle

augmenter at a given value of mixing length (Z/L or X/D). Combining

the lobed nozzle with a lined augmentor reduces the noise of the

augmentor wing as compared to a slot nozzle augmentor (2). With these

advantages in mind, and to further improve the performance of multi-

element nozzle ejector, a long range program was initiated at Stanford.

This program has the following main objectives to the general problem

of mixing processes in a multiple three dimensional confined jet

(ejector).

0 Investigate the characteristics of a single rectangular free jet

. Study the characteristice of a free jet in i multilobe configuration

"" Include the confining surfaces, and determine the nature of changes

in the flow as a result of confining walls

* Develop a semi-analytical method for predicting the performance

of multilobe nozzle ejector
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Most of the results dealing with incompressible single and multiple

jets in free and partially confined configurations were reported by

Krothapall at al. (3,4,5). Experiments on a subsonic compressible

rectangular free jet were recently completed, and the results are

reported by Hsia et al. (6). The purpose of the present paper is to

present and discuss the results of experiments with an underexpanded

rectangular jet in free and :zonfined configurations.

The flow under consideration will depend mainly on the following

parameters: the aspect ratio of the nozzle (lobe), the pressure ratio

R, the Mach number M, and Reynolds number Re of the jet near the exit,

the state of the flow at the exit of the nozzle, configuration of the

confining surfaces, in particular the inlet geometry, and conditions

of the ambient medium into which the jet is ii-suing. The range of

parameters considered in this experiment is compared with the augmentor

wing and are shown in Figure 2. In the present investigation, two

nozzle aspect ratios of 16.7 and 10 were considered. The pressure

ratio R, was varied from 2.0 to 5.4. This corresponds to a Mach

number range based on isentropic flow of 1.05 to 1.8. The Reynolds

number employed was based on the width D (small dimension) of the

nozzle and given by Re = M , where a and V are the speed of soundV

and kinematic viscosity of the ambient medium. This Reynolds number
, -,. 1 4 05.

was varied from 7.2 x 10 to 1.8 x 10

APPARATUS, INSTRUMENTATION AND PROCEDURES

A blow down air supply system was used, the details of which

can be found in Reference 3. Two nozzle sizes were used in the present
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study. The dimensions of the reftangular exit of the small nozzle

used was 50mm long (L) by 3mr. Wide (D) The exit dimensions of the

large nozzle were 50mm long and 5mm wide. The nozzle exit in each

case was preceeded by a 40mm long smooth rectangular channel (50mm x

3mm, and 50mm x 5mm). The 3mm nozzle used in this investigation was

one central lobe of a multilobed nozzle employed in previous inves-

tigation (see Figure 3). All other lobes were blocked while measure-

ments were made on the central lobe. The 5mm nozzle employed was

single lobed nozzle, but otherwise all other dimensions were the same.

This nozzle was used in all the experiments concerning the confining

jet. For the partially c-nfined jet configuration two plates were

symmetrically placed parallel to the long dimension of the nozzle. The

separation distance between the plates can be adjusted from 0 to 80mm. For

the ejector configuration, two additional parallel plates are symmetrically

placed normal to the long dimension of the nozzle. The separation distance

between them can also be adjusted, however kept at 50mm for the

present experiment. A schematic arrangement of the confining surfaces

is shown in Figure 4. Also shown in the figure is a cartesian co-

ordinate system (x,y,z) with its origin located at the center of the

nozzle exit, with x axis oriented along the centerline of the jet.

A conventional Schlieren system was used for flow visualization.

Measurements were made using a pitot-tube and hot wire anemometry.

A standard DISA normal wire in conjunction with a DISA 55 M01 constant

temperature anemometer was used. Surface pressure measurements were

Pkide using a 96 port scanning valve which is interfaced with a PDP 11/23

minicomputer. For the most part the hot wire was used in regions
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where the flow is known to be subsonic, thus minimizing errors present

due to compressibility.

The controlling parameter in this investigation was the stagnation

pressure po, which was varied from 30psia to 85psia. This corresponds to

a range of nozzle pressure ratios from 2 to 5.8. This pressure was main-

tained to an accutacy better than one pexcent. Most of the Schlieren

Pictures were taken to diaplay the flow field in the plane containing the

small dimens.bon of the nozzle. For a free jet, experiments were conducted

for a number of pressure ratios using both nozzles, however only a limited

selection is presented here. In the case of a confined jet only the 5mm

nozzle was used.

RESULTS AND DISCUSSION

Free Jet

Typical Schlieren pictures of the jet issuing from the 3mm nozzle, at

three different pressure ratios are shown in Figure 5. For a pressure

ratio R>1.9, the flow at the nozzle extt iz chocked and results in the

formation of a sex.ies of shock cells downstream of the nozzle exit as

shown in the figure. The. most strikini &dtarvation for the three cases

shown in the figure are large change in the angle of spread cf the jet,

the appearance of a very strong organized wave pdttern, and the develop-

ment of a Macb wpce radiation pattern at the highast pressure ratio. For

exdmple, the total angle r-f spread of the jet is aiout 200 for both the

lowest tR-2.2) and the highest (R-5.4) pressure ratios, w:hile the total

angle of spread is about 350 At the pressure ratio for maximum screech

sound radiation (R-3.7). As will be shown later, that the jet spreads
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linearly in all these cases; i.e. 6/(x-x C, where, 5, is
dx 0

some measure of the local scale of the flow; a thickness defined in some

particular way. If an asymptotic value of 6 - C-can be determined from

the picture then x is determined from the tangent, 6 - C(x - X ). Usingo 0

this procedure the spreading rate is obtained for various pressure ratios

of the jet and it is plotted in Figure 6. At a pressure ratio for maximum

screech sound radiation, which occurs at a pressure ratio of 3.7, the

spreading rate is higher by almost 50 percent as compared to the same at

other pressure ratios. Associated with this large spreading rate is an

organized cylindrical double wave pattern which originates alternatively

from each side of the jet. The source for the wave system is approximately

located at the end of the third shockcell. Detailed structure of the near

sound field of this flow was described by Krothapalli et al. (7). Figure

7 gives an example of the flow from the 5ram nozzle for the same conditions

as in Figure 5b. In this case the aspect ratio of the nozzle is lower (10)

than for the 3mm nozzle (16.7). On comparing the two flows, one finds a

single-wave pattern is present in Figure 7, while a double-wave pattern is

present in Figure 5b.

To stuidy the degree of two dimensionality present in the experiments,

photographs were taken at right angles to the view in Figure 5. The reRDlts

are presented in Figures Ba and 8b. Three shock cells can be identified

in the figures by three bright lines in the jet, and very little spreading

of the jet occurs in this plane indicating the flow is fairly two dimensional.

It has been shown by Poldervaart et al. (8) that the placement of a

retlective surface near the exit of rectangular jet has an important effect

on the flow. To fu:ther investigate this effect several reflector geo-
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metries were used; and a typical geometry of 90* is shown in Figure 9.

The most striking conclusion drawn from the experiments was that the flow

can be either destabilized characterized by a large spreading of the jet

or stabilized by a small plate, and the effect is present with the plate

located on only one side and in almost all positions. Figure 9 gives such

a comparison where the plate position was adjusted holding the plate parallel

to the jet axis to cause this effect.

To obtain the detailed structure of the jet, measurements were made

using pitot tube and hot wire at selected operating conditions. Some of

the typical results are presented in the next few figures. The variation

of the pitot pressure along the centerline of the jet for a pressure ratio

of 3.7 is shown in Figure 10. The absolute values are divided by the

ambient pressure and plotted agianst the nondimensionalized downstream

distance. These measurements cannot be transferred directly into velocity

or Mach number, neither are they the true pitot pressure. In supersonic

flow,maxima in pitot pressure corresponds to minima in Mach number and

vice versa. Also shown in the figure is the location of the source for the

sound waves observed in Schlieren photographs (Figure 5b). It is observed

that the downstream decay of the pitot pressure is considerably accelerated

after about 10D, and subsonic flow is realized beyond x/D of about 15.

The variation of the centerline mean velocity UCL with downstream

* distance x, for x/D greater than 30, and for three different pressure

ratios, is shown in Figure 11. The mean velocity UCL, is normalized with

respect to the corresponding exit velocity of the jet, which is computed

from the i~entropic flow tables (with the assumption that the flow is

fully expanded near the nozzle exit). Also included in the figure are the
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typical variations of two dimensional and axisymmetric jets. For x/D

greater than 60, and for both lowest (R-2.7) and highest (R=5.4) pressure

ratios, the velocities decay at a rate roughly the same as that of a two

dimensional jet, while for the pressurb ratio of 3.7 (screeching condition)

the velocity decays faster than the two dimensional jet. Figure 12 shows

the distribution of the mean velocity U across the jet in the x,y plane

at different downstream stations ranging from 40 to 100 widths at a pressure

ratio of 3.7. The velocity U is normalized with respect to UCL at each

station, while the distance y is normalized by the distance x to the station

in question. The profiles do not display any geometrical similarity, which

is in contrast to geometrically similar profiles for a high speed subsonic

rectangular jet (6).

The growth of the jet in xy plane with downstream distance for three

different pressure ratios is shown in Figure 13. The ordinate yý is the

distance from the centerline of the jet to the point where the mean velocity

is equal to one-half of its centerline value. The jet in the x,y plane

spreads linearly with x and the locus of half velocity points is given by

y - , k(x - xO)

For planar jets, the value of k varies between 0.09 and 0.12. For the

lowest and highest pressure ratios the variation is linear and identical

.• to each other with values for k-0.095 and xo=-7D. For the screeching

condition the variation is also linear with k=0. 138 and x -20D. Also included

in the figure are the data for a subsonic rectangular jet and an under-

expanded axisymmetric jet (exiting from a 2nmm diameter nozzle).

Profiles in the x,y plane of the rms values of the velocity at

different downstream locations x, for a pressure ratio of 3.7, are shown
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in Figure 14. These values are normalized with respect to the local mean

velocity on the centerline. The profiles do not indicate any geometrical

similarity and show a distinct saddle shape for !E less than 70. After
p

examination of this data along with the data at other pressure ratios, it

appears that the overall structure of an underexpanded screeching jet may

be quite different from that of nonscreeching and subsonic jets.

Confined Jet

Typical Schlieren pictures of a partially confined jet issuing from

the 5mm nozzle, at a pressure ratio of 3.4 (35psig), and at three different

spacings (L2 ) are shown in Figure 15. The striking observation is that the

jet spreads very rapidly and fills the channel within about one channel

width (L2 ) downstream of the nozzle exit. The organized sound wave

pattern present in a free jet is replaced by a very complicated wave

system. Considerable enhancement of large vortical motions were observed.

The static pressure distribution along the plates were measured at a

spacing L2 equal to 10D, for four different stagnation pressures. The

results are shown in Figure 16. The pressure distribution% on the plate

placed on either side of the jet was found to be identical, thus measure-

menl-s on only one of the plates are presented here. For x less than about

8cm, the pressure is almost equal to the ambient pressure; thus suggesting

very little secondary flow is induced into the channel.

Figure 17 gives an example of the flow in an ejector (L1/L = 1.0)

for the same conditions as in Figure 15. On comparing the two flows

one finds that the jet spreads very slowly and less rapid mixing between
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the primary and secondary flows is observed. With the confining plates

normal to the long dimension of the nozzle, the jet seems to be less

sensitive to the variation of the spacing between the plates (placed

parallel to the long dimension of the nozzle). With its greater secondary

flow velocity sound waves are not present. For larger spacings (L2 > 70mm)

weak sound waves are found in the ejector. Figure 18 gives the surface

pressure distribution for the same conditions as in Figure 16. For the

cntire length of the wall the pressure was negative and in each case a

minimum value was found at about 3cm from the nozzle exit. The lowest

magnitude noted in this data was about -2.5psig at 3cm downstream of the

nozzle exit for a stagnation pressure of 40psig. This corresponds to a

secondary flow Mach number of about 0.48.

To compare the flow for the two cases in the entire length of the

duct at the same operating conditions picutres were taken for a pressure

ratio of 3.5 as shown in Figure 19. In the ejector configuration the

significant mixing between the primary and secondary flows takes place

for a downstream distance of about 2.5 channel widths.
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CONCLUDING REMARKS

The following conclusions can be drawn from the measurements of a

free jet. From the Schlieren pictures it was observed, in the range of

pressure ratios from 3 to 4 that an organized cylindrical wave pattern

enmerges alternately from each side of the jet. Associated with this wave

pattern is a large angular spread of the jet of about 360 compared with

a normal spread of about 200. The mean velocities and rms velocity pro-

files in the x,y plane do not show any similarity. The structure of

such a jet may be quite different from that of a compressible subsonic

and nonscreeching underexpanded jet. There is some evidence that the

structure of a nonscreeching underexpanded jet may be quite similar to

that of a subsonic jet.. The present studies are still not complete

enough to enable a detailed understanding of the complex flow development

of the jet issuing from an underexpanded rectangular nozzle. All the

implications of the results obtained are not yet understood. Further

experiments are underway to obtain the information to properly character-

ize and elucidate the flow structure.

Experiments on a partially confined jet indicate that the jet spreads

very rapidly and fills the channel within `bout one channel width down-

stream of the nozzle exit. The static pressure distribution on the sur-

face depicts that very little secondary ilow is induced into the channel.

The organized wave pattern present in a free jet is replaced by a very

complicated wave system. In a fully confined configuration with its

greater secondary flow velocity these sound waves are not present; and

less rapid mixing between the primary and secondary streams is observed.

Further, detailed investigations are planned to obtain the flow details

within these confining geometries.
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Experimental Investigation of Thrust

Augmenting Ejector Flows

L. Bernal and V. Sarohia
* Fluid Dynamiics and Thermal Sciences Group

Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California 91109

O Introduction

The res~ilts of two investigations, one recently completed on pulsatile

ejector flows Iand the second currently in progress on a two-dimensional

ejector configuration are presented. The objective of these investigations is

to determine the role of entrained fluid and its mixing with the primary jet

on ejector performance. Results will also be presented on the effects of

entrance geometry on ejector entrainment and thrust augmentation.

23 4 5
Recent realization of the presence of large-scale structures 9 0 in

turbulent shear flows has generated an interest in advancing tne understandin'g

of their role in entrainment and mnixing. To determine the influence of the

organization of the primary flow on ejector performance, direct thrust

measurements were made to characterize the ejector performance as a function

of frequency and amplitude of primary jet pulsations. The effect of the

primary jet pulsations on the shroud surface pressure distribution was also

documented. Flow visualization, direct thrust measurements, ejector shroud

surface pressure measurements and velocity measurements are bein~g utilized to

determine the evolution of the mean velocity profiles in the ejector shroud

and its relationship to entrainment and mixing.
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Results of "ilsatlle Axisyiwnetric Ejector Flow

The facility used in these experiments is shown in Figure 1. The

primary flow nozzle, at the center of the figure, and the ejector shroud, to

its right, are mounted on a thrust balance. The flow enters the primary

nozzle stagnation region perpendicular to the axis to the ejector to minimize

any possible contribution of its momentum to the system thrust. The flow in

the plenum chamber could be modulated between 100 and 2000 Hz by first passing

the flow through a pneumatic transducer, shown at the left of Fig. 1. The

primary jet nozzle exit diameter was 2,.5 cmn. The exit Mach number, Me, could

be varied between 0.1 to 0.7. The rins longitudinal velocity fluctuations at

the center of the nozzle exit plane ranged from 1% (no excitation) to as high

as 17% of the mean jet velocity. The mean mass flow through the system was

maintained constant at different excitation amplitudes by means of a shocked

orifice upstream of the pneumatic transducer. Flow visualization shadowgraph

pictures of the free jet were obtained by Injecting a small 4mount Of CO2 into

the primary flow, upstream of the plenum chamber. Typical pictures are shown

in Figures 2 and 3 for the steady jet and the excited jet, respectively.

These pictures reveal the organization of the larg~e scale structure by the

imposed excitation and the resulting Increase of the jet growth rate.

The ejector shroud used In these etxperiments had an area ratio of 12.3.

A constant area mixing chamber was used, with a length to diameter ratio of

3.4. The entrance was of the bell-mouth type, its radius normalized with that

of the mixing chamber was 0.36. The location of the shroud relative to the

primary jet was optimized for maximum thrust augmentation, a distance of 2.5

cm was used. The effect of frequency of pulsations on thrust augmentation

ratio is presented in Table 1. where To is the measured thrust of the primary

jet at the same exit Mach rumber, Me - 0.5, without pulsations. At low
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frequencies the thrust auqmentation ratio is 1.2, the value obtaiaied for the

steady flow ejector. At frequencies above 200 Hz, the thrust augmentation

ratio is 1.3, an increase of 8% over the value for the steady flow ejector.

200 Hz gives a normalized value fd/Ue - 0.03 where f is frequency of

pulsation, d is primary jet diameter and Ue is flow velocity at nozzle exit.

The effect of amplitude of the velocity fluctuations at the primary exit

on system thrust are given in Figure 4 at an exit Mach number of 0.4 and

frequency of 500 Hz, fd/Ue - 0.01. Since the imposed pulsations result in an

increase thrust of the primary jet different normalizations were used, as

shown in Figure 4. The ejector thrust with pulsations normalized with the

primary jet thrust without pulsations showed an increase in thrust up to 1.27

at largest amplitude. The increase in thrust of the primary jet alone due to

the pulsations is shown in Figure 4. The thrust of the ejector with pulsations

normalized with the thrust of the primary jet with pulsations is also shown.

The improvement In thrust associated with the pulsations only is given by the

dashed area. An increase with pulsations amplitude up to a value of 8% of the

value for steady ejector flow was observed at an amplitude of 17% of the exit

vel ocity.

The effects of primary jet pulsation on ejector shroud surface pressure

are presented in Figure 5, where the pressure coefficient is defined as the

local pressure minus the ambient pressure normalized with the steady jet

dynamic pressure. These results show a large suction at the entrance followed

by a rapid pressure recovery, a region of approximately constant pressure and

an additional pressure recovery near the exit. The effect of pulsations is to

increase the suction within the ejector, The shape of the profiles is not

modified, as shown in Figure 5.

The surface pressure measurements suggest that the flow around the
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entrance of the ejector plays an important role in the performance of the

ejector. These effects were investigated further using two bell-mouth-type

cntrances of different radii, a flat plate located perpendicular to the

ejector axis at the entrance and a mixing chamber without entrances fairing.

In all cases the mixing chamber diAmeter, length and location relative to the

primary jet were the same as in the experiments previously described. The

thrust efficiency for these four configurations as a function of primary

nozzle exit Mach number is shown in Figure 6. Both bell-mouth entrance, the

wooden and lucite nose which have a radii of 0.61 and 0.25 times the mixing

chamber diameter respectively, have similar thrust augmentation ratio, on the

order of 1.2. The results for the other two configurations which are

characterized by a sharp edge at the entrance of the mixing chamber show

thrust augmentation on the order of 1.05. How these changes influence

entrainment of the primary jet is shown in Figure 7. These results indicate

that the loss of thrust augmentation is accompanied by a loss of entrainment

by the primary jet.

Two-Dimensional Ejector Flow Results

The two-dimensional ejector facility is shown In Figure 8. The primary

nozzle and ejector shroud were mounted on a balance for direct thrust

measurements. Also shown in this picture is the Laser Doppler Velocimeter

used for the velocity measurements. The ejector has a constant area mixing

chamber with a bell-mouth entrance. The area ratio is 13.3. The mixing chamber

length is 3 times its width and the bell-mouth radius normalized with the

mixing chamber width is 0.25. The primary jet width is 0.8 cm and the span of

the facility is 50.8 cm. The ejector is located one mixing chamber width from

the primary nozzle.
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The tnrtust of the ejector system normalized with the measured thrust of

d the primary nozzle as a function of primary nozzle pressure ratio is presented

in Figure 9. A maximum value of 1.23 is found at a primary flow pressure

ratio of 1.94. The efficiency of the ejector decreases at higher pressure

ratios. Surface pressure measurements cn the ejector shroud are shown in

Figure 10. The general features of the pressure distribution are similar to

those for the axisynmmetric ejector (Figure 5). However, the values of the

pressure coefficient are significantly lower in 2-dimensional as conpared with

axisymmetric configuration . The sharp pressure rise at the entrance of the

mixing chamber increases with primary jet exit Mach number. The pressure

recovery at the back of the ejector, however, does not significantly change

for the range of primary jet pressure ratios investigated. Laser Doppler

velocity measurements inside the ejector are presented in Figure 11. These

velocity profiles show a continuous decrease of velocity at the centerline

with downstream distance. While close to the ejector shroud (Y -z 4.0 cmi),

the velocity first decreases in the entrance region and increases further

downstream.

Conclusions

The effect of primary jet pulsations is to increase the thrust

augmentation ratio,provided that their frequency is within the range of

receptivity of the jet, i.e. fd/Ue ) 0.03, where f is the frequency of

pulsations, d the primary jet diameter, and Ue is the exit velocity. The gain

in ejector thrust increases with the amplitude of the pulsations. Entrance

geometry has a relatively small effect on thrust augmentation provided the

flow separation does not occur. If flow separation does occur, relatively

little thrust augmentation is observed. Flow separation of ejector walls also
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results in a reduction of ejector entrainment. The surface pressure

distribution on a two-dimensional configuration shows the development of a

sharp pressure increase at the entrance of the mixing chamber, suggesting the

possibility of flow separation in this area. Laser Doppler measurements show

a decrease of the velocity near the wall, thus further suggesting the

possibility of flow separation.

Acknowledgements

This report presents the results of one phase of research carried out at

the Jet Propulsion Laboratory, California Institute of Technology, Contract

NAS7-100, Task Order RD-182, Amendment 63, sponsored by the Naval Air Systems

Command under MIPR No. N00019-80-MP-07850. Further funds for this effort were

also provided by the Air Force Flight Dynamics Center (MIPR No.

N62269/80/MP/00034), the Air Force Office of Scientific Research

(AFOSR-ISSA-81-00029); and the NASA Ames Research Center (505-42-71-03-69).

The authors extend their gratitude to Professor Max Platzer, Dr. K. Nagaraja,

Dr. K. Green, Dr. J. Wilson, and Mr. D. Koenig for many technical suggestions

throughout the program. We extend our appreciation to Miss P. Logan for her

help in acquisition and analysis of the experimental data taken with the Laser

Doppler Velocimeter. The assistaice of Mr. Stan Kikkert for design,

-, fabrications, and the assembly of the experimental setup is greatly

appreciated.

556



References

1. V. Sav'ohia, L. Bernal and T. BuI, "Entrainment and Thrust Augmentation
in Pulsatile Ejector Flows", JPL Publication 81-36.

2. Crow, S.E. and Champagne, F,H., "Orderly Structure in Jet Turbulence",
Journal of Fluid Mechanics, Vol. 48, 1971, pp. 547-591.

3. Brown, G.L. and Roshko, A., "On Density Effects and Large Scale
Structure in Turbulent Mixing Layers", Journal of Fluid Mechanics, Vol.
64, 1974, pp. 775-816.

4. Browand, F.K. and Weidman, P.D., "Large Scales in the Developing Mixing
Layers", Journal of Fluid Mechanics, Vol. 76, pp. 127-144.

5. Wlnant, C.D. and Browand, F.K., "Vortex Pairing: The Mechanism of
Turbulence Mixing-Layer Growth at Moderate Reynolds Numbers", Journal of
Fluid Mechanics, Vol. 63, 1974, pp. 237-255.

545

557



Table 1 - Influence ot the Frequency of Pulsations on Ejector Performance

Me 3 0.50

Frequency of fd u'2/Ue TeJector/T°
Pulsations uT t

0 0 0.01(Random) 1.2

50 .007 0.08 1.22

100 0.015 0.08 1.21

200 0.03 0.08 1.22

300 0.046 0.06 1.28

400 0.062 0.08 1.30

500 0.08 0.08 1.24

600 0.09 0.08 1.27

700 0.10 0.08 1
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THE MIXING OF SWIRLING FLOWS
Gordon C. Oates

.University of Washington
4. Seattle, WA.

The results of an investigation of the effects of swirling the inner stream

0• upon the mixing rate of co-annular flows will be presented. The presentation

•. will consist of three major sections:

UDEL OF AN IDEAL MIXER WITH SWIRL -

oThe overall investigation was motivated by the desire to lead to understand-

ing of some of the mechanisms existing in real aircraft mixers. To this end, the

effects of swirl upon the performance of ideal mixers was determined so that the

unavoidable losses due to the presence of non-axial momentum etc. could be deter-

mined (in comparison to conventional ideal mixers).

In the example to be described here, a mixer consisting of constant radius

inner and outer ducts is considered. When swirling is considered, the swirl is

introduced far upstream in the inner stream. Mixing of the two streams is assumed

to occur with no sidewall friction, with the (far) downstream condition being that

of solid body rotation. The swirl is then removed from the flow by an actuator

disc, following which the flow is expanded through a nozzle.

Comparisons are made of the performance of such a mixer with a conventional

constant area mixer with the same stagnation properties at inlet. Some detailed

calculational examples will be shown, and the various assumptions of the analysis /

emphasized.

EXPERIMENTAL PROGRAM

A large hlqh pressure air storaqe system has been adapted to provide flow

rates of up to a total of ten pounds per second. The flows can be throttled

to a variety of stagnation pressures, and in the present investigation two

streams are provided. A large co-annular settling chamber provided with honey-

comb and screens is utilized to reduce the turbulence levels prior to entry

into the test section.

The accompanying figure shows the contraction section and swirl generator

used to provide the test flows. The following test section consists of inter-
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changeable segments of tube (of length 2,4,8,16 and 32 inches) that allow flow
traverses to be made at a succession of axial locations.

Me~an flow properties were measured throughout the flow field. Detailed
static pressure measurements were taken along the inner and outer annuli
as well as on the upstream inner surface of the intermediate annulus. Two five
hole probes were used for measurement of the flow conditions within the stream
(one probe for-.use in cases when no outer annulus was present, the other for use
when the flow was enclosed). Use of the five hole probes allowed determination
of the fluid velocity magnitude and direction as well as'determination of the
static and stagnation pressures.

Calibration of the five hole probes required extensive measurements and

data reduction, and the method utilized will be described.

PRELIMINARY RESULTS-
An extensive series of tests has been run~, and the data is in the process

of being reduced and interpreted. Some of the extensive results will be shown
in the presentation. The attached graphs show the behavior of the wall static
pressure and tangential velocity for the case where the ratio of the mass flow
in the outer stream to that in the inner (swirling) stream is 0.77. These results
and others will be considered in detail in the presentation.
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UNSTEADY FLOWS APPLICABLE TO EJECTOR MECHANICS

Hermann Viets, Michael Piatt, Mont Ball,

Richard Bethkett and David Bougine t' t
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I. ABSTRACT

As a result of the size and weight constraints on the application of

ejectors to aerospace vehicles, there is a continuing search for improvements

o to meet those constraints within performance limits. The objective of the

present research program is to examine thie effect of forced unsteady motions

on the mean flow. The specific geometries include fluidically and mechanically

driven unsteady Jets, airfoils, rearward facing ramps and steps, driven diffusers

and the detailed identification of large scale structures in unsteady flows.
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11. INTRODUCTION

The application of ejectors to aerospace vehicles, especially Vertical

and Short Takeoff and Landing (Y/STOL) aircraft, places severe constraints on

the allowable size and weight of such structures. To meet these constraints

and yet achieve acceptable performance requires systems where the mixing

process between the primary and secondary flows is very rapid and relatively

complete in a short distance. In addition, component devices such as inlets

and diffusers must also meet the length (and weight) constraint.

Many techniques have been proposed to deal with these constraints, two

of the more successful being the hypermixing primary noze (which introduces

streanwilse vorticity to enhance the mixing process) and the jet flap diffuser 3

(which allows a portion of the diffusion process to take place outside the

physical diffuser). A different approach was taken by other investigators who

attempted to intoduce unsteadiness into the ejector flow in order to enhance

the rate of mixing and diffusion.

The purpose of the present paper is to examine the uses of unsteady flows

which find application to ejectors. The emphasis is on those areas investigated

by our own research group at Wright State University under U.S. Air Force

sponsorship. The unsteady work is an outgrowth of previous efforts at the

U.S. Air Force Aerospace Research Laboratories in the early 1970's. Much of

* .. that work is described briefly in Reference 4. A more detailed presentation of

the recent efforts described here is found in Reference 5. The details of the

latest efforts concerning acoustically driven ejectors appear in Reference 6.

The following material is presented as it relates to ejector components,

in particular jets.~ wings and ramps (or surfaces in general),* diffusers and

boundary layers.
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III. FLOWFIELD OF AN UNSTEADY JET
7-18

Various methods have been proposed to Induce unsteady flow in jets.

In general, the objective Is to affect the rate at which the Jet mixes with its

surroundings. The particular Jet nozzle design employed in the present study

is described in Reference 9 and consists of a modified fluidic element with

a feedback mechanism.

The nozzle design and the Jet it produces are shown in Figure 1. In this

case the feedback loop is built around the nozzle body in order to minimize

its Influence on any external flow. The jet oscillates from side to side in

a quasi-sinusoidal fashion and rapidly mixes with the coflowing stream or

the ambient fluid. The oscillation is produced without the need for moving

parts.

a. Flow visualization

The fluidic nozzle shown In Figure I is mounted in a smoke tunnel to

illustrate the dynamic interaction between the jet and the surrounding fluid.

The smoke is produced by allowing kerosene to drip on an inclined resistance

heater. The kerosene vapor is forced out through tubes and then entrained

into the open circuit smoke tunnel inlet. The instantaneous streakline

pattern is shown in Figure 2 for a coflowing stream to Jet velocity ratio of

28% and a frequency of 30.5 Hz. A sinusoidal-like structure may be seen, with a

* strong interaction between the Jet and coflowing stream. The shear forces

between the two flows produce an apparent vortex structure which is swept

downstream. The presence of the large scale structures enhances the mixing

process.

b. Quantitative results

Mounting the nozzle between two Plexiglas sheets to minimize three dimensional

effects, as shown in Figure 3, the field is traversed with a hot wire anemometer.
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A composite picture of the streamwi~se time averaged velocity profiles at

their relative downstream positions for a frequency of 12 Hz is shown in

Figure 4. The behavior of the time averaged velocity distribution can be

described in a three step process. Near the nozzle exit the double peak

profiles are formed and diverge from each other, entraining fluid from

outside the Jet and from the center valley. Farther downstream, the velocity

in the valley reaches a minimum. The transverse flow begins to move toward

the Jet centerline, filling the valley while entraining fluid from~ outside the

Jet. The final process is the development of a typical two dimensional jet

velocity profile with a single peak on the centerline.

The centerline velocity decay and halfwidth growths corresponding to

this jet are shown in Figure 5. Since the maximum velocity is not always on

the Jet centerline, the velocity decay may be based on the centerline velocity

or the maximum velocity. Likewise, the halfwidth growth may be based on

either velocity and thus both rates are shown in the decay and growth curves

of Figure 5. Of course, the two sets of curves coalesce when the double peak

disappears.

The time averaged velocity decays and halfwidth growths (Figure 5) are

rather weak functions of frequency, if the~y are based on the peak velocity at

each strearmwise position. However, based on the centerline velocity, both the

velocity decay and the Jet growth are strong functions of oscillation frequency.

At low frequencies, the centerline velocity decays very rapidly and then rises

somewhat under the influence of the double Jet peaks. At higher frequencies,

the decay is much weaker and leads to the conclusion that at very high frequencies,

it is possible that only a single velocity peak appears. This is indeed the case

for the acoustic interaction experiment described in Section XII
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C. Instantaneous velocities

In order to determine the flow structure at a particular instant, the

hot wire must sample at precise times and these samples must be taken when the

Jet itself is in a known orientation. Thus the sampling of the hot wire circuit

must be conditioned by the knowledge of the overall jet orientation. The jet

orientation is determined by an additional hot wire probe referred to as a

trigger.

Three composite Figures showing the instantaneous jet structure at three

instants of time are shown in Figures 6-8. The situation where the Jet is

instantaneously pointing downstream and moving from an upward to a downward

orientation is illustrated in Figure 6. The shaded area approximates the Jet

itself. Figure 7 shows the Jet in an extreme downward orientation while in

Figure 8 the Jet is again oriented directly downstream and moving from a

A downward to an upward orientation. It is clear from Figures 6-8 that the

acoustic stimulation has caused a strong time dependency in the Jet structure.

IV. LARGE SCALE STRUCTURE IN ANl UNSTEADY JET

The existence of coherent structures in turbulent shear flw'9has

greatly complicated the task of modeling these flows. Since the use of local

transport properties does not appear to be adequate, future descriptions of

turbulent flows will probably rely more heavily on phenomenalogical models. The

flow may then be based on some observations of its structure. A very simple

* - example would be to model the coherent large scale structure of a free jet by

a number of vortices being convected downstream in a jet without a large scale

structure. Of course, other difficulties arise; in particular, the questions of

how this strucutre is initially formed20 and the geometrical relationships

involved.21
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The motivation, then, for studying unsteady flows is due to their own

usefulness and also as a guide to the modeling of "steady" flows.

The large scale coherent structr 'e in free shear layers, as demonstrated

by Roshko and Brown 22 (see also Ref. 19), is difficult to model due to the lack

of detailed understanding of its origin. Although it is clear that the large

scale structure is born in the turbulent shear layer, its growth and geometrical

spacing have not been predicted analytically. However, it has been shown that

the scale must increase with streamwise distance20 and that the spacing also

increases by amalgamation of adjoining structures. 21  A simpler problem, from

the modeling point of view, is the unsteady flow in which the origin of the

largest scale structure is more evident.

In Figure 2, the large scale unsteady structure is evident in the jet

at position A. Even more interesting is the structure at position B where the

turbulent flow is clearly rotating in a clockwise sense. Since the flow is

unsteady, the smokelines are not streamlines but streaklines so the interpre-

tation is less straight forward. However, it appears that of the two streaklines

at position B, the lower one is deflected around the large scale structure

while the upper streakline is being entrained into the turbulent large scale

structure which is the jet. This interpretation is verified by observing the

"oscillation with a strobe light which is tuned so that there is a small frequency

difference between the strobe frequency and the jet oscillation frequency. Then

the jet appears to flap in slow motion and the rotational motion may be clearly

seen. Thus, the large scale unsteady structure behaves in the same way as the

large scale undriven flow structure described by Roshko 1 9 and entrains fluid

on the upstream side. A similar entrainment pattern for the turbulent wake

has been found by Bevilaqua and Lykoudis. 2 3 The effect may be seen for the
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larger structure at position C in Figure 2 where the turbulent flow is

entraining the coflowing stream on the upstream side of the large scale

structure.

a. Modeling the usteady Jet

To understand the production of the large scale unsteady structure in the

unsteady jet, it is useful to construct a very simple phenomonalogical model

of the process. It appears that the growth of the unsteady structure greatly

resembles the growth and subsequent breaking of a water wave. This may he seen

by examining three positions of the developing large scale structure shown

schematically in Figure 9, where uji(s) and u c are the jet and coflowing stream

velocities, respectively. The original deformation of the Jet surface is a

relatively small amplitude wave. This wave travels downstream (left to right)

at a velocityt uwave such that tic < Uwave < uj. Therefore, the wave is in

a shear flow which causes it to curl in a counter-clockwise direction and entrain

fluid into itself. Even without shear, it can be shown that the top of the

wave outruns the bottom and curling results. 24  After the curling up is

completed, the vortex-like structure continues to entrain fluid. The photographs

of Figure 9 are taken from positions A, B & C of Figure 2, where position B has

been printed as it would appear on the upper surface of the Jet. They clearly

verify the schematics of the upper part of the Figure.

If one considers a breaking water wave, the schematic of Figure 9 corresponds

to the wave shape at three instants of time, however wvith the wave traveling

from right to left. Position A is the earliest swelling of wave. As the wave

travels to the left, its forward face steepens and finally breaks as shown at

position B. By position C the wave has broken and resembles a vortex like

structure. The energy of the breaking wave is transformed partially into
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turbulence, which is eventually dissipated as heat, and partially serves to

energize the undertow2 4 which is the jet velocity itself in the present analogy.

The analogy is incomplete, however, because the water wave is driven by gravity

and somewhat by viscous effects while the jet structure is entirely a viscous

phenomenon. In spite of this, once the viscosity has created a vortex sheet at

the interface, the deformation of this sheet may be modeled inviscidly20,21 with

considerable success.

The main point then is not that the steady and unsteady flow structures are

the same but rather that they may have similar origins. As the unsteady structure

grows from a large amplitude surface wave, so that steady structure may grow from

a small amplitude surface wave.

b. Quantitative confirmation

Looking back at the schematic of the unsteady jet field in Figure 1, a

growing slnusoidal wave traveling downstream, where should one look for the

existance of the vortex strucutre observed in the smoke photographs? The

question is answered by another look at the imodel of Figure 9. As the bulge

of the jet flow curls up to create a vortex structure, it necessarily does so

hy breaking toward the upstream direction (as driven by the slower coflowing

stream or ambient fluid). Thus the vortex produced would be expected to exist

at a position somewhat upstream of the initial Jet bulge, which in this case

-, is the extreme off axis position of the instantaneous jet centerline.

A portion of the jet flowfield, for the case of a frequency of 18 Hz and an

extreme downward orientation of the Jet at the nozzle exit, is shown in Figure

lOa taken from Ref. 25. The lengths of the arrows are proportional to the local

velocity and the angles are determined from the measured axial and transverse

velocities. The instantaneous jet centerline is also shown, from which it may be
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estimated that if a vortex is present, it should be centered roughly between 16

and 22 Jet diameters downstream. No vortex-like structure is evident in this

region.

Several investigators have shown, however, that in order to see the coherent

motion of a group of particles, the observer must be traveling with the velocity

of the center of mass of those particles. Probably the first examination of

this effect was made by Prandtl26 who photographed a boundary layer by traveling

at various speeds relative to the flow. Each photograph then revealed a different

coherent structure.

In order to see the structure in the flowfield of Figure 10a, a nominal
velocity of the vortex center is assumed and that streanivise velocity subtracted

from each of the data points in the field. The result is shown in Figure l0b

and clearly shows a vortex located in the very region where one would expect it

Based on the phenominological model of Figure 9 and the quantitative

results of Figure 10, one can then make more predictions of the location of

large coherent vortices in a family of instantaneous jets as shown in Figure li

corresponding to the composites of Figs. 6-8. The vortices are drawn in the

positions where they might be expected to be found based on the previous results.

Searching at the three positions closest to the nozzle exit, A, C and E

leads to the conclusion that coherent vortices do not exist at those positions.

This is, however, entirely consistent with the model proposed in Figure 9. It is

clear from the flow visualization experiments that it takes some time (or equivalently,

distance) for the bulge on the jet to curl up into a coherent structure. The

positions near the Jet exit simply have not allowed enough time (or distance) for

this process to take place. The other vortices identified have been shown to exist

in Ref. 27.
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c. Instantaneous velocity decay.

Further evidence of the existance of a large scale vortex structure in the

unsteady jet may be found in the instantaneous decay of the Jet centerline

velocity. In the case of steady jets, the centerline velocity decay is a

monotonically decreasing function of streamwise distance. In the unsteady

Jet case, the centerline velocity decay (where the centerline is a quasi-

sinusoidal shape) has a typical behavior25 shown in Figure 12. The velocity

decays with streanwise distance, reaches a local minimum and starts to increase

again. A peak is reached, where upon the decay begins anew. The location of

the peak corresponds to the existence of a vortex at that position.

Considering the induced velocity distribution due to the vortex and super-

imposing that velocity on a monotonically decaying centerline velocity results

in the typical distribution of Figure 12. Thus the visual observation of a

vortex structure in the unsteady jet is consistent with the quantitative

measurements, specifically the instantaneous velocity structure and its center-

line decay.

V. MULTIPLE UNSTEADY JET FLOWFIELD

The unsteady Jets described to this point do not have any fixed phase

relationship if they exit in a multi jet configuration. In order to have a phase

control on the Jet, a mechanical control was proposed28 consisting of rotating

valves on each side of the nozzle. Then instead of a feedback loop, the control

parts on either side of the nozzle are alternately opened and closed relative

to the ambient pressure as shown in Figure 13. Thus a pressure difference is

created across the Jet by rotating the valves out of phase with each other, so

that one side is open while the other is closed. The resulting flow always

attaches to the closed side and thus produces a jet which oscillates from one

side to the other.
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The multiple jet geometry has been proposed as a gust tunnel282 because

of the control available over the amplitudes and frequencies of the unsteady

components as well as the possibility for a traveling transverse disturbance

which can be controlled. The system can be used as well in an ejector where

the magnitudes and frequencies can be tuned for maximum performance.

a. Instantaneous velocity profiles

If the nozzle flows are all oscillated in phase, they produce a rather

large oscillation in transverse velocity (orthogonal to the mean tunnel direction).

The instantaneous velocity distribution produced by the nozzles at the instant

the nozzle flow is in the extreme upward position is shown in Figure 14., Since

the distance from the nozzle exits is not large (20 nozzle exit sizes), there is

still the evidence of the Jet nozzles in the streanivise velocity profiles. However,

even this close to the exits, the velocity ratio between the peaks and valleys

has been reduced from more than four at the nozzle exit to less than two,

indicating a strong mixing rate.

To oscillate the Jets out of phase, the relative phases of the four jets are

set such that the two upper jets are 1800 out of phase with the two lower jets.

The two sets of Jets are then alternately aimed toward and away from each other.

The flowfield corresponding to these two situations measured at a position twenty

Jet thicknesses downstream, are shown in Figures 15 and 16 respectively. It may

be seen that in each case the transverse velocity is roughly zero at the channel

centerline (after being corrected for the tunnel bias) and consistant with the

jet orientations for positions off the channel axis.

The effect of the entrainment of the channel flow by the unsteady jets

themselves is evident, especially in the upper portion of Figure 16. There the

v velocity component is expected to be positive,(upward) but in fact is somewhat

downward (negative) reflecting the presence of the entrainment velocity. The
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possibility of tuning such a multijet device to an ejector geometry has not

yet been investigated.

VI. FORCED UNSTEADY FLOW OVER A WING

The unsteady jet methods discussed in the previous sections offer potential

performance improvements which are due to the increased mixing rate between the

jet and the coflowing stream. The present section and the following one concern

themselves with a mechanical device which causes the flow near a wall to be

unsteady. Such a concept could thus be applied at various points in an ejector

where separation could be a problem. The origin of the present mechanical

system lies in experiments on oscillating airfoils.

As reported by McCroskey, 30 Kramer31 was the first investigator to discover

that an oscillation about a mean angle of attack delayed the onset of stall.

That is, the flow remained attached to the upper surface at higher angles of

attack in the dynamic case than in the static condition. Several investigators

have performed flow visualization studies and found that the oscillating airfoil

produces a vortex structure on the upper surface as shown in Figure 11. Apparently

the vortices act to energize the boundary layer on the airfoil and thereby delay

separation.

A similar vortex structure may be generated by a number of simple techniques,

one of which is illustrated in Figure 18. The vortices are created by a cam

shaped rotor moving in the counter-clockwise direction as shown. Each time the

rotor surface discontinuity sweeps by, a vortex is generated in much the same

* manner as the recirculation region behind a rearward facing step but with increased

strength. The vortex spacing depends upon the local velocity and the frequency of

generation.
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In order to illustrate the ability of the rotor vortex generator to energize

the boundary layer, the flow over an airfoil with the rotor mounted near the leading

edge is visualized with kerosine vapor. The Reynolds number, based on the

airfoil chord, is approximately 100,000.

On the airfoil, separation first occurs in a limited fashion at an angle of

attack of 140 and the flow is fully separated at 200. This is determined by

observation of the smoke flow structure as well as pressure measurement at the

single static pressure port in the separated region.

The struct'ure of the flow about the airfoil at an angle of attack of 200

and the rotor withdrawn into the bodly is shown in Figure 19a. In order to avoid

acoustic interaction between the flow and the rotor cavity, the cavity has been

covered by tape. Without any other changes (except removing the tape) the

rotor described above is activated at a rotation~al frequency of 2400 rpm and

the resulting flow visualization shown in Fgiure 19b.

The effect of the active rotor is to draw the streamlines down closer to

the surface of the airfoil and thereby reduce the size of tLhe separated

region. In addition, a streamline which passes below the airfoil in the case

of no rotor activity (w - 0), appears above the airfoil for w = 2400 rpm. This

indicates an increase in the airfoil lift and a reduction in the upper surface

pressure.

A limited amount of quantitative data is also available (Reference 32) to

* - substantiate the ability of the rotor to energize the boundary layer. The

purpose of the present section is not simply to propose the vortex rotor as

a method to delay separation, but rather to point out the utility of a time

dependent method of boundary layer control. In this regard, there is no assurance

that the rotor method is superior to, sayan oscillating plate 3,4which
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alternately protrudes from and withdraws into the surface of the airfoil. The

choice of the rotor was due to the obvious vibration advantages of a rotor motion

over the reciprocating motion. This is especially true if the rotor is

designed so that it is dynamicelly balanced. There are certainly other time

dependent devices which are capable of producing the same vortex structures,

such as an oscillating air brake configuration.

VII. UNSTEADY FLOW OVER A REARWARD FACING RAMP'

The previous section discussed the ability of the unsteady rotor to

energize a boundary layer thinner than its own protrusion into the flow. In

this section the boundary layer thickn~ess at the rotor position is greater than

the height of the fully extended rotor,and the boundary layer is fully turbulent.

The time dependent vortex structure considered in this section is produced

by the cam shaped rotor discussed in the last section. The discontinuity in the

rotor surface generates one lateral vortex for each turn of the rotor. The

effect of the vortices is to energize the lower portion of the boundary layer

and enable the flow to withstand stronger pressure gradients. The mechanism

by which this is accomplished is probably the actual exchange of low energy

fluid in the boundary layer for higher energy fluid from the mainstream. It

should be emphasized that the direction of rotation of the cam is such that it

does not push the flow. Thus the energy put into the rotor is only the small

amount required for the mass exchange, not the energy put into the boundary layer

(which comes from the freestreani).

Figure 20 shows the particular geometry of interest here, a half boat tail

geometry (which could also be considered a half diffuser from the point of view

of internal flows). Such a method is a possible way of filling the wake of a

bluff body to reduce its drag. More generally, the technique is representative
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of a positive view of unsteady flow which searches for beneficial aspects of

unsteady flows as opposed to those leading to performance degradation.

The experiments are performed in a low speed smoke tunnel. The remainder

of the tunnel is constricted so that all the flow is forced through the duct

and over the rearward facing ramp. The velocity produced upstream of the

ramp is nominally 32 rn/sec resultllng in a Reynolds number of 1.97 x 10 6 per

meter. Further details are found in Reference 35.

For a ramp angle of 280, as shown in Figure 21, the pressure distribution

varies only slightly from the freestream value if the rotor is unused (ie w = 0).

This indicates the flow is separated at the ramp and therefore the effective

area that the flow experiences is nearly a constant area duct. The use of the

rotor at 1000 rpm reduces the pressure distribution at the beginning of the

ramp, indicating that the flow mor-2 easily negotiates the turn.

As the rotor speed increases above 1000 rpm, the static pressure on the ramp

decreases, indicating improved flci performance. The performance at rotor speed

of 4000 and 5000 rpm is virtually indistinguishable, suggesting that this speed

range may contain the maximum performance in terms of w for this particular case.

As the ramp angle is increased to 300, the separated flow (for w =0)

reacts even less to the presence of the ramp; the pressure distribution deviates

even less from the freestream value. The general behavior of the flowfield with

increasing w is similar to that at 280. As the rotor speed is increased, the

pressure distribution on the ramp decreases. Again, the difference between the 4000

and 5000 rpm values is very small.

a. Flow visualization

Kerosine vapor is entrained into the tunnel flow and some longer time

exposures of the field are shown in Figure 22. The wall angle is 280 and the

r rotor speed varies between w=0 in Figure 6a to w = 4000 in Figure22 d. As the
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rotor speed increases, the positions of the mean streamlines move closer and

closer to the ramp, indicating better flow attachment and verifying the pressure

measurements of Figure 21.

Perhaps of even more interest are the high speed photographs of Figure 23 a-f

for various rotor speeds at a ramp angle of 280. For a zero rotor speed and

the cavity taped, the flow clearly separates as shown in Figure 23a. There is

some large scale structure in the separated shear layer but not enought momentum

transfer to lead to reattachment. If the rotor is activated with w = 1000 rpm

(Figure 23b), the separated flow curves down toward the ramp surface, very much

in the same manner as the time averaged picture at the same rotor speed, Figure

22b.

With a rotor speed of 2500 rpm (Figure 23c), the curvature of the flow toward

the ramp becomes more pronounced. In addition, the time dependent structure

becomes significantly larger. A vortex may be seen in Figure 23c, with a region

farther downstream which appears to be separated. The sequence of events appears

to be as follows: Suppose the flow is initially separated. The rotor generates

a vortex which causes the flow to attach for a moment before it is forced to

detach again by the adverse pressure gradient. At this time the flow needs a

new vortex to force it to attach again. If the speed (or effectively, the

generation frequency) is sufficiently high, the necessary vortex is available.

The flow situation described above may be seen in Figures 23d and 23e for both

of which w = 4000 rpm. The two photographs indicate considerably different

flow patterns. Actually they are examples of the same time dependent flow at

two different times. These are the extreme positions of the oscillatory flow

pattern at 4000 rpm. The mean pressure distribution on the ramp reflects the time

average of the oscillatory flow. The instantaneous flow patterns, Figures 23d and

e are fully consistent with the time average flow pattern of Figure 22d, where the
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apparent lack of smoke near the wall is due to the fact that the streakline is

there only intermittently. It should be noted that the position of the

incoming smoke is unchanged in the sets of photographs resulting in Figures 22 and

23.

The transition between the flow patterns of Figures 23d and e is shown in

Figure 23f (for a speed of 5000 rpm). The flow far down the ramp is clearly

separated while that nearer to the corner is relatively attached. The attached

flow is produced by the vortex sweeping downstream, momentarily overcoming the

adverse pressure gradient, as discussed above.

A three dimensional rotor (i.e. tapered in the transverse direction) has

also been tested and is reported in Reference 27. Its general behavior is

similar to that described above.

The unsteady structure can also be accomplished by various other devices

such as oscillating spoilers, plates or even membranes. The advantage of the

rotor system is primarily that the reciprocating motion has been avoided. In

addition, with the use of modern composlties, th~e rotor could be built as

designed and yet be well balanced, again avoiding troublesome vibration.

VIII. SUDDEN EXPANSION GEOMETRY

A sudden expansion (i.e. rearward facing step) geometry is sometimes used

in combustors and is referred to as a dump combustor. The recirculation region

thus produced acts as a flameholder and keeps the flame from being blown

downstream by the high speed flow. Therefore, the recirculation region is

designed to act as an ignition for the main flow passing through the duct. In

order for ignition to be accomplished, there must be an interaction between the

two flow regions. It is the purpose of this section to illustrate a simple

mechanical rotor (Figure 24) which indicates a potential performance improvement
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since it increases the fluid dynamic interaction between the recirculation

region and the main flow. The experimental details may be found in Ref. 36.

The method proposed here is demonstrated in a two-dimensional arrangement

although most dump combustor applications for ramjets are axisynuietric. This

'is due to the relative simplicity of the 2-D device but the same principle can

be applied to the axisymmietrlc case, probably in the form of segmented rotors

or several rotors around the periphery of the duct.

a. Flow visualization

The flow is rendered visible by the entrainment of smoke into the inlet

of the open circuit wind tunnel. The resulting time averaged streamlines are

shown in Figure 25 for the case of no rotor motion (i.e., the rotor withdrawn

into the surface and the cavity covered). The length of the recirculation

region is approximately eight or nine step heights as compared to a length of

eight step heights in a comparable high speed axisymmetric experiment. 37

That the activation of the rotor decreases the average length of the recirculation

region may be seen in Figure 25b where the rotor speed is 1000 rpm. The

reduced length is approximately 7-8 step heights. Increasing the rotational

speed produces yet a further reduction in the average recirculation zone length,

as seen in Figure 25 c-e. The time dependent motion as may be seen in Figure 26,

showing the streaklines for the case of no rotor activity (w =0). The

breakdown of the shear layer into a larger scale structure may be seen near the

end of the separated region. The length of this recirculation region is

approximately 8-9 step heights as was estimated from the time averaged photograph,

Figure 25a.

The introduction of unsteady flow by means of the rotor results in very

significant time dependent changes in the flow structure. Some indication of
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this effect is seen in Figure 25 b-e where the spreading of the streamlines

indicate their extreme positions. More dramatic evidence is presented in the

following set of figures for the case of w = 2500 rpm. Figure 27a shows the

structure of the flow as not much different from that of zero rotor speed,

Figure 26. However, at another instant of time, Figure 27b, the tail of the

recirculation region has been swept away while the upstream portion is relatively

unchanged. At yet another instant, Figure 27c, the recirculation region has

again attained the expected elliptical shape but with a much decreased length.

The interaction of the two flow regions is very strong with the length of the

recirculation region effectively pulsing back and forth.

b. Quantitative results

The flow visualization results are verified by the static pressure distributions

presented in Figure 28. The basic effect of unsteadiness on the time average

flow is seen to be the shortening of the recirculation region length. That is,

the pressure reaches its maximum at a streamwise distance which is inversely

proportioned to rotor speed. The maximum pressure position is not the re-

attachment point since it has been shown, 37based on flow visualization, that

reattachment occurs upstream of where the maximnum pressure is attained. Thus

the reattachment, in the case of the withdrawn rotor (w = 0) should occur beforeC

ten step heights (where the maximum pressure is attained).

*1 From the point of view of ejectors, if the length constraint is especially

severe, such an active "dump" device may merit more attention as a diffuser.

IX. UNSTEADY DIFFUSERS

Artificially induced large scale flow structures have been employed success-

fully in the past to improve performance. Two examples are the conmmon stream-

wise vortex generators sometimes used to control the flow over an aircraft
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wing and to maintain attached flow in large angle diffusers. In each case,

streamwise vortices are created which cause a transfer of energy from the other

flow to the boundary layer. The large scale streamwiise structures are

created by the passive vortex generators simply mounted in the surfaces.

The objective of this section is to examine the potential performance

advantages of a diffuser in which the flow is forced to be unsteady by the use

of the rotor described above.

The device employed in this experiment is simply a spiral shaped rotor

mounted in the wall on each side of the channel just upstream of the diffuser

section. The rotor surface has a discontinuity which ends in a cusp. The

rotor turns in such a direction that the motion of the portion exposed to the

flow is always against the flow, i.e. the upper rotor turns in a clockwise

direction while the lower rotor turns in the counter-clockwise sense.

Each time the surface discontinuity of the rotor is swept through the

fluid, a vortex is formed which then is convected downstream. The rotors

(and hence the vortices) can have an arbitrary phase relationship. In Figure 29a

the rotors appear simultaneously and thus the vortices are formed in phase with

each other and are symmnetrically positioned. Figure 29b illustrates the out of

phase condition where the discontinuities appear alternately and thus the vortices

formed are staggered as they sweep downstream. The use of the rotors is designed

to allow the diffuser to operate at a larger area ratio without separation. The

unsteady vortex' structure energizes the boundary layer and allows it to overcome

a larger pressure gradient.

a. Flow visualization

As the rotor speed increases with a fixed tunnel speed, the spacing of the

consecutive vortices decreases, as well as the size of the vortices them~elves.
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This effect may be seen in Figure 30 where the streamwise velocity through the

diffuser has been held artificially low in order to more clearly illustrate the

structure. The lowest photograph is at a rotor speed of w = 1000 rpm with an

increase of 1000 rpm to each photograph above. Thus the number of vortices

seen in the photographs is proportional to the rotor speed.

A comparison of the flow patterns with and without the use of a rotor is

shown in the photographs of Figure 31. In this case the exposure time of the

film is much longer and the result is an effective time average resulting in

a streamline pattern. In each case the diffuser angle is 2e = 30'. The upper

case employs no rotor and strong separation is apparent from the lower wall of

the diffuser. The lower photograph employs a rotor at a nondimensional speed

of J = 11.84 with the rotors in phase with each other. The separated region

has moved to the upper wall and has been significantly reduced in size.

b. Performance

The performance of the various diffuser combinations are compared by means

of the nondimensional pressure rise (or pressure recovery) through the device.

The nondimensional pressure, P is defined as the difference between the wall

pressure within the diffuser and the inlet pressure, divided by the inlet

dynamic pressure,

P pV
=wall - PInlet

1 V2

The pressure rise with nondimensional streamwise distance is shown in

Figures 32-34 for the case of an out of phase orientation of the two rotors.

The pressure rise is plotted for various rotor speeds including the case of

w = 0 which corresponds to no rotor and having the rotor cavities covered to

avoid acoustic interactions. The lowest angle case is shown in Figure 32,5
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Since no separation exists, the use of rotors cannot improve the performance

and, in fact, results in a performance reduction.

Increasing the diffuser angle to 2e = 24' results in a separated flow

as verified by the pressure distributions of Figure 33 for w- = 0. In this

case, the use of the rotors results in roughly the same performance although

there is a positive trend with rotor speed. In addition, with the use of the

rotor, the pressure dis-cribution on both walls assumes the shape corresponding

to attached flow. At the highest angular setting, 2e = 300, the overall

performance decreases. However, the use of thein-phase rotors results in

a significant performance improvement compared to the no rotor condition.

The corresponding results for the out of phase rotor orientation show a

small performance improvement. Perhaps even more important is the positive

trend with rotor speed (vortex frequency) which is evident.

C. Flow structure

Instantaneous velocity profiles are taken within the diffuser by employing

a hot wire anemometer along with a conditioned sampling device. The input

required to define the rotor position comes from a magnetic pickup on the

rotor drive shaft. A more detailed description of the data aquisition system

is given in Reference 38.

The instantaneous streakline patterns can be an aid to the identification

of the large scale flow structures. The in-phase configuration for an angle

of 2e = 240 is shown in Figure 35. It is evident that the basic flow is

attached to the upper wall and that the forced unsteadiness modifies that

condition. The flow visualization reveals a strong vortex near the lower wall

at a phase angle of * = 1800. Since the rotors are in-phase there is a corres-

ponding mirror image vortex near the upper wall which does not appear to be as
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large and also is located further downstream. Both of these effects are

consistent with the flowfleld since the growth of the vortex is inhibited by

the proximity of the wall and the vortex is convected more rapidly due to

the higher velocity near the fully attached wall. The presence of the vortex

at the 1800 phase angle is verified by the superimposed instantaneous

streamwise velocity profile which is enhanced near the center of the channel

and reduced in the region between the vortex and the wall. Both effects are

caused by the induced velocity due to the presence of the vortex pair.

With the rotors in the in-phase orientation, the flowfleld is expected to

have a pulsating character due to the time dependent change of the blockage

at the diffuser inlet. This effect is evident in the flow visualization

result at 0 900 where the pulsing appears to be almost symmnetrical. The effect

may also be seen by comparing the instantaneous velocity profile at 0 = 900 to

that at o = 180'. The former profile is wide and relatively uniform while the

latter is constricted at the edges and accelerated near the center.

Streakllnes with sup~rimposed velocity profiles are shown in Figure 36 for

an out of phase rotor orientation and a larger diffuser angle 2e = 30*. In this

case the basic flow is attached to the lower wall of the diffuser. The

instantaneous phase angles of the individual rotors are indicated on each side of

the diffuser. Due to the out of phase orientation of the rotors, the flowfield

has essentially a flapping character. This is most evident in Figure 36d. The

vortices appear to be located in the vicinity of the measuring station in (b) and

(d). In each case, the upper vortex in (b) and the lower vortex in (d), the

presence of the vortex results in a decreased velocity near the wall and an

increased value near the centerline. These velocity changes may again be attributed

to the induced velocity of the vortex structure.
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In order to more clearly specify the effect of a vortex on the flowfield

(and thus be more capable of identifying the vortex location) consider the

schematics of Figure 37. The objective is to demonstrate the local change

in velocity, both streamwise (u') and transverse (v'), produced by the presence

of the vortices which are shown schematically as swirling fluid near each wall.

The vortex near the upper wall is rotating in the counter clockwise direction

while the vortex near the lower wall rotates in the clockwise direction. The

qualitative transverse velocity changes, u' , (equivalent to the induced velocity)

may be seen not to depend upon whether the profile is taken in front or in back

of the vortex location but does depend upon the sense of rotation of the vortex.

Thus the streaimwise velocity profiles can be used to determine the sign of the

vorti city.

The qualitative effect on the transverse velocity change (v') indicates that

there is a sign change from the upstream to the downstream side of the vortex

and also a sign change with the sign of the rotation itself. However, it is

not possible to distinguish between, for example. the upstream side of a counter

clockwise vortex from the downstream side of a clockwise vortex. Thus both

velocity profiles are required, but knowing both can result in the identification

of the vortex.

In order to verify the schematics of Figure 37, consider some data taken from

* the in-phase results of Figure 35. In particular, compare the velocity profiles

*for the case where a vortex pair is present (~=1800) near the measuring plane
to a case where no vortices are present (o = 900). This comparison is presented

in Figure 38. The difference in the streamwlse velocity corresponds, for both

the upper and lower vortex, to the situation of the profile being taken on the

downstream side of the vortex as in Figure 37. This is certainly consistent with
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the flow visualization results at *=1800 of Figure 35. Comparison of the

transverse velocity profiles verifies this conclusion since the difference

qudlitatively agrees with the schematic profiles downstream of the vortices

in Figure 37.

Consider now the case of the out of phase results of Figure 36. A vortex is

evident near the upper wall of Figure 36b while none appears near that wall

in Figure 36d. A comparison of the streamwise and transverse velocity profiles

of these cases is presented in Reference 38. From the strea~mwise comparison,

it is clear that the vortex is turning in the counter clockwise direction.

The difference between transverse velocity profiles indicates that the profile

containing the vortex (Figure 36b, o = 9Q0) was taken upstream of the vortex.

This result may be seen to be consistent with the streakline photograph of Figure

36b.

Thus the forced time dependent diffuser flows appear to have potential to

improve the performance of the device. In the present case, the time dependency

has been mechanically created. Of course, other possibilities exist which may

have advantages in terms of construction, reliability or cost.

X. DETAILS OF THE ROTOR FLOWFIELD

The preceding section on unsteady diffuser flows has described some of the

vortex structure in the diffuser. Some of the earlier sections also revealed

the vortex structure for various geometries. In this section the simplest rotor

configuration is considered, the rotor on a flat plate as shown in Figure 39.

a. Flow visualization

Typical of the desired vortex generation is the result shown in Figure 40

for a rotor speed of 3000 rpm. The strobe lighted photographs have been arranged
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in the order of their occurrence, from top to bottom. As the rotor tip sweeps

from right to left, the first hint of the vortex produced is seen in the lowest

smokeline which begins to curl up in Figure 40a. By Figure 40b the rotor tip

has disappeared and the vortex is evident, slightly farther downstream. The

streaklines still appear to be relatively laminar but in Figure 40c the vortex

flow appears to be turbulent with a smaller scale structure visibly. By Figure

40d the size of the vortex structure has grown considerably and it has translated

downstream as well as rising higher above the surface of the plate. Its position

yet farther downstream is shown in Figures 40 a. b and c where its continued

growth and interaction with the outer streaklines is evident. In summary, the

vortex is produced by the rotor shape, grows and transitions to a turbulent

state and is convected downstream.

The tip of the rotor is moving in the upstream direction in the previous

case and a strong vortex is apparent. Turning the rotor in the opposite direction

at the same speed (i.e. - 3000 rpm) generates vortices at the same frequency

and rotating in the same sense. This indicates that the relative velocity between

the rotor and freestream is still in the same sense. In general, for rotation

in the clockwise direction the strength of the vortex is greatly reduced by

the lowered relative velocity. Such cases are presented in Ref. 39.

Thus the flow visualization results clearly show the existence of a vortex

structure downstream of the spinning rotor. The frequency of generation depends

upon the rotational frequency since each rotation produces one vortex. The

strength of the vortex depends upon the relative velocity between the motion of

the cusp tip and the freestream velocity.

b. Quantitative results

The flowfield downstream of the rotor is examined by a conditionally sampled
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sampled hot wire. The entire flowfield can be depicted by plotting the magnitude

of the total velocity and its orientation as the length and angle of vector

arrows in a field. Such a field is shown in Figure 41a, where the rotor is in

the e = 00 (i.e. the maximum extension) position. The velocity vectors shown are

the instantaneous values at that particular phase position of the rotor.

Examining Figure 41a, there is no evidence of the existence of a vortex in

the flowfield. However, in order to see the coherent motion of a portion of

matter, the observer should be in a frame of reference moving with its center

of mnass (as discussed in relation to unsteady jets). In the field of Figure 41a,

this can be accomplished by simply subtracting the velocity of the center of the

particular vortex Of course, the location of the vortex center is unknown, so the

process involves some tr ial and error. However, the flow structure which leads to

a vortex can be isolated. It consists of a curved instantaneous streamline in the

vicinity of which the magnitudes of the velocity vectors simultaneously increase

with distance from the center of curvature of the streamline.

Employing this method to identify the location of the vortex and

subtracting the strearrwiise velocity at that point from all the velocities in the

field reveals the vortex structure in Figure 41b. The vortex center is located

at approximately X = 7.5, 7 = 3.5. No other vortex is apparent.

The same method can be applied to the flowfields produced at various phase

positions (see Ref. 39). When the vortex locations are known, the vortex

trajectories may be determined as shown in Figure 42 and the trajectory of the

vortex is found to be an almost linear rise after its structure is established.

Based on the trajectory, the translational velocity of the vortex is approximately

constant and equal to the undistrubed freestream velocity.

The trajectory of the vortex, as shown in Figure 42, also explains why the

vortex generator is so effective even if it is submerged within a boundary layer.
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The vortex is created with a very small core which grows rapidly and it rises

out of the boundary layer. Thus the scale of its influence becomes larger as

it moves downstream and it moves into a better position from which to energize

the boundary layer.

XI. DATA ANALYSIS TO IDENTIFY LARGE SCALE VORTEX STRUCTURES

As described in the preceding section, the large scdle vortex structures of

the various unsteady flowfields are of both fundamental and applied interest.

The present method applies a discrete Fourier transformation to a general

velocity field on a point by point basis. The resulting transformed field

yields a distinctive signature of the passing large scale structure. Then

knowing the locations of the large scale structure, the convection of these

points can be determined. The details of the present analysis are given in

Ref. 40.

a. The transformation technique

The discrete Fourier transformation maps a complex matrix of size N, by

N 2 into another complex matrix of the same size by the equation:

NI-1 N2-1 & km + 2w in)

F(mn) = I I f (k,0 R1 W2 (1)
k=O t=O

where f(kt) is the discrete function in the original plane at points Kk and

F (mn) is the corresponding spectrum. The basis of the transformation technique

is that any shift of the vortex location from the centerline of the physical plane

results in a changn in the'phase angle of every point in the transformed plane.

The new phase angle is proportional to the product of the vortex shift distance

and the particular matrix location. This technique was tested on several artificial
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40
vortex fields, on real flowfields produced by jets and rotors and even on

fields with multiple vortices.

b. Vortex identification in a real flow.

The instantaneous flowfield structure of an oscillating jet has been

determined 2 5 ' 2 7 and found to contain large scale unsteady vortices which are

convected downstream. A time slice of this flowfield is shown in Figure 6 and

corresponds to the instant that the jet is in the horizontal position and

sweeping from top to bottom. No vortex is apparent in Figure 6 because the

convected velocity is superimposed on the vortex. Transforming the velocities

of Figure 6 by Equation (1) and applying the techniques of Ref. 40 results in

identifying the vortex center shifted X = 8.34, Y = 2.15 from the upper left

corner point. The total velocity at that point is found and subtracted from

every point in the physical plane, Figure 6,and results in the structure shown

in Figure 43. Here the coordinate frame is moving with the velocity of the point

identified as the vortex center and indeed a vortex is apparent, centered at

the identified point.

The technique developed for the locating of a single vortex convected with

the flow has been extended in Reference 40 to include an arbitrary number of

vortices. Additional techniques are currently being examined to make the

identification of multiple coherent structure more precise and rapid.

XII. CURRENT EFFORTS IN UNSTEADY FLOWS

* The continuing research program in unsteady flows is presently directed into

two major areas. The structure of the coherent vortex near a flat plate has been

examined from the point of view of two-dimensionality. However, the vortex

is not really uniform in the transverse direction. The structure actually assumes

a three dimensional shape, having some resemblence to the vortex loop found by
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some investigators in a transitioning boundary layer. Further understanding

of this flow could lead to a better ability to control the vortex and hence the

energization of boundary layers by its use.

Another area of interest to ejector mechanics is the question of acoustic

interaction. Quinn41'42 found that an underexpanded choked jet in ejector

shroud can lead to acoustic interaction between the screech tones generated

by the jet and the ejector shroud. This can lead to a resonance in the ejector

with standing transverse waves in the duct. This, in turn, drives the jet

unsteady and can improve the ejector performance. The rectangular analog of

Quinn's axisymmetric experiments was reported by Viets, Campbell and Korken. 4 3

The current unsteady flow program is examining the flowfield of flapping

jets of rather high frequency6 (1000 Hz and above) in an attempt to produce

standing transverse waves in an ejector shroud. The high frequency nozzles

were originally developed for two phase flow of liquid into air. 11  The

performance of one of these nozzles in terms of mass flow ratio (total mass flow/

primary mass flow) is shown in Figure 44. For very short ejectors, the unsteady

performance is superior to that of the steady ejector with a simple slot nozzle.

It should also be noted that no attempt was made to optimize the performance of

the unsteady nozzles.

The transverse dimension of the ejector shroud was chosen to allow resonance

at approximately 1000 Hz. When the primary jet is oscillating at roughly that

frequency, standing waves exit which are related to that frequency and other wave

shapes exist at high harmonics of that frequency. These wave shapes are shown

,* in Figure 45 and demonstrate the possibility of improving the flow in the ejector

by taking into account the acoustical properties of the flow in addition to the

larger scale unsteady pheonomena. 6
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XIII. CONCLUSION

The foregoing is an attempt to examine the possibilities of including

unsteady flows to improve the performance of ejectors. As with nominally

steady flows,, the unsteady ejector is a complex device from the point of view

of optimization. However, it is apparent that the inclusion of the

unsteadiness, sufficiently understood, could lead to significant performance

improvements in ejectors.
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Figure 29. In phase and out of phase rotor orientations.
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Figure U0. Multiple vortices produced in the diffuser by
increasing the speed of the rotor.
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"CONSIDERATIONS

ON

STEADY- AND NONSTEADY-FLOW EJECTORS

by Joseph V. FoaThe George Washington University

0Washington, D.C. 20052

0
O ABSTRACT

A broad examination is made of the flow induction spectrum, from
the steady-flow to the pulsating-flow ejector, with special attention
to the relationships of dissipation and performance to nonsteadiness,
size of migrating eddies, and diffusion. A boundary-value approach is
recommended for the comparative evaluation of induction modes. The
limits of attainable thrust or lift augmentation are shown to be in some
cases a good deal higher than those predicted by initial-value analyses.

I. INTRODUCTION

A review of the state of the art, accompanied by an extensive biblio-

graphy, has recently been presented by Porter and Squyres [1]1.

The object of this paper is to provide a basis for comparison of the

potential merits of the various ejector mechanisms that have so far been

considered, as well as of such others as may be proposed in the future.

Much of the discussion is based on simple analytical models of a kind that

has often proven useful in the prediction of ejector performance [2,3,4,].

Illustrations will focus on thrust augmenters in static operation.

II. NATURE OF THE PROBLEN

Consider a thrust augmenter in which the exit flow is steady and

(" uniform, although the interaction may involve nonsteady processes. Given

the area ratio A /A , and the boundary conditions, the conservation equations
e p

1 Numbers in brackets designate References at end of paper.
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uniquely determine the thrust augmentation ratio 0 as a function of the

dissipation 6, which in turn depends on the chosen mode of flow induction

(cf, e.g., Ref. 5).

We are dealing here with a boundary-value problem. Treating it as an

initial-value problem -- say, using the mass flow ratio U as an independent

variable -- may still produce useful relationships, but may also lead to

erroneous interpretations or predictions if account is not taken of the fact that

the control variables do not include the flow conditions at the merger stetion.

Figures 1 and 2 show, as an example, the relationships of v and 0

to 6 for a thrust augmenter operating statically on incompressible fluids

of equal densities. The beneficial effect of a reduction of 6 on the thrust

augmentation ratio is seen to be due in large part to the attendant increase

of mass flow ratio.

Figure 3 illustrates, for a specific case, the error that may result

from the use of an initial-value (i.v.) approach instead of the boundary-

value (b.v.) approach in the prediction of the effect that a change of 6,

reflecting a change in the mode of flow induction, may have on performance.

The specific case is that of a thrust augmenter of area ratio Ae/Ap- 25,

which in its original mode produces a static thrust augmentation of 1.4.

The dissipation, energy transfer efficiency, and mass flow ratio in this

original mode turn out to be 0.67, 0.29, and 4.9, respectively. The error

is seen to be significant. For the ideal limit of performance -- the

augmentation that would be produced with 6-0 (n T l.0) -- the i.v. treatment

2.43, whereas the b.v. treatment gives a (AA /3
gives2.43,awh s max (Ae/Ap
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= 2.92 (a performance level, that, according to the former treatment,

would require an energy transfer efficiency of about 160%!). The

condition 8-0 is, of course, unrealistic. It is, however, equally

unrealistic in both contexts.

As already mentioned, using U as an independent variable may also

lead to misinterpretation of important relationships and effects. For

example, in comparative assessments of different ejector mechanisms, if

Ae/Ap, and the boundary conditions are stipulated to be the same for all

(as they normally are), fixing u uniquely determines 5, regardless of

the mode of flow induiction. This strange result has, mistakenly but

understandably, been taken by some to mean, among other things, that the

only beneficial effect that can be derived from the introduction of non-

steadiness in the ejector mechanism is the promotion of mixing.

In the following, a variety of flow induction modes will be examined

from a consistent, boundary-value viewpoint, with the ratio Ae/Ap , as a

control variable. Special attention will given to the effect of nonsteadiness.

III. STEADY-FLOW EJECTOR

The incompressible-flow, uniform-density, constant-area ejector in

static operation may be taken as a baseline. The dash line in Fig. 2

shows the performance for this case.' Secondary-fluld entrainment takes

place here because, in constant-area mixing, p is always lower than p..

Of course, for any given area ratio and boundary conditions, the lower

Pi. the larger the entrainment, and the obvious way to lower pi is to

'The performance plotted here differs from that calculated for the same case
by Von KArmAn (4] only in that it is not based on the assumption upi=up,.
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exhaust the flow through a diffuser. In the baseline device, as just noted,

the pressure rises from i to e, so that mixing and diffusion may be said to

take place concu.rrently. The diffuser function is carried out rather in-

efficiently in this case, because of the entropy that is produced in mixing,

and the question arises under what conditions bet-ter results could be obtained

through a separation of the two functions, i.e., by having the mixing phase

as nearly completed as possible prior to diffusion.

The answer to this question depends, of course, on the constraints that

are placed on the comparison.

In Fig. 4 the performance of the baseline ejector is compared with

that of an ejector of equal maximum lateral dimensions, in which, however,

mixing takes place at constant pressure and is followed by reversible

diffusion. The latter configuration always produces a higher augmentation

than the baseline one. As one might expect, this result is at variance

from those of analyses based on other constraints.

More generally, if mixing takes place at constant pressure, the dissi-

pation is proportional to the square of the difference between the velocities

of the two flows at the merger station. This velocity difference normally

decreases as p is decreased (hence, as the diffuser area ratio A e/A f is

increased), but the effect is not always monotonic. Ther.. are, in fact,

situations in which a merger p -e cr.- be identified that will optimize

performance. It can readily bt erifted, from Euler's equation and the

condition d(u PC u ) - 0, that the optimum mixing pressure is the one that

causes the product piui to be the same for the two flows, regardless of
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whether the two fluids are compressible or not. In short, for best

performance, the mixing pressure should be either equal to the optimum

(where an optimum exists) or as low as possible. Ideal upper bounds of

performance, as determined in this manner for incompressible-flow inter-

actions, are plotted in Figs. 5(a), (b), and (c). The charts give 6 and

V for any set of values of Ae/A , and prp/Prs. The exit velocity and the

thrust augmentation are then readily calculated for each point from these

quantities. The charts also confirm that the performance of the steady-

flow ejector improves when the secondary-to-primary density ratio is

increased, in constrast to what most often happens in nonsteady-flow

devices [6,7].

The only advantage of assessing performance in terms of 6 is that it

brings to light the value of certain trade-offs. For example, in the use

of longitudinal swirls [8,9] or of wall jets [10,11] to stabilize the flow

in wide-angle diffusers, a sacrifice of primary available mechanical energy

is accepted for the purpose of avoiding the larger loss that would result

from flow separation [10]. Similarly, in the generation of the longitudinal

vortices of "hypermixing" arrangements [10,121, for use where compactness

is at a premium, the kinetic energy of rotation within the vortices represents

a deliberate sacrifice of mechanical energy, but this sacrifice is small

compared to the loss that would result from incomplete mixing [12].

Among the steady-flow improvements on the baseline mechanism, mention

should be made of the effect of cross-sectional nonuniformities in the

secondary-flow velocity distribution at the merger station [4]. Fig. 6

shows the performance improvement that could result from the introduction
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of such a nonuniformity in the baseline device, calculated both with the

assumption up, u p, [4] and without it. The nonuniformity is seen to have

a beneficial effect. It is not clear, however, how a nonuniform velocity

distribution could be maintained across straight parallel streamlines in

a potential flow, except at a stationary pressure discontinuity.

IV. NONSTEADY-FLOW EJECTOR

The only nondissipative component of energy transfer in flow induction

is the work of interface forces (now commonly designated "pressure exchange").

This component is obviously absent in steady-flow interactions, because

pressure forces acting on a stationary interface do no work. It follows

that higher energy transfer efficiencies, hence better performance, should

be achievable in nonpteady flow induction than in the steady mod3s.

The distinction between steady and nonsteady modes is somewhat blurred

by the fact that the transition from one to the other is actually continuous.

Even in the conventional ejector, which is normally thought of and analyzed

as a steady-flow device, the migration of finite-size lumps or eddies from

each flow into the other generates a measure of nonsteadiness. Attendant --

predicted or observed -- improvements of performance have, as already

mentioned, been attributed to the higher mixing rates resulting fromi the

increased interface area [13 through 181. It seem unlikely, however, that

this effect could be significant. Far more importantly, such migrations

give rise to interface pressure forces which do work, thereby contributing

a nondissipative component to the transfer of mechanical energy. Changes

of scale of the migrating masses may, as a consequence, have a more significant

effect on the dissipation (hence, on the efficiency of energy transfer) than
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they have on the mixing rate. When the scale is very large, the contribution

of mixing to flow induction may be expected to become less important than

that of pressure exchange.

Consider first a baseline model as shown in Fig. 7, in which the two

flows exchange finite-size irrotational lumps of mass. The penetration of

such lumps from one flow into the other generates flow fluctuations in both

flows at the merger station, but, if the static pressure pi is assumed to

be uniform at each instant, the amplitude of the fluctuations is greater

in the secondary, because of its lower stagnation pressure, than in the pri-

mary flow. Then, neglecting the primary-flow fluctuations, the extent to

which the velocity us departs from steadiness may be measured, in analogy

to von KArmln's approach, by a coefficient of timewise nonuniformity A

2
u2 /(si), the value of which is always greater than 1.0, except when thesi si

flow is steady. The analysis then proceeds in the same manner as for

the effect of spacewise nonuniformities. A typical result is presented in

Fig. 8.

This procedure is probably valid only for low values of A. However,

the calculated improvement of augmenter performance that results from an

increase of A confirms, if only qualitatively, that, in the mixing of two

flows, the migration of finite-size lumps of mass from each flow into the

"other has the effect of reducing the dissipation in the overall process.

The situation is more complicated when, as is mostly the case, the

migrating masses are vortical eddies, because the attendant dissipation

may be large enough to offset much of the benefit of pressure exchange.

46
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An extreme situation of this kind is that illustrated in Fig. 9,

which is taken from a paper by Lockwood [19] relating to a series of

tests aimed at a comparative performance evaluation of steady- and pul-

sating-flow thrust augmenting ejectors. In the latter , induction

takes place through the work of pressure forces acting on the surface

of a succession of primary-fluid "pistons", within a considerably shorter

interaction length than in the steady-flow ejector. Ideally, mixing

plays no role in this mode of flow induction, and the transfer of momentum

and energy from the primary to the secondary fluid takes place without

dissipation. Indeed, the test results reported by Lockwood (19] confirm

the superiority of the nonsteady-flow process (Fig. 10). It must be noted,

however, that the plotted thrust augmentation ratio of the pulsating-flow

ejector is the measured ratio between the thrust of the entire device and

the thrust produced by the pulsating primary alone, in the absence of a

shroud. The primary is, however, originally available, in most cases, as

a steady flow. The performance that matters is, therefore, the augmentation

relative to the thrust that would be produced by the unshrouded original

flow. This is, of course, true not only in the extreme case of the

pulsating-flow ejector, but whenever finite-size eddies, generated out of

steady flows, are participating in the induction process.

My colleague Professor Charles A. Garris is presently directing,

at The George Washington University, an experimental study of the energetics

of eddy formation under conditions similar to those of ejector flows. While

waiting for the results of this study, an approximate evaluation of the

effect of eddy scale can be made on the basis of available information and

simple physical reasoning. Consider again, for simplicity, a constant-area,
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incompressible-flow, uniform-density ejector in static operation. At one

end of the spectrum of its possible mechanisms of flow induction is the

steady-flow mode, in which pressure exchange is absent and the dissipation

associated with the transfer of momentum and energy from the primary to the

secondary is that of the baseline mode (Section III). At the other end is

the pulsating.-flow ejector, where the transfer efficiency can be taken to

be 1.0 but the cost of generating the primary "pistons" may be considerable.

In evaluating this cost, the primary pistons may be assumed to be

generated by a "chopping up" of the originally steady flow, and their

initial structure may be assumed to be that of tight vortex rings. The

chopping up produces throttling and wave losses. Throttling losses can,

in principle, be made as small as desired by making the opening and closing

times of the chopper as short as possible. The losses associated with

wave processes in the primary supply duct have been found to be suprisingly

large in some cases. They are, however, absent when the flow is incompressible,

as it has been stipulated to be in the analytical model considered here.

The chopping-up costs will, accordingly, be neglected. There remains, how-

ever, an important item of cost to be considered: the dissipation of that

portion of the initially available mechanical energy that becomes trapped

in the vortex ring as kinetic energy of rotation.

7 The trapped energy can be calculated as the difference between the

kinetic energies of bulk motion of the pulsed discharge and of the fully

formed vortex ring prior to energy exchanges with the surroundings. Photo-

graphic records of vortex ring formation [211 show that the primary, as it

rolls up into a toroidal vortex, captures within its folds a nonnegligible

mass of ambient fluid. The attendant decrease of kinetic energy of bulk

motion of the ring is not a loss; it is, rather, a component of pressure
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exchange, since momentum is imparted in the process to the captured mass.

The mass is, of course, also induced to rotate within the ring, but in

the absence of any kind of information on this motion, the attendant dis-

sipation of kinetic energy will be assumed to be negligible.

Some guidance as to what the initial kinetic energy of translation

of the fully formed ring would be in the absence of entrainment may be

obtained from existing theories, which do not account for entrainment.

The Kirmin-Burgers solution [22] gives the circulation r around the core

of the vortex as a function of the duration of the discharge and of the

impulsive pressure,. causing it, and the Kelvin-Lamb formula [23] then gives

the translational velocity of the ring aa a function of r and of the ring-

to-core diameter ratio 0.

Application of this procedure has revealed that, while the flow-

induction process of the pulsating-flow ejector is one that involves

pressure exchange alone, and is therefore essentially nondissipative,

the loss associated with the formation of the driving primary pistons

can be large enough to reduce the performance very significantly. For

values of 0 representative of reported observations [24], the dissipation

61 associated with the formation of the ring (ratio between the trapped

energy, as calculated by this procedure, and the initial available mechanical

energy of the primary) turns out to be about 0.5.

Intermediate modes between the steady-flow and the pulsating-flow

ejector involve some measure of pressure exchange, arising from the inter-

penetLiation of wigrating eddies, and some measure of mixing. In general,

therefore, the "cost" of the overall process is made up of the formation

loss 61 and of an interaction loss 62 (ratio between the loss of available
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mechanical energy in the subsequent interaction and the initial kinetic

energy of translation of the fully formed ring) ). The total dissipation

is then 8 = i + (1-61)62.

Nothing is known about the effect of eddy scale on 81 and 62, except

that, as the average size of the eddies increases, 61 increases and 62

decreases. Some information on the overall effect may be obtained on the

basis of the educated guess: 61 - a,+ blC 2, 62 -a 2- b2 C
2, where the a's

and the b's are constants and C is the ratio between the diameter of the

eddy and the radius of the interaction duct. The constants are determined

by the values of 81 and 62 for C 0 and C - 1.0, which are known.

The thrust augmentation ratio, as calculated in this manner for

A e/A p~ 10, is plotted as a function of average eddy size in Fig. 11.

The optimum eddy diameter turns out to be very large -- about one third

of the duct diameter -- but the optimum is a weak one. Even if it were

feasible to hold the eddies, on the average, to the desired size, the

performance advantage that could be derived from such a control would

hardly be worth the trouble. This is all the more evident when it is

considered that the optimum mode turns out to be pretty nearly that of

the pulsating-flow ejector, in the analysis of which, as will be recalled,

some of the costs of eddy generation have been neglected.

With larger area ratios, the optimum eddy size, as determined by this

procedure, would be even closer to thc extreme one of eddies spanning the

entire interaction space. Since this is an improbable situation whell the

area ratio is large, the information developed here, concerning the effect

of eddy size, is applicable only to ejectors of small or moderate area ratios.
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V. CRYPTOSTEADY-FLOW EJECTOR

The preceding section has dealt with the conversion penalties that

are associated with the introduction of a pressure exchange component --

necessarily nonsteady -- in the extraction of energy from an initially

steady flow. These penalties are avoided in cryptosteady flow induction,

where the primary is allowed to remain steady but its discharge nozzle is

imparted a transverse motion, thereby causing the interfaces to move. When,

as in the rotary jet [251, the motion of the primary nozzle is such that

the resultant of the interface pressure forces is always in a direction to

promote flow induction, the overall dissipation is always less, all else

being equal, then if pressure exchange were absent.

No attempt will be made here to review the work that has been done on

this subject (e.g., Refs. 6,7, 25-27), except to note that practically all

of it so far has focused, both theoretically and experimentally, on models

with little or no diffusion. Since this mode of flow induction stands

to benefit as much as all others from a lowering of the merger pressure,

a meaningful assessment of its potential merit will have to include consider-

ation of its predicted and measured performance when coupled with diffusers

of various area ratios.

VI. CONCLUSIONS

3
1. The limits of attainable thrust or lift augmentation are significantly

higher than those predicted by analyses based on an initial-value approach.

2. The performance of constant-pressure-mixing ejectors is always better

than that of the constant-area-mixing ejectors of the same maximum

lateral dimensions, under the same operating conditions.
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3. The performance of constant-pressure-mixing ejectors does not always

improve monotonically when the mixing pressure is reduced.

4. In the mixing of parallel flows, the generation of finite-bize eddies

results in a loss of available mechanical energy. On the other hand,

the migration of such eddies from one flow into the other gives rise to

eddy-surface pressure forces which do work, thereby introducing a pressure

exchange (nondissipative) component in the energy transfer process. The

net effect on efficiency may be a gain or a loss, depending on the size

of the eddies, but the performance improvements that can be achieved

through eddy-scale control do not appear to be important enough to

warrant the added complication of a controlling device.

5. Mixing in the diffuser may have a stabilizing effect on the flow, but

has, apart from that, an adverse effect on diffuser efficiency. Where

mixing is the main component of the flow induction process and compactness

is sought, the mixing chamber and the diffuser should independently be

made as short as possible, and other methods should be used to delay

or prevent flow separation in the diffuser.

6. Where pressure exchange is part of the induction process, it may take

place partly or entirely in the diffuser. It should, however, be com-

.-* pleted before any significant mixing has taken place.
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NOMENCLATURE

Symbols Subscripts

A cross-sectional area e discharge station

Smass flow rate f station at which mixing
is practically completed

p static pressure

i merger station (upstream
total (or stagnation) pressure end of interaction space)

t time p primary

u axial component of flow velocity p' primary conditions on
isentropic and isoenergctic

IfudA expansion to ambient pressure
U AA s secondary

i7 f'u2dA ambient
A

S. fudt
t

U2 " fu2dt
t

6t
8 -A/h Thp u2,

p

A dissipation

nT efficiency of energy transfer

A .u/c;)2

p density

P thrust or lift augmentatiout ratio

0, static thrust or lift augmentation ratio
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DEFINITIONS

Available mechanical energy of a body of fluid in a flow. The kinetic

energy of bulk motion that the body of fluid would possess on isoen-

ergetic and isentropic expansion or compression to a preselected

reference pressure.

Dissipation. Difference between the fluxes of available mechanical

energy at the entrance into and at the exit from the interaction space.

Efficiency of energy transfer. Ratio between the available mechanical

energy gained by the secondary and that lost by the primary In the

( interaction.

Interaction space. The space in which momentum and energy are transferred

from one flow to the other.

Pressure exchange. The work of interface pressure fcrces.

Thrust augmentation. The ratio between the thrust produced by a flow

induction device and the thrust that would be produced by its primary

alone on isoenergetic and isentropic expansion to ambient pressure.
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A PRELIMINARY STUDY OF VORTEX

FORMATION FROM PULSED JETS

By

J. Z. Trdmusa* and C. A. Garris**

Department of Civil, Environmental,
and Mechanical Engineering

The George Washington University
Washington, D.C. 20052

0 Introduction

It is known that superior thrust augmentation ray be obtained in

ejeators by the use of pulsed jets as opposed to stiady flow jets. Pulsed

MCC jets and other unsteady flow devices offer the advantage that they can

capitalize on the reversible work of interface pressure forces as well as

the usual irreversible turbulent mixing. The latter alone is employed in

steady flow ejectors.

When a pulsed jet discharges into a duct or an open environment, the

jet forms a toroidal vortex ring which acts as a piston pushing the ambient

fluid in its path. The configuration of this vortex ring can be extensively

controlled by proper control of the boundary conditions at the exit of the

jet.

The present work is a preliminary study of the configurations of the

vortex rings produced by different boundary conditions and of their sub-

sequent behavior. It is hoped that such a study will illuminate some

avenues of improvement for pulsed-jet ejector technology.

*Research Assistant
"*Associate Professor of Engineering
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This work is distinct from most of the available literature on vortex

rings (Refs. 1-6) in that it focuses on the highly viscous formation stage

of vortex development rather than on the fully developed vortex commonly

studied.

Experimental Investigation

The principal vortex parameters considered in this study Were:

1. Vortex size and shape

2. Vortex translational motion

3. Vortex entrainment of ambient fluid

Particular attention was devoted to the dev lopmental period of the

vortex from emergence of the jet, through formation, to the fully formed

vortex ring.

The control parameters were:

1. Exit configuration (sharp edged orifice, chimney, duct, etc.)

2. Intensity of jet (outlet velocity)

The methods employed were principally photographic. Both multi-flash-

strobe-open-shutter photos with a 35mm still camera and high speed motion

pictures with a HYCAM 16mm Cine camera were used. In order to get a better

picture of the entrainment processes, some runs were taken with laser sheet

illumination.

The vortices were produced in still air by means of a large loud-

speaker. Pulse intensity as well as pulse duration and wave-form could be

controlled. The exit jet was monitored after setting up the instrumentation

with a hot-wire anemometer, but the anemometer was then removed immediately
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prior to testing to avoid probe interference. Flow visualization was

achieved by injecting cigarette smoke into an enclosure surrounding the

loudspeaker. When the speaker was energized, the emerging jet and its

transformation to a vortex ring could then be observed photographically.

Results and Discussion

Figure 1 is a two-flash open-shutter photograph of a single vortex

ring generated from a sharp-edged orifice. Figure 2 is a similar photo-

graph of a vortex produced from a sharp-edged chimney of the same diameter.

The exit volocities were adjusted to be the same in both runs. To facilitate

comparison, the time between exposures is the same and the scales are approx-

imately the same in both figures, as noted in the subtitles of the respective

figures.

Comparison of the two figures reveals several features:

1. Size: The vortices produced with the chimney are appreciably

larger than those produced with the simple orifice. The

difference is on the order of 25%.

2. Translational Speed of Ring: Note the larger distance

travelled between exposures by the orifice-produced vortex

of Fig. 1 than by the chimney-produced vortex of Fig. 2.

This indicates that the vortices produced by the orifices

propagate considerably faster than those produced by the

chimneys for a given jet pulse strength and jet diameter.

The difference is on the order of 30-35%.

3. Entrainment: Note the very clear spiral entrainment patterns

of Fig. 2 as well as the large number of rings as compared

with thc.;e of Fig. 1. This shows that the slower moving,
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larger vortices tend to entrain more ambient fluid. This

increased entrainment accounts for its larger size and,

in part, for its slower speed. This will be discussed

further later.

4. Formation Characteristics: Comparison of Figs. 1 and 2

shows that the orifice-generated vortices tend to form very

rapidly whereas the chimney-generated vortices travel farther

downstream before they are fully developed.

In Figs. 3 and 4, data taken from high-speed movies of several vortices

are summarized, again highlighting the comparison between orifice-generated

and chimney-generated vortices.

Fig. 3 further shows that, upon emerging, the vortex experiences a

brief period of deceleration and then propagates at nearly constant speed.

Fig. 4 shows that after formation, the vortices change little in size.

Further comparisons were made between vortices formed from chimneys

of equal diameter but varying height, while maintaining equal exit jet

speeds. The resulting effect on the vortex configuration was observed

to be small.

To understand the physics of these observations, one must consider

the energetics of the phenomenon. In all cases, a pulse of a given amount

* of kinetic energy is injected into still ambient fluid. However, if appre-

ciable entrainment occurs, this kinetic energy must be shared by a greater

amount of fluid mass, hence, one would expect a slower vortex translation.

To further complicate matters, the vortex possesses both translational and
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rotational kinetic energies. Hence if the vortex circulation is very high,

one might expect a slower vortex as well since more of the initial kinetic

energy is absorbed in the rotational mode, and less in the translational

mode.

The clear, delicate spiral structure of the chimney-generated vortices

of Fig. 2 demonstrates considerable entrainment. Since the spiral structure

persists many diameters downstream, it appears that mixing within the vortex

is very slow. The structure of the orifice-generated vortex of Fig. 1,

however, demonstrates much less entrainment as indicated by its more homo-

geneous appearance. This relatively homogeneous appearance may also be

partly due to greater internal mixing resulting from greater circulation,

however, this cannot be substantiated due to lack of quantitative information

on the circulation.

We believe that although there are several differences in the fluid

mechanics of the orifice-generated vortex and the chimney-generated vortex,

the most significant one is that ambient air enters the vortex more freely

in the latter than in the former, as the ring forms. The bountdary layer over

the outer surface of the orifice plate in Fig. 1 impedes the influx of ambient

air. This impediment is not present around the chimney, and, as a consequence,

the entrained mass is larger and the translational velocity is lower, as has

been observed.

Concluding Remarks

The present work demonstrates that considerable control over vortex

- characteristics may be obtained by the proper choice of exit boundary con-

ditions. Further control may be obtained by choice of the history and

duration of the pulsed jet. This aspect is still under study.
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The preliminary work discussed here has shown the need for better

quantification of vortex flow fields and entrainment characteristics.

It is hoped to study the flow fields in the future using Laser Veloci-

metry and thereby obtain quantitative information about the vortex

circulation under various conditions. Efforts are now under way to better

understand the entrainment characteristics by direct time-resolved con-

centration mapping by means of Laser-Tomography.

After learning the degree of control one may exercise over vortex

characteristics, those characteristics which are ideal for pulsed jet

ejectors must be determined. It is now believed that the reversible

work of interface pressure forces must be capitalized upon. Hence, it

may be that the energy of rotation in the vortex may be lost and not

imparted to the to the secondary flow in the ejector. In such case, one

may wish to minimize the circulation. However, high circulation may

promote vortex stability and, hence, vortex persistence, which perhaps is

a favorable characteristic. Thus, an optimum amount of circulation for

pulsed jet ejectors may exist.
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STUDY OF THREE-DIMENSIONAL THRUST-AUGMENTING EJECTORS

Ramesh K. Agarwal°
McDonnell Douglas Corporation

St. Louis, Missouri 63166

ABSTRACT

A theory is presented for the prediction of thrust augmentation characteristics of a three-dimensional
ejector configuration in which a series of rectangular-hypermixing nozzles pumps the secondary air in a
constant-area or slowly diverging channel. Based on the theory, a computer program is developed which
requires the ejector design parameters, the empirical constants in the eddy viscosity model, and the nozzle

0 pressure ratio as input and calculates the entrained secondary mass flow, the secondary and exit velocities,
the net thrust and the thrust augmentation ratio. Good agreement is found between the theoretical predic-
tion and the experimental data.

0 NOMENCLATURE

A area
At throat area

U velocity

e average exit velocity
p static pressure

Pt total pressure
p density
T temperature

L ejector length
Ht throat height
bo nozzle half width
to nozzle half height
h spacing between the nozzles

R gas constant
Re Reynolds number
ge. gravitational constant
E entrainment ratio

CD discharge coefficient

4 augmentation ratio
0 diffuser half angle

"17D diffuser efficiency

qN nozzle efficiency

qT thrust efficiency

Subscripts

S secondary condition
e exit condition
N nozzle condition

a ambient

l1

"Scientist, McDonnell Douglas Research Laboratories
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INTRODUCTION

In V/STOL aircraft, lift and thrust augmentation is needed to achieve vertical or short take-offs and
landings. A number of devices have been suggested to achieve high lift and thrust. Excellent reviews of
such devices have been given recently by Korbacherl and Smith. 2 One such device is an ejector in which
entrainment by a jet of primary fluid is used to pump secondary flow through a duct. The thrust of the
mixed flow generally exceeds that of the primary jet alone and thus can serve to augment and deflect the
thrust of a cruise engine to achieve vertical or short take-offs and landings.

A large number of theoretical and experimental investigations have been conducted to understand the
mechanics of ejector performance and thus evaluate its suitability for V/STOL aircraft application. Most
of the theoretical investigations 3 -5 base their analyses on a simplified model of the ejector in which the
turbulent mixing of parallel primary and secondary uniform streams in a constant-area channel or a
constant-pressure channel is considered with or without a diffuser at the end of the mixing duct.
Experiments have been conducted by simulating this simplified model in the laboratoryA5-7 These in-
vestigations show that ejectors of long length are needed to achieve significant levels of augmentation.
However, the increase in the rate of mixing and the diffusion of the mixed flow can result in significant
increase in the augmentation ratio. In order to promote mixing, hypermixing nozzles have been suggested
which seem to show promise.7 While the simplified model helps in understanding why an ejector works, it
is not capable of predicting the performance of a real ejector behind a wing. Two major configuration
effects which must be taken into account to reasonably predict the performance of a real ejector behind a
wing under static conditions are (a) the effect of multiple jets shooting into the ejector channel and (b)
the effect of inclination of the ejector axis to the wing chord. The evaluation of the overall performance
of an augmentor wing, however, also must take into account the effect of flow over the wing and that of
the jet emerging from the ejector channel.

In the present investigation, we consider an ejector configuration in which a series of equally spaced,
rectangular-hypermixing nozzles pumps the secondary air in a constant-area or slowly diverging channel,
as shown in Fig. 1. In the most general case, the height of the nozzle may be smaller than the channel
width at the throat, although in many of the ejectors designed (including the experimental model at
NASA Ames Research Center), the height of the nozzle is equal to the width of the ejector channel inlet.
As a first step towards this study, we determined the flowfield of an array of turbuient three-dimensional
jets issuing from rectangular-hypermixing nozzles immersed in a secondary stream in an unbounded space
or in a constant-area channel. For computing the thrust augmentation attributable to an ejector con-
figuration shown in Fig. I, we used these flowfield descriptions in the yz plane at the exit and employed
one-dimensional control-volume-type analysis in the xz plane. For a constant-area channel, such an
approach is quite accurate. For a slowly diverging channel, the approach is adequate if an appropriate
area correction factor is introduced. A computer program was written to solve the coupled one-
dimensional compressible flow continuity and momentum equations. The program requires the ejector
design parameters, the empirical description of the hypermixing.eddy viscosity model, and the nozzle
pressure ratio as input and calculates the entrained secondary mass flow, the secondary and exit velocities,
the net thrust, and the thrust augmentation ratio. Results are presented and a comparison is made with
the experimental data of Aiken.8

X T

Y., He

h 
V

2b 0

Fig. I Ejector configuration.
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FLOWFIELD OF A 3-D RECTANGULAR-HYPERMIXING JET
IMMERSED IN AN EXTERNAL STREAM IN UNBOUNDED SPACE

Consider a three-dimensional turbulent jet of an incompressible viscous fluid of uniform velocity UN
issuing from a rectangular nozzle of width 2b, and height 2to into a secondary stream of velocity U We
employ the cartesian coordinate system with x-coordinate along the axis of the jet as shown in Fig. 2.
Assuming that the velocity components can be expressed as vi = ui + ui' (i = 1,2,3), where ui represents
the mean value and ui' the fluctuating part, the governing equations are the continuity and the time-
averaged Navier-Stokes equations:

a(1)a u- = 0 ,)
axj

J p 
(2)

a u i I 9 2 U a iU j xi p jixi + V x• - + iix (2

and

xi = (x, y, Z), ui = (U, V, W), rij = - Ui 'U'

In Eq. (2), v denotes the laminar viscosity and r. are the turbulent stresses. Nondimensionalizing the
equations, velocity components with UN, the coordinates with 2to, and thc pressure with PUN2,

aaj =0(3

Usr 1

UN

2t _ _ _

I-2h0 -4

Rectangular nozzle

6011 •I502

Fig. 2 Velocity profile In the xz plane at the exit of
the no--le.
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and

80i ap I __2__i_ 3'i

ilj -- - a + Re axax. + •' (4)

where Re is the Reynolds number.

Now we introduce the usual boundary-layer variables:

Y = -,vRe Z; z= Nf-eZ, X =

and assume the following expansions for the velocity components, pressure, and turbulent shear stresses:

0 Re

= i +

1

\Re
0i =Do+ ( )+ .P2

1 lx +""

Taking the limit Re - co, we arrive at the boundary-layer equations for the three-dimensional turbulent
jet flow:

ag VI Al I

a=P+ + • = 0 (•a)
aX a+ v y +

~oi PoO •Q a2UO 8 ly 2Vxz

av (V 8 f az (6b

I~1 I9 I9 aP2  aI, Xv a1  8 2yy 8 2y

-5-X + V, T +• *I = a + - + -- + ix + --ýY (6c)

a'y2  aZ2  x a az

as! I * Al A2 a2*! 82*1 af In aO2 yz 8f2zzu o - + V- + ++ +z + F + M (6d)

apo a-Pe

0= (6e)
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ap, Rlyy + ap , a lyz af a1  (6.)zz
Y= - + Z + -& (6,

Eqs. (6a-6f) represent the complete set of boundary-layer equations governing the flowfield of a
three-dimensional rectangular jet. An eddy viscosity model or a closure hypothesis is needed to represent
the turbulent shear stresses in terms of the mean-flow velocity gradients. Further simplification is
obtained by recognizing that the turbulent stress terms are an order of magnitude larger than the laminar
viscous terms:

aOi &V I a i
+ + - - 0 (7a)

0anlo aOo an _ apo + af 'l (7b)

I 7+V1 aYvI aVI P2 arlxy ai2yy a2yz
GO° - + -VIWY + - =- -5- + -6- + _W_ + -Z (7c)

a awlO" + V 3- + wi 8* 1 - 2 af + + "a-y+ af-Z (7d)

800  apo
Y = - - = 0 (7e)

ap I a f'lyy a f"lyz ap t a fr lyz a f I Z

aY aY + Z' aZ -if + --- Z (7f)

Now we assume that the static pressure remains constant in the entire flowfield (an appropriate
assumption) so that ZIPo/aX = 0. Also the velocity difference (UN - Us) is considered small (essentially
valid far downstream from the nozzle) so that we can write 0l0 = US/UN + ft. Linearizing Eqs. (7a-7f)
such that the terms second-order in fý, Vl, *I and their gradients are neglected, we find that the flow field
due to the fluid mechanical mixing of the jet with the external stream can be described by the equation

Us aa af1txy af In- + (8)UN aX Y Z

Defining flxy and i,, in terms of an eddy viscosity and assuming that the eddy viscosity is a func-
tion of X only, Eq. (8) can be written as
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- + - (9)
UN 8X ýy2  aZ2/

Writing Eq. (9) in terms of dimensional variables,

+U = e(x) ) + (10)

The description for E is provided by formulating a suitable model which gives best agreement of the
theory with experiment. Bevilaqua 7 has shown that the effect of hypermixing can be incorporated by
defining an eddy viscosity whose length and velocity scales are proportional to the vortex size and rota-
tional spread of the hypermixing vortices. In case of hypermixing, he shows that

X

to +(H=Eo+C(uS)/ ý dx/u, (11)
- Xo

where to is the conventional eddy viscosity related to Reynolds stresses and eH is the eddy viscosity related
to vortex-induced stresses, xo is the distance from apparent origin of the vortices to the actual origin of
the jet, and C is an empirical constant. Combining Eqs. (10) and (11), the governing equation for the
flowfield becomes

au a[-- + . (12)
F -- o + UC(x + xo0)-a'

Introducing a stretching transformation

4to

a + C (x + xo)', a= 0 -,

Eq. (12) becomes

au 822u 2U (13)
ay2 8z2
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We are interested in the solution of Eq. (13) subject to the following boundary conditions:

Atx 0, u=UN - Us for Iy ! bo,Iz:S to

=0 for y > bo, zI> to

Atx >0, u-0 for y-OO, Z- o.

Employing the method of separation of variables, the solution can be written as

UNUs [ 0 y +r b + y [r to Z t + z

U u= U E N -Erf + [r 24r- +Erf 2,/- (14)

where

Erf=• e- dt.
_'T0

An analogous solution for a laminar jet has been obtained by Pai and Hsieh. 9

In case of a 2-D jet of width 2be, to - * and the solution becomes

u = u - U U = U s Erf b 0 -y + Erf b 0 +y] (15)

From Eq. (14), we can draw conclusions regarding the decay of jet-centerline velocity and the spread
of the jet in various directions.

Decay of Centerline Velocity of the Jet

The maximum velocity urm of the jet at a given station x occurs on the jet axis, i.e., at y = 0, z = 0.
Eq. (14) gives

Um UO o-U us ib .) ._

UrN_ - UN_ US Erf Erf( • (16)
UN -U us NUS 2 4

In Fig. 3, we plot um/(UN - Us) as a function of 4 for bo = I and various values of to. The decay
rate of Urm/(UN - US) with t decreases as -to increases (large aspect ratio). In jet mixing problems the
decay rate of maximum velocity decreases as the total momentum of the jet increases. In Fig. 3. the total
momentum of the jet increases with to so that the rate of decay of maximum velocity decreases as the
aspect ratio of the nozzle increases.
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Fig. 3 Centerline velocity of the jet as a function of
distance downstream from the nozzle exit for
various aspect ratios (bo = 1).

Spread of the Jet in Various Directions

The main feature of the three-dimensional jet mixing is that the spread of the jet is different in
different directions. A contour of constant u at a given x can be used to describe the spread of the jet.

Let rk = be the radial distance from the x-axis at a given t, where the subscript k
refers to the point where u(Q, k) = k.U (u ) and 0 < k < 1. It is evident that rk is different in
different directions. In Fig. 4, rk is plotted in both the y-direction, rk = sky (z = 0), and the z-direction,
rk = Skz (y = 0), for k = 0.5 and 0.75. The spread Skz along the direction of the side to > I is slower
than that along the shorter side. The points '0' give the locations where s = So 5 in Fig. 4a. In
Fig. 4b, we find that the width of the jet will first decrease with increasing of • until a minimum point
is reached, after which the width increases with t; such behavior exists for all values of k between 0.5
and 1.

In order to examine closely what happens downstream of point '0' in Fig. 4a, whose location is a
function of to, we calculate the width of the jet for large values of t. The asymptotic expressions of sky
and skz for large values of t can be obtained as

s2 =y4(1 -k)[ 2 (17a)

kz -4(1 k- -F2-J (17b)

At large values of t, sky > Skz for to > b.. Equations (17) also show that at large values of S, s k = .
Therefore, the widths of the jet in the major (z-axis) and the minor (y-axis) axes of the nozzle will cross
over (only one crossover) and tend to become equal. Far downstream, therefore, the rectangular jet tends
to become axisymmetric.
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Fig. 4 Jet width, Sky(z 0 plane) and Skz (y - 0
plane), at u , k um as function of distance
downstream from exli; (a) k - 0.5 and
(b) k - 0.75. (o) denotes the point where

IVIy - iV/z for various tO.
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FLOWFIELD OF AN ARRAY OF 3-D RECTANGULAR-HYPERMIXING JETS IMMERSED IN AN
EXTERNAL STREAM IN UNBOUNDED SPACE OR IN A CONSTANT-AREA CHANNEL

Since Eq. (13) is linear, the flowfield resulting from an array of equally spaced nozzles, with their
centerlines at a distance h apart, issuing jets of uniform velocity UN into an external stream of velocity
US (US < UN) is given by the superposition of individual jet flowfields. Therefore, for the configuration
shown in Fig. 5, the streamwise velocity is given by

u0 -U t 0 z t +z M fbo-y-,nh b + y nh
S Ef'- + Erf 0 "[Er +E

Us ]
N - '2Ef Q + Erf 2v--T _

UN - Erf 2 -- n=-N

(18)

z1

yz-plane

z

I I

YFI

2b.

Apparent origin

xz-plane OP I1 0850.

Fig. 5 Velocity profile In the throat region of the
ejector due to an array of rectangular nozzles.
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where the total number of nozzles is (M + N + I).

If the array of Fig. 5 is symmetrically confined between two parallel plates at a distance H, apart, the
solution for the streamwise velocity u0o(, y, z) is given by

Uo-us M f bo+y-nh bo-y+nh 1
N--Us =- [Erf 2/• + Erf

nU -N

2 ,to+2  1 . 2m to 2m rz ( 2mr\)
-- sin_ -- f cos n * , (19)

When 2to =Ht, i.e., the nozzle height is equal to the width of the channel, Eq. (19) reduces to the
solution for an array of 2-D jets. In the subsequent discussion, we denote 4k = 4[ax + C In (I + x/xo)]
as b2(x), where b is a standard notation to describe the width of the mixing zone, a and C are constants
determined experimentally, and xo is determined by the condition that at x = xo, b = bo (half width of
the nozzle):

x I= ( - C In 2). (20)

THEORY FOR THE PREDICTION OF EJECTOR PERFORMANCE

For computing the thrust augmentation and entrained secondary flow resulting from the ejector
configuration shown in Fig. I, we use the flowfield Eq. (19) in the yz plane at the exit and employ one-
dimensional control volume type analysis in the xz plane.

From Eq. (19), for a constant-area ejector, at the exit section 'e',

ie- us _ f bo + y- nh bo-y +nh

UN - US Er-_L bL b

2_ t 2 'Go I . 2wrmto 2miz mrbL)2]

o 1sin .cos .exp - . (21)
m=I m t \H

where

4fI

"bL b2(x) j 4 [c(xo + L) + C In (2 +
XXo+L70
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and x0 is given by Eq. (20).

The momentum at the exit is given by

Hi/2 (M + I/2)h

itjPe I u dydz. (22)
_Ht (N+l/2)h

For a diverging channel of exit area Ae and throat area At, we introduce an area correction factor in
Eq. (22) so that the exit momentum is given by

A Hi/2 (M + I/2)hJe=P A u dy dz. (23)

-KH/2 -(N+I/2)h

Let VC be the average velocity at the exit of the diverging channel. The average momentum at the exit
is then

J PC (M + N + l)h eHV2. (24)

A momentum correction factor mrne is defined as

Kme = Je/Jav (25)

One-dimensional control volume analysis is applied between the throat and exit sections in x-z plane.
The continuity and momentum equations, respectively, are

PsAsU s + PNANUN = PeAeV e (26)

PN AN UN PS AsU2 PNAN + PSAS + paAe
"ANPN + Asps + gc + _c + Ae + At (Ae Ad

,+ e AV•eV Ae + A

=AePa ' - ---e"- + Apf 2 + APD" (A A) (27)
Ce2

where

Apf= pressure loss term attributable to wall friction 2 • cr L he e
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cf =0.0095

Ae + At
Dh = [(M +N + i)h + He]

APD = pressure loss term due to imperfect diffusion = D (Pa - PS)17D

17D = diffuser efficiency = 0.95 - 0.6 sin 22

H -H0 = diffuser half angle = tan - 2L

UN = 2 N - RT l- [(-))/( -"I I/2 if - < 1.89

N 17 YIPI) PA\ Pa)]1/

i Pt

-f (RRg SNTa) 2 , if - > 1.89 (choked flow)
Pa 

1/2

us,= [2gcy I RTa~l - (pa) 3

7N = 1 -0.16 (i)

TN Ta ( TN)~ P"" aS =Ps)R Ts.PC \P,/ Te

TN --T - ', 2Rg ifP < 1.89

2 Pt

- T if - > 1.89 (choked flow)
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Te, Ta 2Rg, Vj/

AN = total area covered by the nozzles 4 (M + N + 1)boto

At = throat area = (M + N + 1) h Ht

Ae = exit area =(M + N + l) hHe

As = At - AN.

Substituting for App 4pD, 1PN, US, PN, PS, and PC in Eqs. (26) and (27), we obtain a set of coupled equa-
tions for the unknowns V. and PS which can be determined in terms of the geometric parameters of the
ejector and the nozzle pressure ratio p,/p,.

From the nature of the Eqs. (26) and (27), it is obvious that an explicit solution cannot be obtained.
Therefore a computer program is written based on an iterative scheme. The program requires the ejector
design parameters, the empirical constants in the eddy viscosity model, and the nozzle pressure ratio as in-
put and calculates the entrained secondary mass flow, the secondary and exit velocities, the net thrust,
and the thrust augmentation ratio.

The net thrust is given by

S= e PACe e

and the isentropic augmentation ratio is defined as

SKme Pe Ae C(4' ='(28)

(PN AN UN) U

where

U{ 1- if - < 1.89

Pt PP= R, i- > 1.89 (choked flow), (29)

The entrainment ratio is defined as

E- Secondary mass flow Ps As Usnozzle mass flow PN ANU " (30)
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RESULTS AND DISCUSSION

The results of the computations are presented in three parts.

Case (A): The theory is applied for predicting the performance of the model ejector at NASA Ames
Research Center. The geometric characteristics of the experimental model at NASA-Ames are as follows:

Nozzle specifications:

8:1 hypermixing nozzle, normal to the exit plane makes a 45" angle with the jet centerline, nozzle
width (2 bo) = 0.5055 cm (0.2 in.), nozzle height (2 t9 ) = 10.16 cms (4 in.), number of nozzles
= M + N + I = 16 (M = 8, and N = 7), and spacing between the nozzles (h) = 5.08 cms (2 in.)

Ejector Specifications

Length L = 36.576 cms. (14.4 in.), area ratio At/AN = 15, and Ht = 2t.. From Bevilaqua's paper 7 ,
we find the constants for the eddy viscosity model:

at = 0.02, C = 0.0006.

Using the above specifications, we calculate the nozzle mass flow MN = (ON AN UN) and the net thrust
rl (= K_. . A. V2) for various pressure ratio Pt/Pa and area ratio A./Ar. We also calculate the idealnozzle mass floew e and ideal thrust of the ejector "l, given by the expressions:

M =PNANU", (31)

i = pe Ae V• 2  (32)

where U is given by Eq. (29) and V: is computed from Eqs. (26) and (27) with Kme 1, '7D = 1,
and Apr - 0. We define discharge coefficient CD = MN/MN and thrust efficiency qT -11/f ; the varia-
tion of C and qT with pt/p. and A /A, is plotted in Figs. 6 and 7. The agreement between the
theoretical predictions and the experTmental data of Aiken is excellent; experimentally measured mass
flow and thrust are also normalized using Eqs. (31) and (32) respectively. The main empiricism involved
in the theory is in the relations for '7N and nD' A careful choice of ?IN and 17 and is essential for obtain-
ing such an excellent agreement between the theory and experiment. The influence of the choice of 'qN and

17D on theoretical predictions is illustrated in the following test computations:

Case (B): The thrust augmentation ratio and entrainment ratio E are calculated for various Ae/At
and p,/pa by varying different design parameters, viz. the length L of the ejector, the ratio of the channel
height to the nozzle height Ht/2to, and the nozzle spacing to width ratio h/2bo. In these computations we
assume ,7N = 17D = I. These results (Figs. 8-13) serve to illustrate the influence of various geometric
parameters and can be used to determine an optimum design.

Case (C): We assume 'qN = 0.95 and

1D = 0.95 - 0.6 sin 2 20, (33)

where6 0-- tan - H t
2-e=-a2L The results (Figs. 14 and 15) show a large drop in thrust augmentation for large

values of AC/At and at smaller lengths L. Although 17D may not be defined by Eq. (33) for all ejectors,
this example does illustrate its importance in correctly predicting the ejector performance. Fancher 10 finds
that the Eq. (33) is quite adequate for wide range of Ae/At.

4
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INVESTIGATION OF THE SUPERSONIC-SUPERSONIC EJECTOR*

J. C. Dutton
Department of Mechanical Engineering

Texas A&M University
" 7 0 College Station, Texas

ABSTRACT INTRODUCTION

\An investigation of the constant area, Supersonic ejector-diffuser systems have many
suprsonic-supersonic ejector has been conducted applications both as pressure recovery and thrust
wherein one supersonic stream is pumped directly augmentation devices. However, the application
by another inside a confining duct. The theoreti- which provides the primary motivation for this work
cal analysis is based on simplified, one- Is the high-energy chemical laser. In the con-
dimensional models of the constant area mixing tinuous wave chemical laser, alternate, interleaved

• section and inviscid interaction region. The streams of fuel (H. or D2 ) and oxidant (F) enter
parametric dependence of the ejector pressure the laser cavity at high Mach numbers and a lowrecovery performance on each of seven dimensionlessvariables ts presented. A series of small scale, static pressure. These streams then mix and react
axisymmatric ejector experiments indicates that the
theory predicts maximum ejector compression ratio: Accompanying the chemical reactions, a SIgnificant

which are 15 to 22 percent higher than the measured quantity of heat is released to the lAser flow
values and that the ejector is susceptible to sepa- which tends qualitatively to increase the static
ration of the secondary stream at the confluence pressure, to decrease the stagnation pressure, and
point of the primary and secondary streams. to decrease the Mach number of the "mixed" super-
pnsonic laser flow. At the laser cavity exit the

flow is hot (TalSOOK), highly corrosive, super-
NOMENCLATURE sonic (1.5<M<3.S), and at low static pressure

(10P<lO kPa). This stream must then be pumped to

A area ambient conditions so that the lasing process can be
B quantity defined in Eq. (8) started and sustained.

0C 0 diameter1 f0 f, functions of y and M defined by The conventional approach to the pressure
2 f 3 'f 4 Eqs. (2), f4), (o), and (14), recovery problem, Fig. l(a), has been to first dif-

respectively fuse the laser flow using a constant area supersonic
M Marh number diffuser followed by a subsonic diffuser and then to
N mclecular weight pump the resulting subsonic flow with a supersonic
P pressure ejector. The mixing tube of this subsoni,-supersonic
Re Reynolds number ejector is then generally followed by a !,,cond sub-
T temperature sonic diffuser. An alternate approach tt the problem
Stelperatu is the supersonic-supersonic ejector, Fi,-. l(b). In

W mass flow rate this system the diffusers located betweei the cavity
y specific heat ratio exit and the ejector are eliminated and the super-
Sabsolute viscosity sonic laser cavity flow is pumped directly with a
P density supersonic ejector. This concept offers the advan-tage of reducing the overall device length with a
Subscripts and Superscripts possible increase in performance. Since the physical

size of the combined laser/pumping system is domi-
tim limiting condition nated by the pressure recovery equipment, it may also
N: mixed result in a substantial weight and volume reduction
P primary for the system. The objective of the present paper
s secondary is to present the results of an integrated theoreti-

cal and experimental investigation of the supersonic-o stagnation supersonic ejector.
1,2,3 stations 1, 2, or 3 in Fig. 2
* sonic condition PREVIOUS WORK

The topic of ejectors has been extensively
studied over the years as evidenced by Mikkelsen's
compilation of over 350 references concerning
ejector systems and related topics. However, the
overwhelming majority of these publications is con-
cerned with pumping a subsonic, or even stagnant,

*Taken in part from: Dutton, J. C., Mikkelsen secondary stream; this is not surprising when one.aken in part from, A u, JA Theoretc Eeri- considers the wide variety of Industrial applications
C. 0., and Addy, A. L. , "A Theoretical and Exp frsuch devices.
mental Investigation of the Constant Area, for

• Supersonic-Supersonic Ejector," AIAA Paper No. The earliest work concerned with the ejector
81-0260, presented at the AIAA 19th Aerospace
Sciences Meeting, Jan. 1981. pumping of supersonic streams appears to be that of
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Spiegel, et al. 2 which was reported in 19•,3 This combinations of inlet conditions are not possible.
report was the first of four NACA reports con- In particular, as the static pressure of the primary
cerned with the possibility of using supersonic air stream at the mixing tube inlet is Increased above
injection to reduce the required starting and run- that of the secondary, a condition is eventually
ning pressure ratios of supersonic gnd hypersonic reached for which the secondary stream is compressed
wind tunnels. Both Spiegel, et al. and Hunczak to sonic conditions at t?% "aerodynamic throat"
and Rousso performed one-dimensional analyses of formed just downstream of the tube Inlet, much like
the tunnel circuit including auxiliary supersonic an ideal, variable area supersonic diffuser. A
air injection just downstream of the test section. second set of control volume relations is used to
Experiments were also performed which demonstrated predict the operation of the ejector at this "upper
that reduced pressure ratios were obtained with the limit point."
supersonic injection, although the pressure recovery
was not as favorable as that obtained from variable- Overall Control Volume Analysis
geometry, seiond-throat-diffuser tunnels. Hasel
and Sinclair experimentally investigated the The continuity, momen~uv, and energy conserve-
possibility of using supersonic injection in con- tion equations are applied to a control volume
junction with a variable geometry diffuser for spanning the mixing tube from the inlet to exit,
increasing the pressure recovery of supersonic wind stations 1 to 3 in Fig. 2. Assuming the steady,
tunnels. They found that the injection enhanced frictionless, adiabatic flow of an ideal gas with
the tunnel pressure recovery, particularly for the constant specific heats, the conditions at the tube
higher test section MacP numbers which were con- exit can be determined upon specification of the
sidered, 3<M<S. Stokes also reported use of following eight parameters: the inlet Mach numbers
supersonic-aTr injection together with a variable of the primary and secondary streams, MPI and M31
geometry diffuser in a hypersonic tunnel. the specific heat ratios, and the stagnation
Unfortunately, no pressure recovery data was t s f e i, and

reported. temperature and molecular weight ratios, Top/To, and

As mentioned in the introduction, the recent MW,/MW,; and the inlet stagnation pressure and area

development of the chemical laser has spawned ratios of the primary-to-secondary streams, Po,,/Po,,
renewed interest in the supersonic-supersonic and A,,/A..
ejector as a means of pumping the supersonic laser
cavity flow directly. Zimet performed an experi-
mental study of the steady state and transient The stagnation pressure ratio at the inlet is
operation of a supersonic ejector with both a sub- first transformed to the equivalent static pressure
sonic and supersonic secondary flow. It was con- ratio by using the isentropic flow function,
cluded that the supersonic-supersonic mode showed
good potential for weight-volume reductions at P,, Po1r fI(YaMS )
increased performance but that starting problems it (_
were more critical than for the conventional 1 os1 1'Y1 MP1)
subsonic-supersonic configuration.

THEORY where f(y,M)Z (I + IMa] (2)

There are several methods available to analyze The primary to secondavy mass flow ratio can then be

the Pumping performance of the supersonic-supersonic determined from the mass flow function as

ejector; these include one-dimensional analysis, the
method of integral relations, the method of charac- W, P1,I A2 IMW 1 To01m'

1 f2 (Yr IM p)
teristics, and finite difference techniques. For *-• (3)
the latter methods the flowfield may be described W 81 3'i 3 01 (Ys'Ms I
in increasing detail but the computer time necessary
both to develop the appropriate programs and to cal- 1/2
culate individual cases increases proportionately. where f2(y,M) =_ M 1 + (4)
Since the purpose of the present study was to
develop a simplified, general theory for the pres- With this Information, the specific heat ratio and
sure recovery performance of the supersonic-
supersonic ejector and to investigate parametrically molecular weight ratio of the fully mixed exit flow

the feasibility of utilizing this device to pump are found from

laser cavity flow, a one-dimensional approach was W (Ys"I) MW8
adopted. As such, the method is computationally
simple and is well-suited to parametric studies and 1 T* s TyTT XP
optimization procedures although it provides little YM "s W (y-l) MW (5)
insight into the details of the actual flowfield. 1 + F 3The~~ anl÷ F, F

The ana1�s's is similar to that performed by
Fabri, et al. for the subsonic-supersonic
ejector. The conservation equations are applied to I + W

an overall control volume contained within the MWW s
constant area ejector mixing tube assuming uniform s - (6)
velocity and pressure distributions for the primary I WP MW3
and secondary streams at the tube entrance and a 11+ 7- M,
fully mixed, uniform stream at the exit. These
relations allow ,etep•njt1opoof the exit conditions,
but it is well-known ' ' ' that all arbitrary
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Likewise, the stagnation temperature ratio of the to a compression of the secondary to sonic flow con-
mixed flow can be determined from the energy and ditions at the aerodynamic throat formed just down-
continuity equations as stream from the mixing tube inlet. This limiting

condition is analyzed by writing integral conserva-
W, y• (y -l) MWs To? tiott relations for control volumes which extend from

1 + L--the tube entrance to the aerodynamic throat location,
1k T TsT;: K- -om Y5 Tas (7) stations 1 to 2 in Fig. 2. It is assumed that the

T W• y(ys-I) MWs streams remain distinct and do not mix in this
1 +- ---- - initial interaction region and that the flow for eachWSS TY5  ' Wstream is isentropic between stations 1 and 2. These

assumptions, together with the facts that the mixing
By combining the continuity and momentum equations tube area is constant and that the secondary Mach
written for the overall control volume, the exit number at the aerodynamic throat is unity, Maw=l,Mach number and pressure ratios can be calculated M
using allow determination of this limiting operating condi-

tion. One consequence of this model is that the

1/2 averae on-dimensional static pressures of the
WPM MW,711 streams can be different at a given axial location.

1 f 2 (YsMs , _.--f -• Of course, the true, two-dimensional boundary condi-
=o s (8) tions across the slipline between the streams are

P"•,, A,( equality of static pressure and flow direction.
f 3 (Y5 'M51 ) $ f By writing continuity equations for each indi-

vidual stream and a momentum equation for the combi-
where 1. + y() nation of the two, the limitin point of operation

3(yM) 3) can be determined from the following computations.
First the primary Mach number at the choking location,

y1-21B2) + (Y2-2 92Y.2BY 2 1/2 MP2 , is found as the supersonic solution of the
and 2822 +- (10) following implicit relation,a n d 2 ( l )

2B2 Y M "Y + Y.
fM(y.M) [ M f4) - 1  (13)

PP AP, f Y 'M 2 f4( PI AV Iý (Y,.,,
kasi 81 (1

Ps I f(ym)i l +'-A, where the function f4 is the isentropic area ratio
3 function, A/A*,

PO 61 PW fl (yM'M) f4 (y,M) _ A• (y,M) -z
p -p f(; ,MT )

Note that two roots are indicated for the square of 9 7](1+ M2 f y.1/2(y-I)

the exit Mach number, M 201  since it is obtained Wi
rothsoui n o udai euto•T With M) determined, the primary-to-secondary inlet

from the solution of a quadratic equation. The MP2
root obtained using the positive sign is a super- static pressure ratio at the limit condition can be
sonic solution and may be thought of as the uniform calculated from
supersonic Mach number "equivalent" to the piece-
wise uniform primary and secondary Mach numbers at *P,
the mixing tube entrance. The root obtained with | ( 5 1 )-f2 (YSM 31 )f3 (Y8,l)/f2 (Y5,l)]/
the negative sign is a subsonic solution and is raJ li
the one utilized here since it is assumed that the
mixing tube is sufficiently long so that the exit
flow is fully mixed and diffused to subsonic con- A)-
ditions. It is interesting to note that if the T [f2(y.,M ,
supersonic solution is allowed to diffuse through a
normal shock wave the subsonic solution is obtained. (15)
This result should not be surprising since the A given operating point satisfies the aerodynamic com-
relations developed here are a multistream equiva-
lent of the one-dimensional Fanno-Rayleigh relations pression criterion for %tarted supersonic secondary

for a normal shock wave. flow if (P,,/PSI )((P,,/Psl )1iM,

Control Volume Analysis of the Inviscid Interaction If the primary static pressure at the Inlet is
Region less than that of the secondary, P.,/P,5 <l, this

If the primary-to-secondary inlet static pres- limit condition analysis can be repeated where com-
sure ratio is greater than one (Pp /P >1), the pression of the primary stream to sonic conditions is

P '1 1 now of concern. However, for operating points near

secondary flow is compressed by the mutual inter- the point of maximum ejectur pressure recovery, the
action of the primary and secondary streams within condition P /Ps >l prevails. Further details con-
the mixing tube, Fig. 2. As previously mentioned, cern1ng the theoretical analysis may be found in
this process is limited, in a one-dimensional sense, Rngs. t and eo.
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Parametric Study By Inspecting these figures, It is seen that in
terms of increased compression ratios for a given

Utilizing the simplified, one-dimensional primary-to-secondary mass flow ratio, the ejector
analysis described in the preceding sections, it pumping performance is only weakly dependent on the
is a straightforward task to perform a parametric inlet primary Mach number, moderately dependent on
study to determine the dependence of the ejector's the specific heat and entrance area ratios, and
pressure recovery performance on the dimensionless strongly dependent on the secondary inlet Mach num-
variables of importance. As previously mentioned, ber and stagnation temperature and molecular weight
the analysis identifies eight such parameters: ratios. The matched inlet static pressure points,

M71 ,M1 yp', Ys To/Tos , MW,/MWs, AP,/As,, and P I /P B-1.0, have been marked on each operating
PoP/ Po01. Because of this large number of vari- curve by vertical bars when they occur within the

ables, a rational scheme for conducting the study bounds of the figures: Po a/Poa! 1, WP/Wa<5.
is needed. The method used is to define a base- Note that the compression ratio at which the matched
line case and then to vary a single parameter at a static pressure point occurs increases strongly as
time about this case. The baseline configuration MP1 is increased and Ms, is decreased and is rela-
is defined by: MP 1 .4.0, MS 1.2.0. ypsyul.4, tively independent of the other five parameters.

To,/To OMWP/MW l1 .0, and A,1 /A, 1 0m.5. In this This observation is important since the experiments

study, the primary-to-secondary stagnation pressure indicate that as the inlet prandry static pressure
ratio at the tube inlet, P OP /Pol I is used as the is increased above that of the secondary, separation' ' of the secondary stream at the confluence point
independent variable in obtaining primary-to- occurs with an accompanying degradation in the
secondary mass flow variations so that curves of ejector performance. Therefore, the most effective
pressure recovery versus mass flow ratio can be means for improving ejector pressure recovery are to
developed. compress the secondary stream toward sonic conditions,

either upstream of the ejector or in the mixing tube,
The ejector operating plane for the baseline and to employ a high Mach number, low molecular

case is presented in Fig. 3 where the exit-to- weight, high stagnation temperature primary gas.
secondary inlet stagnation pressure ratio is
plotted as a function of the primary-to-secondary
mass flow ratio. The stagnation pressure ratio has EXPERIMENTS
been utilized as the pressure recovery variable in
the parametric study since the stagnation pressure A series of small scale, cold flow, air-to-air
of the mixed flow is a measure of the pressure ejector experiments has been conducted both to
against which the ejector can pump if the exit compare with the previously described theoretical
flow is further diffused through an ideal subsonic analysis and to obtain a more detailed flowfield
diffuser. The upper line is the series of maximum description than is provided by the one-dimensional,
compression ratio operating points defined by the control volume approach.
overall control volume analysis assuming a uniform,
fully mixed, subsonic flow at the exit of the con- Experimental Equipment and Apparatus
stant area mixing tube. The vertical line at the
right is the limiting condition defined in the pre- A half-section schematic of the axisymietric,
ceding section by compression of the secondary to supersonic-supersonic ejector is shown in Fig. 10.
sonic conditions at the aerodynamic throat. For The primary flow enters the ejector from a large
larger mass flow ratios, the one-dimensional model stagnation chamber at the bottom of the apparatus
of tne inviscid interaction region predicts that and is accelerated through the centrally located
started supersonic flow of the secondary is not supersonic primary nozzle. The secondary flow
possible. The vertical line at the left is the enters the secondary stagnation chamber from two
lower limit of useful ejector operation where the sides and is accelerated through the annular pas-
mixed-to-secondary stagnation pressure ratio is sage formed by the outer wall of the primary
unity. Also marked is the operating point at which nozzle and the mixing tube base. Both the primary
the static pressures of the primary and secondary and secondary nozzles have elliptical entrance
streams at the mixing tube inlet are equal. As can sections and were designed by the method-of-
be seen in the figure the maximum ejector compres- characteristics to produce uniform distributions of
sion ratio increases with increasing primary-to- velocity and pressure at their confluence point.
secondary inlet static pressure ratio. It is The Mach numbers and primary-to-secondary area
interesting to note that the relation between the ratios at the mixing tube entrance for the five
maximum ejector pressure ratio and the mass flow ejector configurations tested are given in Table 1.
ratio is very nearly linear although the set of
"equations, (l)-(12), used to determine it are Static pressure taps were installed along the
decidedly nonlinear, mixing tube wall from the nozzle exit plane to the

mixing tube exit at increments of one tube radius.
Figures 4-9 present the parametric dependence A series of six static wall taps, not shown in

of the ejector pressure recovery performance on the Fig. 10, was equally spaced about the mixing tube
variables M P, M, P Ys', MW,/MWa TO /Tos , and axis at the nozzle exit plane to check the concen-
A1 /Aa1  Although the molecular weight and stag- tricity of the nozzle and mixing tube. An additional

S3,five wall pressure taps, also not shown, were located
nation temperature ratios are, in general, inde- upstream of the nozzle exit plane at increments of
pendent parameters their effect on the ejector 2.54 mm to ensure that the entering secondary flow
operating plane is identical in this study since was supersonic. It should be noted that in all but
only one of these parameters at a time is varied one series of experiments the constant area mixing
while the other remains at unity. The influence of tubes were 10 tube diameters in length.
the MW P/MWS and To P/Tos variations has been com-

bined in Fig. 8. 720



Table 1 Inlet Mach numbers and area ratios for ejector configurations listed in Table 1 are pre-
the supersonic-supersonic ejector sented in Figs. 11-15. In contrast to the parametric
experiments results given in the previous section, the pressure

recovery variable for the experiments is taken as the
M /exit-to-secondary inlet static pressure ratio since

M I M31 A/these static pressure data are of principal interest"for laser system applications. In addition, the
1 2.50 1.50 0.51 results are presented over the range of mass flow

ratios from the point of matched static pressure

2 2.50 1.75 0.51 between the primary and secondary streams to the pre-
viously defined upper limit point.

For each ejector configuration investigated, the
4 2.50 2.50 1.13 compression ratio data was recorded at one or two

secondary nozzle throat Reynolds numbers,

5 4.00 2.00 1.13
Re .V(D 0 .D) (16)

A final stagnation chamber and back pressure where P, V, and u are the density, velocity, and
control valve were located downstream from the absolute viscosity, respectively, of the secondary
mixing tube exit. The purpose of the stagnation stream evaluated at the throat and (DM-0) is the
chamber was to prevent local disturbances at the difference between the outer and inner diameters 3t
cuntrol valve from influencing the velocity and theroat. In the ateach oper d i nt t
pressure distributions of the mixed, subsonic flow the throat. In aodition, at each operating point the
at the tube exit. For one experiment, a traversing pressure ratio was determined and plotted against two
pitot probe was added between the mixing tube and independent variables: (1) the mass flow ratio,
final stagnation chamber for measurement of the WF/W, as determined from the VOI nozzle measure-
exit Mach number distribution. ments, and (2) the primary stagnation-to-secondarystatic pressure ratio at the inlet, P0,l/Ps1 . These

The. experiments were conducted in the Mechani-

cal Engineering Laboratory utilizing both the con- two points should exactly coincide since W./WN is
tinuous air flow facility and a specially designed theoretically proportional to P0,,/P,,. However, by
and constructed high-pressure supply system. Mass examining the figures it can be seen that the VDI
flow rates for the primary and secondary streams
were measured with standard VOI nozzles. Depending measurements yield W./Wa values which are 0 to 44
on its level, pressure data was recorded with pre- percent greater than the PoI/Ps• values. In
cision Bourdon-tube gauges, manometers, or with a aio it
strain gauge transducer-digital counter system. disagreement increases as the secondary Reynolds
The accuracy of the pressure measurements was number decreases and as Wt/W e (and, thereforel
approximately within + 1.5 kPa and the data was
repeatable to within approximately ± 1%. pr1 /PSI ) increases. These observations are strong
Experimental Procedure evidence that the boundary layer of the secondary

stream may separate at the primary/secondary conflu-

Maximum compression ratio data for each exper- ence point. Referring to Fig. 2, it Is seen that for
imental ejector configuration was obtained in the PPL/Ps1>1 the secondary boundary layer approaching
following manner. With the back pressure control the confluence point must negotiate a compression
valve fully open, the secondary stagnation pressure, (adverse pressure gradient) with the associated
Po,,, was set at a fixed value to be maintained by change in direction. For strong adverse pressure
the secondary automatic controller. The automatic gradients the boundary layer will separate somewhere

controller for the orimary stagnation pressure, upstream, so that the secondary stream will not be
"flowing full" at the mixing tube inlet. For this

Pop wcondition, values of W./Wo based on the geometrical
WP/Ws, would lie within the operating plane for the area, A,, and the pressure measurement, P,1 , will

ejectnr configuration being considered. The back
pressuru valve was then closed until the secondary therefore be too low. This confluence point separa-

P began to rise indicating tion problem is similar in nature to the plume-inlet static pressure, P. bI tinduced separation occurring in the base region of
maximum compression conditions. At this point the power-on missile flows.
mixing tube axial wall pressure distribution and
exit pressure were recorded. This process was It can also be seen in Figs. 11-15 that the
repeated for various combinations of Pool and Po1  experimentally measured maximum compression ratios

until the entire mass flow ratio range was covered are less than the values predicted by the simplified,
unless otherwise restricted by the facility supply one-dimensional theory. Based on Po P/Ps1 values,

pressure. Reference 1 can be consulted for addi- the experimental ejector pressure recovery is 15 to
tional information regarding the experimental 22 percent less than the theoretical values over the
equipment and procedure. range of parameters investigated. Considering the

simplicity of the one-dimensional model, an error of
Results and Discussion this magnitude is not surprising. Complex phenomena

occurring in the mixing tube such as primary/secondary
The maximum compression characteristics for the mixing, boundary layer growth and separation, shock

experimental, constant area, supersonic-supersonic wave-boundary layer-mixing layer interactions, etc.,
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have been ignored. These results do indicate, configurations. These experiments indicate that as
however, that if an empirical pressure recovery the primary-to-secondary static pressure ratio at
factor of roughly 0.8 is applied to the one- the mixing tube inlet is increased, separation of
dimensional model, compression ratios within a few the secondary stream occurs, thus degrading ejector
percent of the experimental values can be expected. performance. Comparison of the measured and pre-

dicted compression ratios for the configurations
Axial wall pressure distributions were also studied suggests that application of an empirical

obtained for each configuration investigated, factor of 0.8 to the one-dimensional theory will
Distributions for the M,1/M, 1 2M.5/2.O ejector, provide pressure recovery information of acceptable

corresponding to maximum compression conditions accuracy for engineering purposes.
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ROTATIONAL FLOW IN A CURVED-WALL DIFFUSER DESIGNED BY USING THE INVERSE
METHOD OF SOLUTION OF POTENTIAL FLOW THEORY*

Tah-teh Yang and Francois Ntone
Mechanical Engineering Department, Clemson University

Clemson, South Carolina

ABSTRACT

Curved wall diffusers designed by using an inverse method of
solution of potential flow theory have been shown to be both short
and highly efficient. These features make this type of diffuser
attractive in thrust ejector applications. In ejectors, however,
the flow at the diffuser inlet is nearly a uniform shear flow. This
paper presents a method used in examining the flow velocity along
the diffuser wall and some of the analytical results for diffusers
designed with potential flow theory and receiving a rotational flow.
The inlet flow vorticity and the diffuser area ratios prescribed in
the inverse solution of the irrotational flow are the parameters of
the study. The geometry of a sample ejector using such a diffuser
and its estimated thrust augmentation ratio are also presented.

INTRODUCTION

Th? existing "Clemson Inverse Design Program for Short Curved Wall Dif-fusers" is based on irrotational flow theory. Much experimental data have
been examined for inlet flows having thin boundary layers with core flows well
represented by potential flow theory. In such cases, experimentally obtained
wall pressure distributions agree with the theoretically prescribed distribu-
tions very well. In ejectors, however, the diffuser inlet flow is signifi-
cantly different from irrotational flow.

Based on the inlet velocity measurements reported by Hill and Gilbert 2

it appears that diffuser inlet flow should be represented by a shear flow of
uniform vorticity. Under this condition (admitting a shear flow) the wall
pressure distribution could be significantly different from that which was
prescribed for the particular diffuser inlet design. Specifically, this
raises a concern about the presence of an adverse pressure gradient or a de-
celeration in diffuser wall velocity which may result from the inlet shear
flow. A moderate deceleration upstream of the suction slot may be overcome by
increasing the suction flow rate. A strong deceleration will resuxlt in flow
separation. A combination of large design area ratio and inlet vorticity
could also result in a flow reversal at the diffuser exit because of the shear
flow requirement, even in an inviscid flow. It becomes apparent, therefore
that a method of calculating the wall velocity of a shear flow in this type
curved diffuser is necessary to assure no adverse pressure gradient along the
diffuser wall. And this will allow us to obtain the high thrust augmentation
benefit afforded by using a short, curved wall diffuser section in the ejector
design.

*Supported by the David Taylor Naval Ship Research and Development Center and
Naval Air Systems Command under contract DTNSRDC N00167-80-C-0040, and tech-
nically under the cognizance of D. Kirkpatrick (NAVAIR 320D) and T. C. Tai
(DTNSRDC 1606).
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METHOD OF SOLUTION

1. Equations of Motion

The coordinate system is defined by Figure 1. For axisymmetric flow, the
continuity equation is:

Du+ aw + (
rr ax r

Define the stream function T(r,x) such that:
w-- and u-- aT (2a,b)

r ar r 3x

Then equation (1) becomes: 2 2

2 ax rra raxa r _r (r g) 0r + xr r ax =0

In addition, T satisfies the vorticity equation which in cylindrical co-
ordinates for an axisymmetric shear flow is:

au aw7x-- 7r = B (3)

Substituting equations (2a,b) into equation (3) yields the following
2 I r2

ax ar2 r ar B 4

which is an elliptic partial differential equation.

2. Boundary Conditions

In the numerical solution of equation (4) for shear flow, we used the
same grid network as for irrotational flow. The boundary conditions used are
as follows.

(1) Inlet
At the diffuser inlet, there is a parallel flow in the x-direction,
and consequently u - 0. The T's are obtained from equations (2a,b)
as follows

r-r= w and - 0Sr ar r ax

Therefore * only changes with r, hence

d'i'
dr

For shear flow,

w a Woin - Br

therefore

TV !r r(w - Br)dr
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Which yields

r12 w1. 3(5
2 o,in Br3 (5)

From equation (5), we have:

21 3
iF R2 BRn (6)•wall 2 in Wo'in in

where RP r (I wall)

For irrotational flow and uniform parallel inlet velocity qirr' we
have:

Rin
Titr- rqirr dr

At the wall:
1 R2
2T 1 (7)(irr wall 2 4 irr in(7

However, 'vall may not necessarily be equal to (Yirr)wall, which
means that for the same diffuser geometry, flow rates for the
irrocational and rotational (shear) cases may not be the same.

Define y such that

(irr)vwall - 7Ywall

and then
2

q y w - BR) (8)girt m Y(Wo,in - 3 Bin) 8

For the shear flow solution, we will need to (i) specify, for the
inlet boundary condition, the values of wo,in and 7; (ii) obtain B
from equation (8); and (iii) specify the streamline according to
equation (5).

Another possibility is that both B and woin are specified, and y is
to be calculated from equation (8).

In the inverse design program if we have prescribed parallel
but non-uniform irrotational flows at the inlet and the exit, then
the boundary condition at the inlet would be as follows:

"wal wal wio,n 3±BR ]
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For known B and w ,y can be calculated from the following
0,n

irr)wall

R 2 R 1 3 (9)
2in oin 3" in

and the streamlines can be calculated from eqt-m •n (i .

(2) Centerline

Along the centerline, we have T - 0.

(3) Wall, upstream of slot

Along the wall, upstream of the slot, we have F - ywall , where

?wall is the same as the one calculated at the inlet.

(4) Wall, downstream of slot and inside of slot

Let a and Birr be the fractions of the flow into the slot for the
rotational and irrotationai cases respectively. These 8 's are re-
lated to the stream functions as shown in the following expres-
sions.

Sirr I irr.st (10)
' irr,walland awall 
- Tst

T wall
Or , -B

ost /wall(l (11)

8 is specified as an input to the analysis. The T values for lines
AB and AC in Figure 2 are determined from equation (10).

(5) Diffuser Exit

Letting Qirr - Volumetric flow rate at the diffuser exit for irrota-
tional flow and

Q a Volumetric flow rate at diffuser exit for shear flow

results in:

Qi -
8 rr) -aQ/(1 - 8) (12)

It can be shown that for parallel flow

2 2 (irra(1 8)w
4 •B S•GU, + 2 wall (13)oe " YRNSTAGU

730



Here B is specified, IF and R are obtained from the ClemsonHer Bisspciie, irr _ NSTAGU.
Inverse Solution Computer Program, and w is the center line
velocity at the diffuser exit. (R 0A is the radius at the
stagnation point A of Figure 2.) STAGU

(6) Exit of Slot

At the slot exit, a shear flow having vorticity B is assumed.

Referring to Figure 4:

00
R -R 0- y sin(90° - al) - y coos

or
R - R + y cos a (14)

The following development is to determine the stream function in the
slot.

Yy - Ist "y qRdy (15)

But from Figure 3 we see that, q - q osl- By

and therefore
S1.

a •st + Roq y +L (qo,. cos a -RB)y 2 - 1 By3 cos a (16)

The T's at the exit of the slot can be prescribed using equation

(15) where y is replaced by .(R), viz.
Cos a
f -R2 3t -

q * wall 2 o coosa 3 - Cos a (17)
osl R -R R -R 2

8 +R Bwsl o 1 wslo o C
0 cos a 2 coo CO

3. Computational Procedures

(1) For irrotational flow, prescribe q err parallel at inlet and exit of
diffuser. Prescribe a slightly increasing velocity distribution at
wall, upstream and downstream of the slot, with desired deceleration
across the slot region.

(2) Solve the inverse problem for irrotational flow. The grid work in
terms of x's and r's and the velocity distributions at inlet and
exit of the diffuser and at the slot exit are then obtained.

(3) Solve the rotational flow equation for I using the previously dis-
cussed boundary conditions.

(4) Solve for the velocity distribution at the wall. If the velocity
distribution at the wall is slightly increasing with an abrupt
deceleration across the slot, the diffuser geometry is satisfactory.
If there is a deceleration along the wall, change the irrotational
wall velocity distribution and go back to (2).
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Using equations (2a,b) we may compute the velocity distribution along the
wall from the TY distribution, i.e., with

2 2i
q a r(18)q - rr r ax

In the wall velocity computation, the vorticity is to be specified as one
of the parameters at the diffuser inlet, and in ejector application this
parameter is determined from the mass ratio of the primary and the secondary
flow rates and the geometry of the mixing chamber. Using this method,
computations were carried out on the University's IBM 370/3033 digital
computer. Before a more generalized inverse design program is formulated, the
method outlined above will be used to examine the wall velocity distribution
to assure the absence of any adverse pressure gradient in ejector design. A
more detailed version of the analysis will be published as Mr. Francois
Ntone's thesis for a Master of Science Degree in Mechanical Engineering at
Clemson University, which is expected to be completed by May 1981. Results of
the sample computations using the above outlined analysis are presented in the
next section.

ANALYTICAL RESULTS

Figure 5 represents an axisymmetric diffuser having an area ratio of 2.5
to 1. Figure 6 shows the velocity distributions along the diffuser walls.
The circles denote the velocity distribution prescribed to the "Inverse Design
Program" for irrotational flow, and the triangles represent the velocity dis-
tribution along the diffusers depicted in Figure 5. The second velocity dis-
tributions were computed for inlet shear flow having a nondimensional vortic-
ity value of 0.33 where velocity and length are normalized by inlet center
line velocity and inlet width respectively. It is apparent that even though
the prescribed diffuser wall velocity distribution upstream of the slot has a
steong acceleration, the wall velocity distributions may experience deceler-
ation in the diffuser when a shear flow is admitted. In actual operation a
flow separation would most likely take place.

Figure 7 shows three velocity distributions for the diffuser depicted in
Figure 5; these are specifically for inlet vorticity values of 0.33, 0.5, and
0.65. There is a significant change in the magnitude of the velocities, but
their gradients vary only, slightly. As expected, larger vorticity results in
more deceleration. The larger change of wall velocity magnitude results from
the assumption in our analysis that the diffuser center line velocity is kept
constant, therefore the wall velocity decreases more when the inlet shear flow
vorticity increases more. Judging from the distributions of this figure, a
flow separation would likely take place in all three cases. Figure 8 shows
the wall velocity distributions for the diffuser depicted in Figure 5, under
the conditions of (i) admitting an inlet shear flow with a vorticity of 0.5
and (ii) three different slot suction rates. A suction rate Of 5.6% was the
design value. At a suction rate of 8.5%, the velocity gradient upstream of
the slot has not improved significantly in comparison to the distribution re-
sulting from the 5.6% suction flow. Perhaps none of these distributions will
yield a fully attached flow throughout the diffuser.
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Figure 9 shows a diffuser designed for irrotational flow and having an
area ratio of 2.5 to 1 with its suction slot slightly modified. Figure 10
shows the rotational velocity distribution along the walls of diffusers
depicted in Figures 1 and 5 with inlet vorticity of 0.5. Apparently, there is
no significant difference in wall velocity distribution for these two shear
flow inlet cases. Figure 11 shows a diffuser designed for irrotational flow
and having an area ratio of 2 to 1. Figure 12 shows wall velocity distribu-
tions for the diffuser depicted in Figure 11. The velocity distribution
represented by circles is for irrotational flow, and that represented by tri-
angles is for shear flow with velocity of 0.5. In this case hardly any decel-
eration is detected for ttie rotational flow, therefore, one should expect a
highly effective diffuser even when a shear flow inlet condition is imposed at
the curved wall diffuser inlet. Figures 13 and 14 are similar to Figure 12
and are for an area ratio of 1.5 to 1.

SAMPLE EJECTOR

Now the variation of wall velocity distribution due to vorticity is
understood, and one may select ejector design parameters in such a way that no
deceleration takes place along the diffuser wall and the diffuser flow can be
maintained attached without excessive boundary layer suction.

Figure 15 shows an example of an air-to-air ejector for thrust augmenta-
tion with the area ratio of the secondary flow to the primary flow at the mix-

U ing chamber inlet of 40 to 1, and the mass ratio of the secondary flow to pri-
mary flow of 12 to 1. This ejector has a static pressure of -1.25/psig at the
exit of a mixing chamber. From this pressure level one may use a highly
effective short diffuser with an area ratio of 2.2 to achieve an exit pressure
of the ambient level.

Based on the conventional definition of thrust augmentation ratio 0
namely; the momentum of the mixture of the primary and secondary flows at the
ejector exit to the momentum of the primary flow at the mixing chamber inlet,
this sample ejector has a vlaue of 0 of 2.182. Since the short diffuser of
the sample ejector uses boundary layer control1, an auxilliary ejector will be
used to achieve the necessary boundary layer suction. The removed air will be
discharged in the same direction as the thrust ejector and thus contributes to
the overall thrust. Therefore a modified thrust augmentation ratio 01 , de-
f ined as the total momentum at the ejector exit to the sum of the momentum of
the primary flows at the mixing chamber inlet and the suction chamber, must be
used for this type of ejector. We found that for the sample ejector, 02 has a
value of 1.830 provided that a suction fraction of 10% is adequate for the
boundary layer control, and the mass ratio of the auxilliary ejector of 4 to 1
can be accomplished. These assumptions are considered to be reasonable. It
is noteworthy that the overall length of the ejector is much reduced relative
to the ones having diffusers designed by using the concept of incipient sepa-
ration. The performance level in thrust augmentation ratio compared favorably

to those reported in reference 3.
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Figure 1. Coordinate System and Figure 2. Wall Streamlines and
Velocity Components. the Branching Point.

q~

wI

I I

W o, in WO, a

Figure 3. Velocity Distributions for Shear Flow.
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Figure 4. Coordinate System at Slot Exit.
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Figure 9. Computear Plot: of *_'/ Qr:Ld for an AX:Luyiumcr:Lc Difftuser, AR. - 2.5,
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Figure 10. VelocLtey DPltor0buTrons for Diffusers ,presented in Figures 5 and
9 (S c 0.5, Suction Rate i 8.52).
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ABSTRACT

SCEffects of primary jet inlet nozzle configuration and diffuser

geometry on the thrust augmentation of circular and rectangular ejectors
are investigated in an experimental study. The rectangular ejector inlet

0 nozzle configurations consist of either one, two, or three slot nozzles.
The circular ejector inlet nozzles consist of slot nozzles placed either
across the inlet or around the inlet periphery. Diffuser geometry is
varied primarily by changing the diffuser area ratio. Effect on thrust
performance of the primary flow injection angle relative to the inlet

walls is investigated. Effects of side-wall, end-wall, and diffuser

A blowing on thrust performance and diffuser stall also are considered.

1 The views expressed herein are those of the authors and not necessarily
those of-the United States Air Force or the Department of Defense. This
paper is taken from AIAA Paper No. 81-1680 entitled "Inlet and Diffuser
Effects on the Thrust Augmcntation of Circular and Rectangular Ejectors"
by S. G. Reznick and M. E. Franke, presented at the AIAA Aircraft Systems
and Technology Meeting, August 11-13, 1981, Stouffer's Dayton Plaza Hotel,

Dayton, Ohio.
2Captain, USAF.

SProfessor.
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INTRODUCTION

The development of thrust augmenting ejectors has been aggressively
pursued since their potential was suggested by von Kgrmfn in his classic

paper on the subject in 1949 [1]. Ejectors have been developed and

tested in several experimental aircraft, including an augmentor-wing

STOL a~rcraft [2, 3] and the XFV-12A (4]. Although primary air for an

ejector in a jet aircraft application is readily available from engine

bleed air or engine exhaust, the designs have met with limited success

[2, 5]. The performance of ejector-equipped aircraft indicates that

either the existing ejectors must be more effectively integrated into

aircraft designs or new ejector devices possessing superior performance

must be developed to make ejector thrust augmentation a more useful

technology. The weight penalty and the ducting pressure losses must be
overcome. It Is possible that a mix of different ejector appioaches,
such as high-performing, fixed geometry ejectors mounted in the fuselage
and lower performing but collapsible ejectors integrated into the wing,
will give a combined performance which is adequate for thrust require-
ments. Further development work is therefore needed to make ejectors a
more viable option. Ejector developments can be stimulated also as more

new theories and analogies [6-8] are developed for the analysis and
design of these thrust augmenting devices.

The purpose of this investigation is to examine the effects of
primary jet nozzle configuration and diffuser geometry on the thrust of
both rectangulai and axisymmetric, circular ejectors.

EYSERIMENTAL APPARATUS

Rectangular Ejector

The rectangular ejector was configured with one, two, or three
primary slot injection nozzles at the inlet. A photograph of the
rectangular ejector with two inlet nozzles is shown in Fig. 1. Blowing
capability existed at the two inlet cylinders, at the four small
end-wall slot nozzles, and at the two diffuser cylinders. A schematic of
the ejector geometry is shown in Fig. 2. A small diameter pressure tap
was located in each nozzle plenum to measure static pressure. This
pressure was very close to the stagnation pressure due to the low flow
velocity in the plenum. The nozzles contained internal baffle chambers
and flow straighteners to provide a more uniform spanwise velocity profile
at the nozzle exit. The primary nozzles were designed to pivot as well
as to translate vertically and horizontally. Thus, the injection angle
and the position of tie primary nozzles relative to each other and to the
inlet walls could be varied. The exit dimensions of the primary nozzles
were 0.08 in by 5.7 in.

Two primary nozzles were mounted symmetrically on either side of the
inlet and could be adjusted to direct the primary flow at different angles
relative to the inlet side walls. This dual-nozzle configuration is
similar to that of Alperin et al [8-10]. A primary center nozzle could
be inserted by itself in the inlet or between the other two nozzles to
form a triple-nozzle configuration. The three nozzles in the triple
configuration either had the same exit plane or the center nozzle was
positioned in front to provide a staged effect.
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The rectangular ejector waiu constructed with a 3-in-l,,ng section that
served either as a constant area mixing chmber or as a variable angle
diffuser. This section was followed by a secrnd variable ankle diffuser
stage. The throat height of the mixing chamber as well as the wall angleI could be varied. The parameters that define the positioning of the inlet
nozzles, the diffuser lengths and wall angles, and the inlet cylinder
blowing angle are shown in Fig. 2. Extensions, which reduced inlet losses,
could be attached to the metal side walls and plexiglass end walls of the
diffuser. The extensions increased the diffuser length by 1.5, 2.5, and
3.5 in.

Circular Ejectors

The two circular ejectors consisted of wooden inlets, fiberglass mixing
chambers and fiberglass or metal diffuser sections. *Both ejectors had 2-in
radius-of-curvature inlets followed by a constant area mixing chamber 3 in
long. The ejectors had mixing chamber diameters of 4.4 in and 6 in
respectively. The smaller ejector had detachable cotuic diffuser sections
which permitted two or three stage diffusion as follows: *1 - 3 deg,
ý2 - 3, 4, or 5 deg, and *3 - -3, 0, or 2 deg. The diffuser sections of
the large circular ejector were similar.

Three types of primary injection nozzles were designed for the inlet.
These slot nozzles are referred to as the spoke, circumferential, and
annular nozzles. The spoke and circumferential nozzles were used in
various combinations on the large circular ejector, and the circumferential
nozzles and the annular nozzle were used separately on the small ejector.

The spoke nozzle configuration consisted of eight svnmetrically-
positioned, slot nozzles that extended from the perimeter to the center
cf the ejector. This configura '-. is shoum in Fig. 3. The slots were
2.75 in long with a gap of O.,, in.

The 8-nozzle circumferential configuration is shown in Fig. 4. The
8 nozzles were spaced symmetrically around the inlet perimeter and
designed to provide flow tangent to the curved inlet surface, but not on
the surface. The nozzles had a slot length of 0.94 in and a slot gap of
0.06 in and could be used in combination with the spoke nozzles or by
themselves. A 16-nozzle circumferential configuration was obtained by
adding 8 more nozzles around the perimeter to the 8-nozzle configuration.

The annular nozzle, Fig. 5, was designed to provide a continuous
annular slot flow of air approximately tangent to the walls at the inlet
The slot gap was 0.065 in.

Test Stand

A test stand was designed to supply compressed air to the ejector
apparatus and measure the ejector thrusL with a strain gage load cell.
The test stand consisted of a pipe arrangement which pivoted as a pendu-
lum about two low-friction annular bearings in a "tee" bearing support
at the pivot point. The ejector was bolted to the swinging end of the
pipe. Compressed air flowed through the open center of the "tee" bearing,
through the length of pipe (pendulum), and then through tygon tubing to
the ejector manifolds and jet nozzles. A standard orifice, located mid-
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way along the length of the pendulum, was used to rieasure the mass flow

rate in accordance with ASIM specifications [11).

EXPERTMENTAL PROCEDURES

Thrust was measured by a floor-mounted strain gage load cell that was
connected to the ejector by cables. A position-adjustable pulley
arrangement allowed the cables to turn 90 deg corners. Thrust readings
were obtained using a strain gage indicator or a digital multivoltmeter
and a set of standard calibrated weights.

Pressure readings were obtained with water and mercury manometers.
A pressure tap was located in each nozzle plenum. A pitot tube rake with
tines spaced I in apart was used to scan the ejector exit flow for the
total pressure, Fig. 6. The Bernoulli equation was used to determine
velocity profiles. Fine cotton threads taped to the diffuser walls and
a hand-held slender rod tipped with cotton thread were used to provide
flow visualization.

Steady-state tests were run to determine the thrust augmentation
ratio * and to approximate the mass augmentation ration mo/ml. The
thrust augmentation ratio is defined as

Fm
Fi

where Fm is the force developed by the ejector and measured by the
strain gage apparatus and Fi represents the force the primary nozzle
flow would have generated upon discharge isentropically to the ambient
atmosphere in the absence of the rest of the ejector apparatus. Fi Is

given by

Fi - 7Alpa [(pt/Pa) 0286

The mass augmentation ratio, which represents the mass flow rate of
secondary air m0 to the mass of primary air li, was calculated for some
of the configurations. The mass flo't rate from the primary nozzles was
calculatpd from the nozzle pressure ratio or by use of the test stand
orifice meter. The exit mass flow rate was obtained from the exit velocity
profile. The secondary mass flow rate m0 was determined from the difference
between the exit mass flow rate IS and the primary mass flow rate 11.

Room Effects

Since the tests were conducted indoors, a room effects study was
accomplished to determine whether the walls of the room or objects within
the room would affect thrust augmentation performance. A flat wooden
barrier (7 ft by 7 ft) was positioned at specific- distances normal to
the ejector flow both in front of and behind the ejector with circumfer-
ential nozzles. The thrust augmentation ratio remained constant
until the barrier was within 17 in of the ejector inlet or within 30 in
of the ejector exit. Since the test room walls, floor and ceiling were
all greater than 5 ft from the mounted ejector, it is assumed that the
room did not affect ejector performance and measurements.
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RESULTS

The tests were run at primary to ambient pressure ratios pt/pa Of
1.1 to 1.5. At these pressure ratios, the primary Jet nozzle velocities
ranged from approximately 300 to 900 fps. The average diffuser exit
velocities were approximately 100 fps. The primary nozzle exit Reynolds
numbers Re were based on exit velocity and on the nozzle gap as the
characteristic length and ranged from 14,000 to 24,000. At the diffuser
exit, Re varied from 200,000 to 300,000 based on exit velocity and exit
diameter or width as the characteristic length.

Rectangular Configurations

The importance of using inlet end-wall extensions and a curved entry
to each side wall, Fig. 2, was noted by Keeem [12]. The use of end-wall
extensions and a curved entry was found to Increase the thrust augmen-
tation ratio by approximately 10 percent over a wide range of exit area
ratios. For this reason the curved entry and exit end-wall extensions
were used in all the tests.

Tests were run with the dual inlet nozzles to determine the effects
of diffuser area ratio A3/A2 on thrust performance. Various area ratios
were obtained by varying the diffuser wall angle. The results are shown
In Fig. 7. The trend of * with A3/A2 is similar to results reported by
others, such as Quinn [13] and Bevilaqua (14], in that * increases,
reaches a maximum and then decreases with increasing A31A2. Figure 7
shows * was maximum for an A31A2 in the range of 1.8 to 1.9. The diffuser)
influences the pressure in the ejector, and at low values of diffuser area
ratio the pressure in the ejector is not low enough to aid the flow of
secondary fluid. On the other hand, large diffuser area ratios that would
lead to favorable pressure dt.stributions in the ejector do not necessarily
achieve this due to flow separation in the diffuser. In some cases,
blowing along the diffuser side walls eliminates stall or permits wider
diffuser angles without stall; however, the shear losses due to the blowing
may decrease performance. Figure 8 shows that for an unstalled case,*
decreased slightly as the percent of primary flow through the diffuser
nozzles was increased.

End-wall and inlet side-wall blowing were also employed. Except in
- the cases where this blowing prevented large scale separation, the blow-

Ing was generally detrimental to the thrust augmentation ratio *. This
was especially the case with the dual primary nozzles. The dual nozzles
provide primary flow near the side-walls and do not require as much
additional blowing to prevent stall and separation.

The dual-nozzle configuration also was tested at different injection
angles ci while holding h, 1, and the diffuser configuration constant.
The results of these runs, shown in Fig. 9, indicate that the angle the
jet makes with the Inlet wall, affects the thrust augmentation ratio
significantly. The best performance was obtaired when the primary jet
was directed approximately tangent to the curved inlet side walls. For
injection angles less than this optimum angle, the flow strikes the side
wall and causes a force that acts opposite to the desired thrust vector.
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For largEpr injection angles, the flow does not appear to attach to the
curved inlet, but instead separates from the wall in the ejector throat.
The dual nozzle positions were changed by varying h, and t. Yet,
maximum performance still was obtained when the injection angle was
approximately tangent to the inlet side wall, Fig. 10. These results
show that thrust augmentation was very sensitive to this tangency
condition and relatively insensitive to nozzle position.

Tests with a triple-nozzle configuration showed a decrease in per-
formance compared with the dual-nozzle configuration. This is shown in
Fig. 11 where the results indicate that ý decreased as the amount of air
Issuing from the center nozzle exceeded approximately 15 percent of the
total primary f low. Between 0 and 15 percent, there was little change
in thrust augmentation. Also, it should be noted that by just Inserting
the center nozzle in the inlet, 0 decreased from 1.48 to 1.4. The
results (not shown) for the single nozzle indicated that 0 was less than
1.3 even with side-wall blowing and even though the single nozzle inlet
area ratio was twice that of the dual nozzles. For the lirrlited tests
conducted, the dual-nozzle configuration appears to be superior to the
other configurations. An exit velocity prrfile obtained with the dual-
nozzle configuration is shown in Fig. 12. The profile shows that the
velocity is higher near the walls than at the center of the ejector exit
plane. This type of distribution apparently leads to better flow
attachment at the walls and less chance for flow separation than with a
profile where the velocity is highest at the center.

Circular Configurations

The circumferential nozzle performance results wi1th the smaller
ejector are shown in Fig. 13. The effect of diffuser area ratio on
shows trends typical to those described previously for the rectangular
ejector, Fig. 7; however, the values of 0 for the circular ejector
exceeded those of the dual-nozzle rectangular ejector. It should be
noted, however, that although the cross sectional throat areas of the
rectangular ejector and circular ejector were approximately the same,
the inlet area ratios differ by about two. This occurs since the total
area of the 8 circumferential nozzles was about half the total area of
the dual-nozzle configuration. The maximum '0 of approximately 1.9 Is
somewhat less than the augmentation ratio reported by Alperin and Wu
[15] but considerably less than that reported by Campbell and von Ohain,
although they used a different performance index. The exit
velocity profile is shown in Fig. 14. As expected the exit velocity is
much higher near the walls than at the center. This Is similar to that
found with the dual-nozzle rectangular ejector. It appears that it
might be desirable to increase the mixing, since this should increase
performance further as pointed out by Bevilaqua [14]. Alperin ar'd Wu
[8] suggest, however, that an Increase in effective diffuser area ratio
can compensate for incomplete mixing.

The thrust augmentation obtained with the annular nozzle was
significantly less than that with the 8 circumferential nozzles

(4-1.3 vs 1.75). Possible causes for this lower performance include
the difference in inlet area ratio, that the discrete circumferential
nozzles may achieve a hypermixing effect, and that the 8 circumferential
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nozzles did not block the inlet as much as the annular nozzle. The
obtained for the 16-circumferential nozzle configuration was approximately
1.55. This was somewhat better than that obtained with the annular
nozzle, but less tiian that with the 8-nozzle configuration.

A The results with the larger ejector showed that the spoke nozzle
arrangement alone did not develop any thrust augmentation. A possible
explanation for this is that the velocity profile (not shown) indicated
that the highest velocity occurred near the center of the exit or just
the opposite of that found with the 4.4 in circular ejector with the
circumferential nozzles. As a result, the flow with spoke nozzles was
more prone to stall. When circumferential nozzles were positioned
between the spoke nozzles, significant thrust augmentation was obtained.
The results are shown in Fig. 15. The thrust augmentation decreased as
more flow was injected through the spoke nozzles. The thrust augmenta-
tion ratio obtained in this ejector with only the 8-circumferential
nozzles was approximately 1.7 while the augmentation ratio with flow
only through the 8-circumferential nozzles in the combined arrangement
was 1.55,as shown in Fig. 15.

CONCLUSIONS

1. The inlet primary nozzle configuration has a large effect on
the thrust augmentation of both rectangular and circular ejectors.

2. Inlet primary nozzles placed near but not on the side walls with
the flow directed parallel to each side wall provided good thrust augmen-
tation in both the rectangular and circular ejectors.

3. Diffuser stall and separation for a given diffuser area ratio
occurred more readily with primary nozzles placed across the inlet in a
spoke or single nozzle configuration than with those placed around the
inlet periphery or near the side walls.

4. Discrete nozzles placed around the inlet periphery of a circular
ejector provided somewhat better thrust augmentation than an annular
nozzle at approximately the same location.

5. Side-wall, end-wall, and diffuser blowing tended to reduce
thrust augmentation, when not required to prevent separation.

"6. The circular ejector had a thrust augmentation ratio greatei than
that of the rectangular ejector.
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NOMENCLATURE

A cross sectional area

Ao/Ai inlet area ratio

AS/At. diffuser exit area ratio

F thrust

h distance between pivot points of dual nozzle.

distance from primary nozzle exit to ejector throat

L diffuser length

mass flow rate

P a ambient pressure

P astatic pressure

S!

P t total pressure

CL primary injection angle

a inlet cylinder blowing angle

/ ithrust augmentation ratio

A'A diffuser wall angle

Subscripts

a inlet secondary flow

d afprimary nozzle exit or first stage diffuser

2 ejector throat or second stage diffuser

u ejector exit or third stage diffuser

P aisentropic

P measured
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h

A Primary nozzles E Inlet end-wAjll extension
A Inlet cylinders T Inlet side wall
C Diffuser cyliiidtrs G End wall
D End-wall nozzles B Ehit etid-vAll extension

Fil. 2 Schematic of Rectangular Ejector with
Three Nozzles

Iig. I Photograph of Rectangular Ejector with
Dual Nozzles

Fig. 4 Photograph of Circular Ejector with

Fia. 3 Photograph of Circular Ejector with U Circuiferentil* Nozzles

Spoke Nozzles
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Fig. 5 Photograph of Annular Nozzle

IN Fig. 6 Photograph of Pitot, Tube Rake with
Circular Ejector
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ABSTRACT

Asymptotic and computational methods have been utilized to study the

incompressible and transonic flow over upper surface blown airfoils. To

provide a framework for other approximate simulations which are subsequently

discussed, a full potential formulation is indicated. In this and other

models, the problem has been decomposed into the treatment of the fine struc-

ture of the jet and the analysis of the flow outside it. Asymptotic expan-

sions of limit process type have been used to treat the jet in a thin layer

approximation using suitable strained variables. N Although vorticity must be

accounted for in matching with the external flow, its effect on the Spence
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boundary conditions derived under irrotational assumptions is nil in regions

away from the trailing edge and Jet exit. Computational results for a USB

airfoil 1,odicate significant enhancements in lift with blowing. Comparisons

with experiments indicate that viscous wall Jet effects, wave interaction

phenomena with the mixing zones near the jet exit and trailing edge layers

must be incorporated into the model for improved simulation of the flow

physics. A viscous module treating the interaction of the Jet with the

airfoil boundary layers is used to quantify shock induced separation delay for

various blowing rates.
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I

1. 0 INTRODUCTION

Upper surface blowing (USB) has been proposed as a means of increas-

ing usable lift and thereby enhancing V/STOL capability at low speeds in

landing configurations. At transonic Mach numbers, it has the further appli-

cation of achieving low turn radii in dogfight scenarios. The attendant high

accelerations are accomplished through elimination of separation by suppres-

sion of adverse pressure gradients in the viscous boundary layer, and also

movement of shocks downstream of the trailing edge, thereby discouraging shock

induced separation and buffet at high manuever incidences. Further applica-

tions of laminar flow control through stabilization using tangential blowing

to achieve favorable pressure gradients is of strong interest currently. In

the application of this concept, the engine bleedoff, thrust, and structural

penalties required to achieve the foregoing aerodynamic advantages is of

importance to the designer. To obtain this relationship, a knowledge of the

associated flow fields is required. Although attention has been given to the

Jet flap in theoretical investigations, relatively little analysis has been

performed on upper surface blown configurations. For incompressible speeds,

the work of Spence1 represents the classical thin airfoil treatment of the jet

flap problem. At transonic Mach numbers, a computational Jet flap solution

based on small disturbance theory was developed for airfoiTs, and generalized

for three-dimensional wings by Malmuth and Murphy. 2 , 3 In these analyses, the

classical Karman-Guderley model was applied with a generalized version of the

Murman-Cole successive line overrelaxation scheme 4 to treat the free-jet
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boundaries. The jet was assumed to be thin, and it was assumed on a heuristic

basis that the Spence boundary conditions were applicable across it. These

conditions involve equilibration between the normal pressure gradient and the

centrifugal force associated with the momentum in the Jet.

In this paper, the applicability of the conditions will be analyzed

for a compressible rotational jet in the context of blowing upstreami of the

trailing edge on the upper surface, i.e., upper surface blowing in contrast to

the Jet flap configuration in which the Jet emanates from the trailing elge.

The aspect of the paper involving fine-structure of the Jet layer represents

an extension of the earlier work of Malmuth and Murphy5 on transonic wall

Jets. From these analyses, the paper will describe the numerical approach to

treat the USB problem, and various results showing possibilities for lift

augmentation will be presented.

Pressure distributions arising from these solutions will be presented

and compared with experimental data. Sources of error will be identified,

particularly those associated with wave Interaction phenomena at the jet

exit. Others involving viscous modifications of the wall jet will be con-

sidered. In particular, the impact of the tangential blowing on the boundary

* layers will be analyzed as the first step of a viscous interaction procedure

to be presented elsewhere for such flows. Results from the computational

methods will be presented that provide Inexpensive quantifications for the

first time of shock induced separation delay due to tangential blowing.
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2.0 FORMULATION AND ANALYSES

2.1 Full Potential Theory

In Fig. 1, a USB configuration is shown. For purposes of providing a

general framework for the subsequent sections which deal with a small distur-

bance mode, a subsumptive full potential formulation is indicated. Two sepa-

rate potentials are introduced, 01 and OE for the jet and external flow re-

spectively. Appropriate to the solution of the full potential equation

indicated, boundary conditions on the airfoil surface and slip lines such as

AB are shown. Aditional conditions of pressure continuity across the latter

Jet boundaries also hold. These are discussed in addition to far field and

trailing edge aspects in Ref. 6.

2.2 Thin Jet Theory

As an essential ingredient of a small disturbance formulation, the

jet structure is developed in this section for purposes of specification of

the boundary conditions. In particular, it will be shown how the Spence

theory of Ref. 1 and the heuristic framework of Ref. 2 which is crudr"y speak-

ing a small deflection approximation of V -mulation of the preceding

section can be derived from a systematic .. ro)imution procedure. For this

purpose, we relax the irrotational assumptions implicitly embodied in the

previous section.
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Referring to Fig. 2, a section of the jet of Fig. 1 is detailed. A

curvilinear coordinate system is embedded in the Jet as indicated. The lines

n - constant are parallel to a reference line (the C axis) which only under

special circumstances coincides with the centerline of the jet. Otherwise,

the C axis is a reference line which is the centerline of an approximate

parallel flow to be discussed subsequently. In this coordinate system, the

lines C - constant are normals to C axis. In what follows, the incompressible

case will be discussed. The generalizations to compressible flow are

straightforward.

To obtain an approximate incompressible set of equations prototypic

of the compressible case, the thin jet limit is considered. The character-

istic jet thickness is shown in Fig. 2, where the jet boundary is denoted as

n Tb() - Tbo + T2b1 +...

We now define a thin jet limit

T 0, C,n* ni/r fixed (1)

"where the boundary layer coordinate n* is introduced to keep the Jet slip

lines in view in the limit process. In (7), the appropriate representation of

the velocity components qC, q% shown in Fig. 2 and the pressure p to yield a

non-trivial structure are

. 1 Uo(R.n*) + ,iT' u1i(,n*) + ... (2a)
U 76
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U - V v0 +r3 2 v1 + ... (2b)

2U. PO + TP, + "." (2C)

where U is some typical freestream velocity and all coefficients of the gauge

functions involving T are 0(1) as Y + 0. These orders are consistent with the

massless momentum source model of Spence.1

Substitutions of these expansions into the exact equations and

boundary conditions gives a hierachy of problems for the various terms in

these developments. Details of the solutions for the first and second order

quantities are given in Ref. 6. For a constant velocity Jet exit, i.e.,

qC (On*) - C, qn (O,n*) - 0, leads to the following solution

u0 • u0 () - C (3a)

v0 - 0 (3b)

2
p0(Cn*) (1-t,*) i- + qu() (3c)

b - (3d)

*= Cn* (3c)

I where V is the zeroth order stream function, and qu is the pressure on the

upper slip line in units of twice the freestream dynamic pressure.
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Discussion

Equations (3) describe a parallel flow jet. The total jump in

pressure across the jet from (3c) is

[p0 ] - p(t,1) - p(C,-l) - 2C2 /R (4)

where R is the radius of curvature of the jet centerline. Equations (3) are

consistent with t:e Spence model. It should be noted that in contrast to the

latter, no assumotion regarding irrotationality is required to obtain (4), in

contrast to the results of previous workers. The radius of curvature of the

jet is approximately R upstream of the trailing edge which in turn is approxi-

mately given by that of the blown upper surface. Downstream of the trailing

edge, R is determined from applying (4) to the treatment of the flow outside

of the jet. Upstream of the trailing edge, the wall pressure is evaluated by

(4) since R is known and is given by

2C2
(5)

External Flow

At distances large compared to the Jet width, the fine structure of

the jet is important only insofar as it provides matching conditions to the

irrotational flow field outside itself. In incompressible flow, this external

"outer" flow can be determined by thin airfoil theory. At transonic speeds,
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small disturbance theory Is appropriate for this region. Details of the

asymptotic matching procedure have been discussed in Ref. 6. Based on these

developments and the earlier ones for arbitrary deflection thin Jets in

Section 2.2, the boundary conditions for the outer flow in the incompressible

and transonic cases for the Jet flap and upper surface blowing are now

indicated.

Jet Flap /

Representing the equation/of the Jet as

/

y - 8g(x)

where 6 is the thickness ratio of the airfoil and in a small disturbance

approximation considering the "outer" expansion pressure coefficient to be

given as

P -p

2 P.- 6P(x,y) +
PU

then by virtue of a generalization of (4) ve obtain

[P(x.O)) * " Cjg"(x) 2 " #x (6)
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where

t /
Cj- q .dn/ .0(1) (7a)

f-T(7a

and * Is a perturbation potential.

Equation (6) is used in conjunction with the Jet tangency relation

ly(xO) - g'(x) (7 b)

and the airfoil boundary conditions to determine the external flow field.

These relations coincide with those derived by Spence. They can be

generalized for transonic flow by placing the p inside the integrand in (7a).

Upper Surface Blowing

To treat conditions on the blown part of the airfoil, Eq. (6) can be

applied by approximating the radius R by (f,)-l to obtain the wall pressures,

-* and using the airfoil and Jet boundary conditions to determine the upper slip

line Jet pressures.

From the arbitrary deflection thin Jet theory derived in Section 2.2,

it can be seen that rotational flow produces the same pressure Jumps across

the jet in the dominant approximation as the irrotational Spence models.

Correspondingly, it can be shown that to within factors involving the density,

qualitatively similar results are obtained for transonic flow. Mother
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important aspect of the asymptotic representations derived here is that they

lead to higher approximations for the structure of the jet and external flow

which can be systematically obtained. Finally, the analytical solutions

described above and in Ref. 6 allow the systematic assessment of the-effects

of initial vorticity and skewness which are inaccessible to other theories.
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3.0 RESULTS AND DISCUSSION FOR TRANSONIC UPPER SURFACE BLOWING

A successive line overrelaxation (SLOR) scheme within a Karman-

Guderley framework 2 has been used to compute the flow field over an upper

surface blown airfoil. On the blown portion, the Jump conditions across the

jet are determined by the asymptotic results given in previous sections,

i.e., Eqs. (6) and (7b). Providing that the region is not too close to the

jet exit or trailing edge, the streamwise gradients can be neglected in the

entropy and velocity component parallel to the wall. Away from these regions,

the pressure gradient perpendicular to the streamlines is balanced by

centrifugal force. For the region near the Jet exit, these assumptions become

invalid. Here, the scale of the gradients in the streamwise direction become

important, principally due to the influence of wave interactions with the slip

line. Similar fine structures occur near the trailing edge where the flow can

stagnate on the unblown side, depending on the ratio of the stagnation

pressure of the jet to the ambient stagnation value. For incompressible flow,

Ref. 6 discusses the tri-stable equilibrium at the trailing edge corresponding

to the value of the stagnation pressure ratio, which leads to the div iing

streamline leaving tangent to the upper surface if this is greater than

* • unity. Consistent with the previous discussion, the appropriate generaliza-

tion to transonic flow was assumed also to be this arrangement for a single

valued pressure without a shock in that location. This assumption has been

altered to assess the sensitivity of the flow to the dividing streamline

angle. In this connection, surface pressures for the dividing streamline
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bisecting the trailing edge angle (as it would be incompressible flow) were

compared with those for the upper surface tangent configuration. Based on

these studies, significant differences are anticipated only for large

incidences and trailing edge angles.

Typical results obtained from the computational model are shown in

Fig. 3 in which the flow over a thick airfoil designed at Rockwell's Columbus

Aircraft Division (CAD) was analyzed with the SLOR code. Here, the pressures

for various values of the blowing coefficient Cj are compared against those

for the unblown case at a freestream Mach number M, - 0.703, and angle of

attack - 00. Substantial lift augmentation is evident for blowing. Also

evident is the associated rearward motion of the shock with increased blowing

and sectional loading as if the incidence Is Increased.

In Fig. 4 the corresponding increase in lift coefficient CL with slot

downstream movement is also shown as well as the increase in the size of the

supersonic region.

Similar increases of lift with blowing coefficient as well as the

size of the supersonic region has been illustrated in Ref. 6.

Tests of the adequacy of the'foregoing model to simulate realistic

transonic USB airfoil flows have been inhibited by the lack of suitable

experimental data. Information exists only for highly three-dimensional

configurations, large thickness, or incidence in ranges beyond the validity of

the assumptions of small disturbance theory. Another restriction is the

1" unavailability of the associated geometric data and flow diagnostics
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accompanying the tests. The results of Yoshihara7 and his coworkers were

useful in this connection and allowed us to compare the Jet flap specialized

version of the USB theory in Reg. 2. For the simulations described in this

paper, tests performed by N.C. Freeman at NPL on a USB modified 6% thick RAE

102 airfoil and described in Ref. 8, appear to be the most suitable results

for comparison at present. Unfortunately, the angle of attack associated with

the NPL data is 60 which is marginal for the application of a small dis-

turbance model.

Figure 5 Indicates comparisons of chordwise pressures for various

values of Cj. Also shown are schlierens indicating the associated flow field

structure. Turning to the Cj - 0 results (Part (a)), massive shock Induced

separation Is indicated and is apparently initiated at the downstreami limb~ of

the lambda shock on the upper surface. This is reflected in the classical

erosion of the suction plateau and is responsible for the indicated disagree-

ment between the inviscid computational results and the data. For these

tests, nominal tangential blowing with a slot height of 0.07% of the chord was

used. The slot location is 15% downstream of the nose. The Mach number %.

immiediately above the slip line at the slot (point A in Fig. 1) is approxi-

mately 1.29 for both Cj's Indicated. For Cj *0.017, the slot Mach numiber Me

has been estimated as 1.79 for Cj - 0.048, Me 2.36.

Comparison between theory and experiment In Part (b) of Fig. 5

Indicates reduced discrepancies on the upper surface associated with the

limited separation. In Part (c), the agreement is correspondingly further

improved.
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To achieve adequate realism, it Is important to discuss factors re-

sponsible for the disagreements. One feature not captured by the USB simu-

lation is the pressure spike at the slot location. Based on the slot size,

the streamwise scale for this phenomenon is at least an order of magnitude

greater than the characteristlc wavelength of a Mach diamond pattern in the

wall jet. These fluctuations may not be resolvable with conventional pressure

tap arrangements for the thin slot employed in the tests. If a rough model of

a coflowing inviscid supersonic wall jet over a flat plate Is used to describe

the flow near the slot, the approach to a final steady state may be damped

oscillatory or monotone depending on whether the reflection coefficient R

which is given by

R -1

where

M0/M2B M2 -0 Me-1

e e e~

is respectively positive or negative.

The relaxation length L to achieve the downstream pressure in units

of the exit height is of the order of in R which can be approximately 5 to 50

in the present case depending on the accuracy of the estimate for Me. Note in

this connection that
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R<O for 14M4 M , and MeCM(-

Me
R;O for - 4M0Me

For the submerged case, R 1, (Me>>M), and the Prandtl periodic pattern is

obtained, with no radiation of energy to the external flow.

These facts suggest that one factor that may be responsible for the

observed spike is the Internal decay process in the jet. If transonic effects

and wall curvature are accounted for, the presence of "ballooning" and throats

in the Jet may also be contributory. These aspects are further discussed in

Ref. 6.

Turning now to the discrepancy of the values shown on the rear

surface (downstream of 0.5c) in Fig. 5c, we note that in spite of the obvious

elimination of separation, a thick viscous wall jet is present. Downstream

diffusion will affect the application of the Spence relation on the blown

portion as well as the shock Jump. In view of the wall Jet thickness shown on

the schlierens, this factor appears to be more significant than obliqueness at

its foot. A near term refinement is being implemented employing a coupled

* - inviscid-viscous model using second order boundary layer corrections to the

Spence boundary conditions accounting for axial gradients of the displacement

and momentum thickness. The first phase of this model involves a blown

boundary layer module. Preliminary results from this component illustrating

the effectiveness of blowing in delaying separation is provided in the next

section.
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4.0 VISCOUS EFFECTS

A laminar boundary layer module has been constructed based on a

generalization of the box method of Ref. 11 to tangential blowing. Results

have been computed by coupling this element to the inviscid framework previ-

ously discussed to provide a blown boundary layer algorithm, formulational

details of which will be reported elsewhere. Using a NACA 0012 airfoil shown

in Fig. 6 with a smoothed small disturbance SLOR chordwise pressure distribu-

tio',, on its upper surface for M. - 0.7 and a - 30 as a basis of illustration,

typical results are shown in Fig. 7 which indicates the streamwise evolution

of velocity profiles upstream of the slot and uncorrected for viscous interac-

tion effects on the external flow field. The normal coordinate ; is a Blasius

reduced version of the normal curvilinear physical coordinate n. Despite the

rather severe adverse pressure gradients, particularly those associated with

the nose singularity, and their significant influence on the source term in

the momentun equations as the coefficients of the reduced form in the Blasius

variables, the box scheme is robust enough to treat such variations. For the

case at hand, the loss in fullness in the profile resulting from the adverse

pressure gradient is evident. Associated decreasing wall shear stress is also

apparent.

Regarding the influence of slot blowing, Fig. 8 shows evolution for

the same airfoil of the profiles downstream of a slot located at x* - 0.2 in

which (x*,y*) refer hereinafter to Cartesian coordinates erected at the mean

camber line in the usual way. For the examples selected, an initial parabolic
a,



slut profile was utilized in which the velocity function at the slot station

x*- x is given by

u= * * A(*¢)* €*

e f' (X,) A*- , o < <C d (8a)

A max *"A 2 C C+Cd
Cd

and for the range of c* above the slot lip,

f'((xs*'¢) " f<(Xs " ) . Cd C - (8b)

where the solution which had been marched from upstream to the slot location

is assumed to have a continuous velocity component at the slot (excluding the

pathological case of shocks at the slot location.

From (8a),

Ac* C*2  (a
f + A~d 0 < C* < Cd (9a)

3ff(d) T 
(9b)

For more general slot profiles in which
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f'(x, ) * F'() 0 < 4 < C '

J61/3M3/4
the blowing coefficient - C11 , , where J - momentum flux/unit

PSOU C

span, c - chord is given by

c -M 1f F' 2 (F )d * , (10)
0

where Re. Is the freestream Reynolds number based on the chord, and xs is the

streamwise position of the slot in units of the chord. Actually, (10) is an

approximation to within terms of 0(62/3). In (10), the quantity 4d is given

by:

ST (11)
d xs

where d is the dimensional slot height and i is the mean density across the

slot.

For the example indicated in Fig. 8, the slot was located at 20%

chord, very close to the onset of separation, which occurred at 27.6% chord



for this case. It should also be noted that the location of the shock which

had been slightly smoothed for purposes of initial checkout of the algorithm

(which can handle non-smooth cases) is at about 23% chord. The characteristic

diffusion of the profile associated with mixing of the Jet is evident in the

figure. More significant and not clearly indicated (but shown later), is the

fact that the separation point has now been moved downstream to 79% chord.

Other calculations show that with modest further increases in Cd. separation

can be completely eliminated. (Note in this context that the peak velocity

for (Ba) is A~~d.

In Ref. 6 the corresponding profile development for an "underblown"

case where the peak is less than the freestream value Is discussed. Relax-

ation to a conventional profile occurs as previously. However, this blowing

configuration actually results in premature separation as compared to the case

of no blowing. This is indicated in Fig. 9 where the effect of blowing on the

separation point location is shown. Despite the Initially higher shear stress

at the slot in the underblown case Cd - 1, A - 2, the higher vorticity

diffusion and lower overall momentumi in the layer leads to earlier separation

which can be seen as the leftmost solid circle in Fig. 9. This level should

* be related to the unblown result shown In dashed lines In the same plot.

Moreover, the case Cd - 2.65, A - 1, moves the separation point substantially

downstream to almost 80% chord. Other cases are shown in Fig. 9, such as the

one corresponding to the slot position at approximately 11% chord. This

demonstrates the dramatic role of the slot location and upstream boundary

layer thickness in delaying separation; where for the same slot height, the
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upstream slot location gives an almost trivial downstre3m movement of the

separation location, in contrast to the potent effect of the downstream slot

position.

The results of Fig. 9 can be replotted as in Fig. 10 to show the

trends as a function of a momentum flux parameter which is proportional to

C,. By Eq. (10). CI ~ A2C5 for a parabolic profile. For the limited number

of cases run, there is a suggestion in Fig. 10 that the curves of Fig. 9

collapse to a single universal band of results. In view of the roles of the

pressure gradient, and the multiple extrema in the velocity profile, this

assertion must be regarded as tentative at best. What is significant however,

is that for the first time, the delay effect of tangential blowing on natural

and shock induced separation over transonic airfoils has been inexpensively

quantified.
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5.0 CONCLUSIONS

Asymptotic and computational models have been used to obtain the flow

over upper surface blown (USB) airfoils at Incompressible and transonic

speeds. The treatment involves a detailed analysis of the flow in the Jet.

The analytical and computational results indicate that

"* In the thin jet small deflection approximation, the pressure

Jumps associated with the Spence theory prevail even if the flow

is rotational and compressible.

"* The asymptotic developmients provided allow further systematic

ref inements.

"* Effects associated with initial skewness and vorticity

inaccessible to ot-her theories can be assessed.

"* Computational results obtained for transonic USB configurations

indicate significant enhancement of lifting pressures associated

with blowing.

"* Comparisons with experiment indicate the need for refinements

incorporating wave interaction phenomena near the jet exit as



-..-- _---

well as viscous interaction processes in the downstream portion

of the wall jet.

Substantial downstream movements in the shock-induced separation

point are achievable with application of tangential blowing. By

computational schemes, these delays can be inexpensively

quantified as compared to experimental methods.

With the viscous module and the appropriate iterative coupling

algorithm to the external flow to be implemented in the near future,

optimization between separation suppression, wave drag minimization, and

supercirculation control will be possible. It is envisioned that the design

techniques contained in Refs. 12-14 will augment this capability by providing

methods to modulate shock formation in concert with the blowing effects.
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FIGURE CAPTIONS

Fig. 1 Transonic upper surface blowing - full potential equation

formul ation.

Fig. 2 Section of jet and curvilinear coordination system.

Fig. 3 Effect of blowing coefficient, (Ci), variations on chordwise
pressures for CAD USB supercriticAl airfoil, M. - 0.703, a 0,
(slot location at 65% chord).

Fig. 4 Behavior of C and criticality as a function of extent of blowing,
CAD USB airfoil, Cj - 0.1, M. - 0.703, a - 00.

Fig. 5 Comparison of USB theory of this paper with NPL tests of Freeman
(Ref. 8), M. - 0.75, • = 60, c - chord, t = maximum thickness.

Fig. 6 Upper surface pressure distribution on NACA 0012 airfoil M6 0.7, a
3%

Fig. 7 Unblown streamwise profile development for case of Fig. 6.

Fig. 8 Blown profiles, A - 1, Cd - 2.65.

Fig. 9 Position of separation point, xs, with blowing - NACA 0012, M. - 0.7,
* 0

Fig. 10 Reduced ploý gf separation location xs as a function of momentum flux
parameter A Cd"
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Fig. 2. Section of Jet and Curvilinear
Coordinate System
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Fig. 3. Effect of Blowing Coefficient, (), Var-
iations on Chordwtse Pressures fo CAD
USB Supercritical Airfoil, Mx0.703.
(%=O0, (Slot Location at 65% Nhord)
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PROGRESS TOWARDS A THEORY OF JET FLAP THRUST RECOVERY

by

P. M. Bevilaqua, E. F. Schum, and C. J. Woan

Rockwell International, North American Aircraft Division

ABSTRACT

A combination of analysis and testing has been utilized to develop a
theory of jet flap thrust recovery at -the low speeds and large
deflection angles characteristic of ejector wing lift systems. The
contribution of jet drag to the reduction in recovery has been
computed with a viscid/inviscid interaction analysis. Computational
results are compared to wake survey and airfoil surface pressure
measurements made with a two-dimensional jet flapped airfoil model.
The thrust recovery is nearly complete for small values of the jet
deflection angle, but for larger angles, the recovery decreases as
the thrust coefficient increases. It is concluded that the loss of
recovery is due to the jet drag for values of the thrust coefficient
less than unity; for larger values, the loss is increased by flow
separation from the airfoil.
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INTRODUCTION

Incorporating the ejector into the trailing edge of a wing, as shown in
Figure 1, produces an especially effective lift/propulsion system. An
ejector wing aircraft converts smoothly from hover to wing-borne flight,
since the loss of reaction lift as the jets are deflected for conversion
is balanced by an i'ncrease of wing lift induced by the jet flap effect
(Davidson, 1956). The lift of the jet flap is greater than the vertical
component of the jet thrust because interaction of the jet with the free
stream changes the wing surface pressure distribution. Similarly, the
jet flap induces a net thrust on the wing greater than the horizontal
component of jet thrust.

Various analytical methods have been developed to predict the lift
increment induced by the jet flap. These are based on SpencP's (1956)
now classical jet flap theory in which the inertia of the jet sheet is
related to the strength of an equivalent vortex sheet. On the other hand,
there are no methods for predicting the thrust recovery. Stratford (1956)
pointed out that in ideal fluids, the total jet thrust would be recovered
as a horizontal force, but that in real fluids, the recovery is reduced
by the drag due to jet entrainment. Williams, et. al. (1961) noted that
leading edge separation would also cause a loss of thrust, while Tsongas
(1962) argued that the recovery is reduced by separation from the jet
flap itself. Since the mechanism of thrust recovery is not well under-
stood, empirical data is used to specify the thrust loss, although com-
plete recovery is assumed for calculating lift (McCormick, 1967).

Figure 1,- Ejector Wing V/STOL Aircraft
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I The purpose of this paper is to summarize progress in developing a quanti-
tative theory for predicting thrust recovery. A combination of analysis
and testing has been used to distinguish between the effects of jet drag
and flow separation. It is concluded that the jet drag covers a significant
loss of recovery, but that bursting of the leading edge separation bubble
covers an additional loss of recovery at large values of the jet thrust
coefficient and deflection angle. A more complete description of these
results is given by Bevilaqua, et. al. (1980).

~JET DRAG ANALYSIS

The thrust recovery is generated by equal but opposite pressure forces
induced on the airfoil and jet sheet. According to Spence's (1956) theory,
the inertial forces which resist deflection of the jet sheet are balanced
by a pressure difference in the external flow along the upper and lower
boundaries of the jet. This pressure difference can be related to the
strength of an equivalent vortex sheet located along the jet axis. Then,
in mathematical terms, the vorticity in the jet sheet induces an upwash
on the vorticity bound in the airfoil; the airfoil therefore experiences
a thrust. Similarly, the airfoil vorticity induces a downwash on the jet,
which experiences a reaction force that increases the jet thrust.
Simultaneously, the interaction of the main stream with the jet transfers
the vertical component of the jet thrust to the main stream. The forces
on the airfoil, jet, and a surrounding control volume are shown in Figure
2. In an ideal fluid, the net thrust on the airfoil is equal to the total

Ip- +pw TIo

L +I i
Fiur 2.FreInte ifi n e
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jet thrust, because the jet is ultimately turned in the direction of the
free stream.

Real fluid effects reduce the thrust recovery through two separate
mechanisms: jet entrainment induces a form drag on the airfoil, and
boundary layer separation covers a loss of suction which reduces the
thrust on the airfoil. The entrainment drag and corresponding loss of
jet thrust can be represented by the mutually induced forces on the vortex
sheet bound in the wing and sink distribution which represents the entrain-
ment of the jet. In order to compute the contribution of the jet drag
to the reduction in thrust recovery, the equal but opposite forces on the
airfoil and jet have been computed by matching a potential flow solution
for the path of the jet to a viscous flow solution for the entrainment and
thrust of the jet.

In order to determine the jet path, the mathematical problem is to find
a velocity potential which is harmonic, and satisfies the boundary condi-
tions of uniform flow at infinity and flow tangent to the surface of the
airfoil and centerline of the jet. The balance between the inertia force
due to jet curvature and the pressure difference across the jet becomes
an additional, dynamic boundary condition. In the present analysis, the
jet thrust is not assumed to be constant, but has a distribution prescribed
from the viscous analysis.

Vortex panel methods are used to solve the mathematical problem. The
airfoil and jet are presented by linear vorticity distributions as shown
in Figure 3. Since the position of the jet is initially unknown, the

YY

3 Y1

Figure 3. Linear Vorticity Distributions on the Airfoil
and Jet
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solution is obtained by iterating between the dynamic and kinematic boundary
conditions. For each iteration, the problem reduces to solving a set of
linear equations with unknown vortex strengths. A Gaussian elimination
procedure is used.

For the viscous solution, a finite difference analysis was developed.
The basic scheme is that derived by Patankar and Spalding (1970) for thin
shear layers: the full Navier Stokes equations are reduced to a simpler
set by the assumption that there is a primary direction of flow (along
the jet) and that diffusion is negligible in that direction. Launder and
Spalding's (1972) two-equation turbulent kinetic energy model, modified
for the effects of curvature by Schum, et. al. (1980) was used to compute
the mixing.

Because the influence of the jet flap is determined by the jet momentum,
the streamwise variation of the excess momentum

Txs p - u2) dy

is used in the inviscid solution. Here, UT is the total velocity and Us
is the secondary velocity. This integral vanishes outside the jet, where
U = Us. Similarly, the sink strengths are determined from the variation
of the excess mass, because only the change in the excess mass has an effect
on the flow outside the jet. It is important to note that these sinks do
not represent the quantity of mass entrained by the jet, but only the effect
of the entrainment on the external flow.

The viscid and inviscid analyses are matched by iterating until the computed
reduction of jet thrust and the jet drag induced on the airfoil are the
same. Generally, three to four iterations are required for convergence.

EXPERIMENTAL PROGRAM

In order to minimize the induced drag, the jet flap airfoil model was tested
in a high aspect ratio, two dimensional wind tunnel designed especially for
powered lift testing. This tunnel is an open circuit type, powered by a
multi nozzle ejector downstream of the test section. The test section is
"nominally 50 cm wide, 365 cm high, and 370 cm long. Smooth flow into the
tunnel is achieved with an elliptical bellmouth section. The sidewalls
diverge at approximately 0.20 on each side to allow for boundary layer
growth in the test section. The maximum velocity of the main stream is

* approximately 30 meters/sec. A sketch of the tunnel is shown in Figure 4.

The model is mounted 150 cm from the inlet section and 210 cm above the
tunnel floor. It is mounted in aluminum plates installed flush with the
tunnel sidewalls. A pair of plexiglass windows are installed in each
plate to permit flow visualization. A set of boundary layer control nozzles
are also provided, one located just upstream of the model, and the other
over the model at the midchord. The speed of the main flow is measured
with calibrated static pressure taps in the tunnel walls just downstream
of the bellmouth.
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Figure 4. Ejector Powered Wind Tunnel

The jet flap airfoil model has a 20% thick uncambered elliptical section,
modified near the trailing edge to include a short 10% chord flap. The
thick elliptical section has an equivalent leading edge radius of approxi-
mately 5.5% which was designed to alleviate leading edge separation. The
jet nozzle is located on the upper surface and blows parallel to the model
chord. The jet is turned to the proper deflection by the Coanda effect
on the short flap. Seventy-four pressure taps are located at the midspan
of the model. An additional eight taps are located in two spanwise rows
on the upper surface to monitor two-dimensionality. The model is con-
structed of aluminum with steel end fittings, which also serve as the air
supply inlets.

The practical difficulties in measuring two-dimensional force data on a
blown model were avoided by integrating the midspan surface pressure
distributior to obtain lift, and integrating the jet wake to determine
thrust. A five-port pressure probe was used for the wake survey, in order
to determine the magnitude and direction of the jet thrust vector. The
method of Betz (Schlichting, 1960) modified to include flow angularity,
was used to integrate the wake survey data.
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RESULTS AND DISCUSSION

The effect of the initial deflection angle on the measured jet trajectory
for a thrust coefficient of unity (C1.P )i hw nFgr . A
expected, the penetration of the jet increases with the deflection angle.
The variation in the measured trajectory with thrust coefficient for a
constant deflection (e = 3Q0) is shown in Figure 6. The jet tends to
straighten out as the thrust is increased.
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Figure 5 . Variation of Jet Shape with Deflection Angle, C. 1.0
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Figure 6 .Variation of Jet Shape with Deflection Angle, *-30*
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The measured variation of the thrust recovery with the jet blowing coefficient
and deflection angle is shown in Figure 7. There is a discontinuous change in
the recovery for values of C,1 2. Comparison of the measured and computed
airfoil surface pressure distributions, at the change point shown in Figures
8 and 9 reveals that this change is due to the "bursting" of the leading
edge separation bubble.

The bursting of this bubble depends on the Reynolds number and Mach number
of the flow, and the leading edge radius of the airfoil, so that these
curves cannot be generally applied. However, it can be concluded that
the loss in recovery due to jet drag is discontinuously increased when the
leading edge bubble does burst.
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CONCLUSIONS

The thrust recovery is a function of both the thrust coefficient and jet
deflection angle. In general, the recovery is nearly complete for small
values of the thrust coefficient (C. < 1), but decreases to the horizontal
component of the jet reaction force at large values of thrust (C 15).
The effect of jet mixing is to reduce the thrust recovery about 1O% at
small values of the thrust coefficient and deflection angle. As these
parameters are increased, flow separation causes a further loss in recovery.
For a fixed deflection angle, there is a discontinuous change in the
recovery factor at C• ~ 2, as the character of the separation changes
from a "short" bubble which re-attaches to the airfoil near the leading
edge, to a "long" bubble which re-attaches near the trailing edge. The
flow is bistable in the trdnsition region. At higher values of C., the
bubble does not re-attach to the airfoil at all, but is entrained into the
wake.
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EJECTOR SHROUD AERODYNAMICS

/ by

CJ. H. DeHart and 5. J. Smrdel

0 Rockwell International, North American Aircraft Division

ABSTRACT

An experimental and analytical study has been conducted to determined the
effect of shroud parameters on ejector thrust augmentation. The ejector
shroud is analogous to a wing operating in a non-linhear stream and potential
flow methods were utilized to predict ideal pressure distributions on the
shroud. Scale model tests were conducted to determine actual forces and
pressure distributions on shroud components. Experimental data were
obtained for symmetrically increased flap lengths kL/W) ind asymm~etric
flap lengths. It is shown that flap length increases produce higher
thrust augmentation ratios by delaying stall to higher diffuser area
ratios.
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INTRODUCTION

An ejector may be described as an air pump which uses a primary jet to
entrain secondary air through the shroud. The additional mass and its
velocity will produce more thrust than the individual primary jets acting
alone.

The ejector wing configuration being developed at Rockwell International/
Columbus for the XFV-12A aircraft is shown in Figure 1. It consist of
two blown flaps and a centerbody nozzle. The streamlines of the entrained
flow indicate the direction of the secondary flow as it is drawn into the
ejector "shroud". The two flaps may be considered as wings "flying" in
the entrained velocity field and they will experience induced lift and
drag forces similar to a conventional wing airfoil. The augmentation
ratio may then be defined as the ratio of the primary jet thrust (T) plus
the sum of axial forces on the flaps (F), to the isentropic thrust of the
primary mass (rv).

T+F

Augmentation may therefore be increased by providing a
shroud with a geometry which maximizes the "lift" for a particular center-
body nozzle. The forces generated on the shroud are carried as a pressure
loading around the shroud surface, and any separation or downward rotation
of the resultant force vector will affect the performance of the augmenter.
It is important therefore to understand the shroud as an ejector component.
This paper presents some significant aspectsof the shroud aerodynamics of
the XFV-12A ejector wing.

EFFECT OF FLAP LENGTH

One variable of ejector geometry which -s known tc increase augmentation
ratio is flap length. The effect of ircreased flap length on thrust
augmentation ratio (f) is shown on Fiqure 2 for length/width (L/W) ratios
of 1.5, 2.0, and 2.5. It is seen that for diffuser area ratios (DAR) below
about 1.6, little difference in 0 or throat velocity is noted. However,
increases in € are obtained for diffuser area ratios greater thaii 1.6.
Similar results have been previously obtained for a comparable ejector.
These results may be shown to be due tc several causes (both favorable
and adverse) in and around the shroud which vary with diffuser area ratio.
The net effect determines whether a gain in € will be realized.

Figure 3 compares the aft flap surface pressures for two diffuser area
ratios and two shroud lengths (L/W). It is seen that L/W has little
effect on the distribution of pressure around the Coanda surfaces. A
similar trend was noted on the forward flap. However, flow measurements
at the exit of the augmenter indicate an increase in mass flow through
the ejector in both cases. This data for a 3.5 inch section of the span is
shown in Figure 4.
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To understand this anomaly, the surface pressure data is plotted in
Figures 5 and 6 to show the distribution of up and down loads. At the
higher DAR (2.25), there is no appreciable difference in upload. However,
the longer f-lap has less download, the net result being increased 0. At
the lower diffuser area ratio (OAR = 1.5), increased flap length produces
a decrease in both the up and down loads.

The independence of 0 with flap length for area ratios less than 1.6 is
thought to be due to at least two cancelling effects. First, for a given
diffuser area ratio, an increased flap length results in a reduced flap
angle, i.e., the flaps are "flying" at a lower angle of attack, which
would tend to lower the throat velocities. However, the throat velocity
surveys, shown in Figure 7, indicate no effect due to flap length. There-
fore, it is likely that increased mixing cancels the effect of angle.

In order for a gain in 0 to be realized (due to increased mixing) at
higher area ratios but not at lower area ratios, the mixing process at
higher area ratios must be more effective than at lower area ratios. This
is verified by comparing the reduction in velocity profile shape factor
for the two cases. Figure 8 shows the improvement for a low and high
diffuser area ratio case. The improvement obtained with increased L/W
was much greater at A3/A2 = 1.97 versus A3/A2 = 1.18.

FLAP LENGTH ASYMMETRIES

It should be noted that ejectors currently under study are generally not
free to take any size, shape, or geometry, but are constrained by packaging
limitations to be able to fold up within the contour o'f a supersonic wing
airfoil of a specific aircraft. Design studies of a possible wing ejector
alternative for the XFV-12A resulted in an ejector configuration with
unequal flap lengths. A test program was initiated to determine the effects
of asymmetric flap lengths on augmenter performance.

The results of a test in which the aft flap was 25% longer than the forward
flap is shown in Figure 9. Because of the unequal flap lengths, the
diffuser area ratio was defined in two ways as indicated on Figure 9, and
the data presented accordingly. It can be seen that the increase in aft
flap length did not change the peak ý, although the curve of 0 versus
diffuser area ratio is changed somewhat. An examination of the data from
the lift and drag measuring load cells revealed no skewness in the thrust
vector.

LOCAL SEPARATION EFFECTS (BUBBLES)

Careful study of the thrust augmentation (fl variation with diffuser area
ratio (OAR) shown in Figure 10 shows a characteristic that was typical for
some of the high perfbrming nozzles under development, i.e., a break in 0
between OAR's of 1.6 and 1.8. This characteristic is thought to be due to
a local separation that first occurs on the forward flap Coanda surface
and then, at a slightly higher OAR, on the aft flap. Figure 11 presents
a comparison of the pressure distribution on the forward flap surface for
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for both narrow and wide cross slot nozzles. Figures lla and lib show that
both nozzles produce the same pressure distributions, however, the wide
nozzle produces a more negative value of pressure. The irregularities in
pressure occurring at about 20 nozzle thicknesses (sit) around the surfaces
are thought to be due to local separation. The possibility of expansion
and compression waves has been ruled out because of the relatively large
distance from the nozzle.

This Coanda surface pressure data has been replotted in Figure 12 to show
the variation of surface pressure with diffuser area ratio for a given
pressure tap location. Figu~e 12a (forward flap) shows that at the first
three tap locations, similar pressure variations for both nozzles are
obtained. However, at the fourth tap (s/t a20) the previously discussed
irregularities can be clearly seen.

Additional data which show the possibility of local separation on the
Coanda surfaces is shown in Figure 13. These data show the effect of
artificial surface roughness (grit) on surface pressure. The pressures
are plotted versus arc length (measured from nozzle exit). The grit was
placed between pressure taps three and four. The pressure distributions
on the forward flap are very similar with and without grit, i.e., local
separation is indicated. The aft flap is seen to have a relatively smooth
pressure distribution without grit. However, the addition of grit creates
an apparent local separation with a pressure loss downstream of the separa-
tion point. The character of the aft flap pressure distribution with grit
and the forward flap pressure distribution without grit are similar. The
effect of grit on ejector performance was found to be a loss in 0 of at
least .04.

It is concluded, based on these data, that both the forward and aft flaps
experience local separation at s/t 220. The indicated separation location
is near the point at which the pressure gradient becomes adverse.

INVISCID ANALYSIS OF SHROUD

The increase in thrust that results from the turbulent mixing of the primary
jet and secondary streams appears as a reaction force on the ejector shroud.
The reaction force is the integral of the surface pressure distribution on
the shroud. In order to evaluate the measured pressure distribution, it is
desirable to compute the ideal pressure distributions. A method for calculat-
ing these distributions will be described in this section and results of its
application presented.

* A potential flow solution for the ejector wing was obtained by Bevilaqua and
* Dedoode (1978) by replacing the shroud elements and jets with equivalent flow

singularities. The flow is assumed to be irrotational , incompressible and attached.
Since the flow satisfies Laplace's equation, the flow velocities at any field
point may be obtained by superimposing the induced velocity due to all the
flow singularities. The tangential and normal components of the resultant
velocity at the jth panel control point may be expressed as follows:
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Vti= Z Asij aj + r Avij yj

VNi = t Bsij aj + E Bvij Yj

where a and y are the source and vortex strengths, respectively, and As,
Av, Bs, Bv are the influence coefficients which depend only upon panel
geometry.

The shroud surfaces are represented by a series of curved parabolic panels.
The continuous distribution of flow singularity densities corresponding
to an exact distribution is approximated by piecewise linear distributions
of both source and vortex densities on each curved panel. The sink strengths
and distributions are used to simulate jet entrainment. Vortex densities
are the only unknowns in this potential flow formulation and these can be
determined by appropriate boundary conditions on the ejector wing elements.

Application of the Newmann boundary condition, that is, specifying the normal
velocity at each control point of the panel elements, results in a system of
linear equations in the unknown vortex strengths, y. Having determined the
singularity strengths by solving these equations, the panel velocities,
pressures and off body velocities can then be obtained. Details of this
inviscid solution for an ejector wing were presented by Bevilaqua and
DeJoode (1978) for the static case, and by Bevilaqua, Woan, and Schum (1981)
for the case of an ejector in forward flight.

An analysis of the shroud has been made using this method. The procedure
employed was to set the secondary flow rate through the shroud by adjusting
the strengths of an assumed center jet sink distribution. The strengths
were adjusted so that tne throat velocity obtained from the inviscid computer
code was equal to a desired value (obtained from experiment or the jet mixing
analysis).

Figure 1 shows the model used to represent the .2 scale rectangular wing at
a diffuser area ratio of 2.0. The computer streamlines are also shown.
Figure 14 presents a comparison of experimental and computed velocities
at the ejector throat. Figure 15 shows a comparison of chordwise flow
angles at the inlet plane and Figure 16 shows the corresponding velocities.
"Each figure presents experimental data at a span station under a cross slot
nozzle and one under the span slot. The secondary flow is seen to be almost
two dimensional. The agreement between test and theory is excellent and
shows that the inviscid code is quite useful in determining inlet flow
characteristics.

A comparison of computer and experimental surface pressures are Thown in
Figure 17. The pressure due to Coanda jet turning, i.e., AP = T , has
been removed from the experimental data. The computed Rad-us
pressure distributions are in good agreement with the data.

Interestingly, the lowest pressures do not occur at the throat. It is
concluded that the shroud surface pressures are composed of a part due to
channel-type flow and a part due to airfoil-type flow. The superposition
of the two types moves the minimum pressure away from the throat and towards
the shroud leading edge.
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Figure 18 presents a comparison of the computed shroud pressure distribu-
tion with experimental data. The comparisons shown have the largest
discrepancy at the "leading edge." The potential flow solution indicates
a large adverse pressure gradient just upstream of the nozzle. It is
possible that the flow could be separated in this region and be re-entrained
further downstream. An analogy can be drawn between this "postulated
separation" and typical airfoil leading edge separation. In the latter,
leading edge separation results in a rapid increase in drag with no
appreciable change in lift. Separation of this type for the ejector would
be quite detrimental to performance and difficult to detect without further
detailed instrumentation. Further study of ejector leading edge separation
was planned. Thus, there are two possible separation bubbles, one under
the primary jet on the Coanda surface, and one possibly upstream of the
nozzle exit.

CONCLUSIONS

I. Improvements in augmentation ratio, with longer shrouds, are the
result of more effective diffuser mixing.

2. Modest asymmetries in ejector flap lengths do not necessarily
degrade augmentation ratio.

3. For XFV-12A-type ejector wing configurations, local areas of separation
and reattachment have been identified.

4. A potential flow solution for an XFV-12A ejector has been obtained and
compares favorably with experimental r, sults.
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Figure 1. Entrainment by the Primary Jet Induces a Secondary Flow
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EJECTOR NOZZLE DEVELOPMENT

by

E. J. Schum and J. H. DeHart

Q Rockwell rnternational, North American Aircraft Division

O ABSTRACT

A combination of computer analysis and scale model testing was utilized to
S develop a nozzle which would increase the performance of thrust augmenting

ejectors. Scale model tests were conducted on various multi-lobed and
vortex generating nozzles. Predicted jet characteristics were obtained
by calculating a finite difference solution of Reynolds equations for the
three dimensional flow field. A two-equation turbulence kinetic energy
model was used for closure. it is demonstrated that the thrust augmentation
of the XFV-12A ejector can be increased from 1.45 to 1.64 by the addition
of lobes to the baseline nozzle, and a corresponding increase of thlroat
width.
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INTRODUCTION

The static thrust of turbojet engines can he significantly increased
by diverting the exhaust flow through an ejector pump. According to the
laws of momentum and energy conservation, greatest thrust is obtained
from a given energy input by accelerating a large mass of air to a low
exhaust velocity. Within an ejector, thrust is increased by transferring
the kinetic energy of the engine exhaust stream to a larger mass of air
drawn from the atmosphere. The ejector duct experiences a reaction force
which is equal but opposite to the momentum change of the accelerat;ed
stream. Details of this process have been discussed by Bevilaqua.'

The mechanism of this energy transfer is the turbulent mixing of
the two streams. Thus, increases in ejector thrust augmentation can be
obtained by increasing the turbulent mixing rate. Appreciable increases
in mixing and augmentation have been achieved with the so-called hyper-
mixing2 ,3. The alternating exit of the hypermixing nozzle serves to
introduce a row of streamwise vortices into a plane jet (Figure 1).

F. 4 * *e* i* .N z E

Figure 1. Hypermixing Nozzle Exit
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These vortices serve to accelerate the turbulent mixing and thus
to entrain additional fluid into the ejector. Because of their favorable
entrainment characteristics, hypermixing nozzles in the centerbody were
used in the XFV-12A airplane. Figure 2 illustrates how the ejector
components fold into the shape of a wing for forward flight. This study
is concerned with the development of the centerbody nozzle.

CENTERBODY
NOZZLE

I f_ X - -

Figure 2. Deflected Ejector wing

The specific objective of this investigation was to develop and
demonstrate centerbody nozzles that would provide increased augmentation,
exceeding the peak value of 1.45 obtained for the hypermix configuration.

In the following sections, a "master plan" is presented including
a brief description of the 3-dimensional, turbulent kinetic energy program
(3D-TKE) used to calculate the viscous mixing. Analytical and experimental
results for both symmetric and asymmetric, centerbody nozzle configurations
are discussed.

NOZZLE DEVELOPMENT PLAN

The overall program consisted of three phases.
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Phase I To Improve Analytical Capability for Calculating 3-Dimensional,
Turbulent Flow by:

I

+ Identifying inlet turbulent kinetic properties for
augmenters (k, lit' c)

* Inlet grid generation program

* Simplification for incompressible flow

Phase II To Compare Analyses with Experiment for Hypermixing Nozzles
to Update Analytical Technique

Phase III To Develop and Demonstrate Centerbody Nozzles that Increase
Augmentation

ANALYTICAL MODEL AND NUMERICAL APPROACH

Governing Equations

The program equations, in cartesian coordinates, include:

Equation of State

P T

Continuity

(pU) + (pV) + (pW) =0

Momentum (1)

UTYx arZX 3P
ax (pU2  pUV) + -L (pUW) = -- + -*- -

q @y TZy ap'
.. a a V2 a aTyy + .p

I (fUV) + (pV) + -L (pVW) = *-p--- +

a a yz •TZZ ap'
S(pUW) + (PVW) + -L (pW2 ) = "r + az
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Energy

a (pUH) +( (VH) + ((pWH)=+
ay 3V +7 + P 12FF .

where U, V, and W are the time averaged components. These equations are
regarded as parabolic in the longitudinal coordinate, X, and elliptic
in the transverse coordinates; Y and Z. A mrre complete description of
the program is given by DeJoode and Patankar

The turbulent shear stresses, rij, are expressed in terms of a turbulent

viscosity, Pt, and velocity gradients. The two-equation turbulence model of
5Launder and Spalding expresses the turbulent viscosity in terms of two

parameters, K and c, for which two differential equations are solved. The
expression for pt is:

= c pK2/c (2)

where c is an empirical constant and K and c are obtained from the
solution of:

a(pUK) + D(PVK) + a(PWK) = aý (j"tLK) + L -1t-a)
ax ay az 3= aK ay az K + -

a(PUL)+ a(pVC) + apW) -Y ((t It Y (3)
ax ay 3z ay \ Y/

+ + (c a

G is the rate of generation of K by the action of velocity gradients.
Since the only significant gradients are WU/Y and 3U/aZ, the expression
for G becomes [(au 4

8 2 8 + 

( 4 )
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Values of the constants (Reference 5) include:

C C C 0c1 C 2 OK

0.09 1.44 1.92 1.0 1.3

The above equations were put in finite difference form. From known
conditions at an upstream cross section, X, the flow field at the down-
stream cross section, X + AX is computed. This streamwise marching
process is continued until the domein of interest has been covered.

Boundary Conditions

Figure 3 presents a typical ejector configuration, containing a hyper-
mix centerbody nozzle. Other types of centerbody nozzle designs can also
b,- analyzed. Needed geometric parameters include the throat to *nlet
primary flow area, A2/AO, the ejector exit to throat area, A3 /A2 ,
the diffuser length, L, the Coanda surface shape, and the flow split or
division of the primary flow between the centerbody nozzle and Coanda jets.

I< CENTERBODY (H-YPERMIX)

COANDA JET

• ~COANDA.
JET

Figure 3. Typical Ejector Wing Configuration
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The computational boundaries are outlined in Figure 4 for the hypermix
type configuration. Symmetry planes are used as computational boundaries
in the spanwise direction because most nozzle designs are "periodic" along
the span.

EJECTOR WALL

r -- SYK:ETRY PLANE

j y I
S• HYPERMIXING

"CENTER NOZZLE

EJECTOR WALL

II
EJECTOR WL/;,-' I.

INLET PLANE " 2 ._ I
II

-- -.- x PLUr'E

' I

Figure 4. Computational Boundaries
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Initi&l Conditions

Primary jet velocities were calculated from the conventional isen-
tropic relation using a velocity coefficient of 0.925 (reference 6). The
mean static pressure along with the ambient pressures are used in Bernoulli's
equation to calculate the inlet secondary stream velocities. The inlet
static pressure is obtained in the iterative solution of the viscous flow
field and is discussed in the "Closure Scheme". Values of the initial
turbulence conditions (K, pt, c) are discussed in a later sectior.

Inlet Grid Generator

At the inlet computational plane of the ejector, it is necessary
that the flow area be subdivided into a grid of approximately 1500 to
3000 control areas (volumes) with corresponding velocities (primary or
secondary). To reduce the usual 20 hour setup time to an hour or less
and also eliminate the arbitrariness of the subdivision, a computer
program was written to generate the grid where only the ejector and
nozzle dimensions are the primary input. A grid for the hypermix con-
figuration is shown in Figure 5 and contains approximately 3000 control
volumes. At the upper and lower surfaces, the grid appears to be
shaded because in the Coanda jet region, a much finer grid is used.

Closure Scheme

Closure is obtained by iterating on the inlet pressure until the
calculated pressure at the end of the eAhaust plume is ambient. The
plume exit pressure is dependent upon the curvature of the jet sheet
leaving the trailing edge of the ejector shroud as well as the plume
length, both determined by the difference between the ambient pressure
and the ejector exit pressure. This "jet flap" effect is discussed
in more detail in reference 4.

The thrust augmentation ratio, 0, is defined to be the ratio of
the ejector stream thrust to the isentropic thrust obtained by expanding
the same mass of primary fluid to atmospheric pressure. The thrust of
the ejector is evaluated by integrating the exit momentum flux and
pressure force,

T Af pU2 dY dZ - (P - P3 )A3

in which P and A3 are the static pressure and area at the exit. * is
defined as.

T
-pri Uisent
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Simplification for Incompressible Flow

To reduce computer time the analysis was conducted using the incom-
pressible option in the program. With this, density is assumed constant
and the state and energy equations are bypassed. To verify that this was
a valid approach, both compressible and incompressible computer runs were
made for a hypermix configuration at a pressure ratio of 2.2 and primary
gas temperatures of 80°F (usual test conditions). There was little
difference in the ejector calculated exit velocity profiles. This
afforded a saving of about 30.percent or 10 minutes of CPU time on the
CDC-176 computer.

RESULTS AND DISCUSSION

The following sections describe how the hypermix test results inter-
acted with the computer program development (Phase II) so that it could be
used to identify higher performance symmetric and/or asymmetric nozzle
configurations (Phase III).

Hypermixing Nozzles

To improve the analytical design methods, angularity measurements
were made of the secondary flow at the ejector inlet. These data were
generalized and incorporated into the program. Initial values of the
kinetic energy for use at the inlet computational plane were obtained
from hot film measurements.

Figure 6 presents the calculated, 2-dimensional mainstream velocity
distribution along with the calculated and measured profiles for two
lateral positions, corresponding to the middle of the hypermix element
and between adjacent elements. It should be noted that the Coanda velocities
are not in good agreement since Coanda curvature effects have not been
included in the computer program. In the 2-dimensional velocity distribution,
the nearby Coanda velocities were purposely omitted from the plot in order
that the intermediate velocity distribution could be shown.

Calculated O's are compared with measured values in Figure 7. Analytical
results were normalized at a 0 of 1.45 at 70 since the computer program pre-
dicts a 60. The 70 reference point corresponds to the 0 measured for the
70 hypermixing nozzle configuration, used in the XFV-12A airplane. Results
are for an A3/A2 = 1.9, A2/A0 = 16.2, and an L/D - 1.8, where D is the
throat width. Up to about 200, the predicted trend agrees with measured
values. Beyond 200, calculated O's decreased while the measured values
remained essentially constant.
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HYPERMIXING ANGLE

Figure 7. Comparison of Measured and Computed Augmentation

.With the increasing hypermixing angle, the swirling or vortex action
should increase and therefore additional swirl terms (originally deleted
to reduce computer time) should be included in the turbulence generation
term, G (Equation 4). With the addition of all swirl terms in G for
the 280 case, the calculated ý increased by only 0.01. The lack of
agreement beyond about 200 is attributed to a limitation in the manner
used to solve the flow equations, in that the V and W velocity components
should be much smaller than the mainstream velocity, U. At high swirl
angles this may not be true.

Since good agreement of calculated and measured velocities were
obtained along with the general ý trends, the computer program was used
in the design and analyses of other nozzle configurations, discussed in
the following sections.

Asymmetric Nozzles

This type nozzle was developed in an effort to capitalize on the
generally superior entrainment characteristics of the symmetric cross-
slot nozzle configuration while maintaining packaging limits imposed by
supersonic airfoil contours. The design combines a series of aft facing,
spanwise slot nozzles with an alternating series of cross-slots on the
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forward side. An upstream view of the 14 element, asymmetric centerbody
nozzle along with a side view is shown in Figure 8. The aspect ratio of
the span slot is 5.5.

.400I

'110 U~7-

1.140

.740

At 4.004

Figure 8. 14 Element Asymmetric Nozzle

The computer program was used to indicate expected Aotrends. Tests
were then used to confirm the predicted trends. For example, to increase
0 it was analytically shown that for this type nozzle, it is necessary to
increase the throat width, A2 , to prevent the merging of the cross-slot
and Coanda jets. In Figure 9 the measured maximum * for the 5.4 aspect
ratio configuration, wide throat was 1.53, an increase of 0.02 over
the hypermixing peak value (Figure 7).
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I'Figure 9. Effect of Span Slot Aspect Ratio, Asymmetric Nozzles

Further analyses showed that when the aspect ratio of the span slot
is reduced from 5.5 to 2.8, the ý should increase by 0.03. Measurements
(Figure 9) showed a gain of 0.02. The peak 0 for the asymmetric con-
figuration was 1.55, a Aq, of 0.04 above the peak for the hypermixing nozzles.

Calculated and measured velocities for the smaller aspect ratio con-
figuration are shown in Figure 10. Velocity profiles are similar.

Symmetric Nozzles

Based on the previous analytical and experimental results neither
the hypermixing or asymmetric nozzles provided a 0 of the order of 1.65,
the target value. The computer program, however, has been proven useful
in their design and evaluation. To obtain reliable results, the program
does require an accurate description of the flow conditions at the inlet
computational plane, particularly that of the primary flow. Secondary
flow angularity was discussed earlier. Therefore, the study of the
symmetoic nozzles was concerned with primary flow angularity measurements,
the design and testing of a nozzle to capitalize on these measurements,
and finally the effect of geometric variations on 0.
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The symmetric nozzle configurations consist of either a series of
"symmetric cross slots or a series of cross slots with intermediate
span slots. Figure 11 shows schematically the downstream vortex action
for symmetric cross slots, in the absence of span slots.

IC

Figure 11. Symmetric Cross Slot Flow Pattern

Figure 12 presents a typical cross slot-span slot configuration.
In this configuration the thickness of the cross slot gap is shown to
vary linearly from the centerline. In other configurations this thick-
ness is held constant. Geometric design parameters are shown in Figure 13.

Avow

Ir

~ m -z te-a t-

lw,,.1,...--tI.

Figure 12. Typical Cross Slot-Span Slot Configuration
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Figure 13. Cross Slot Geometric Parameters

840



Cross Slot Primary Flow Discharge Angle: Angularity measurements were
made. Figure 14 presents the data for four nozzle configurations having
the following wedge and launch angles: (a) QO, 210; (b) 211, 210; (c) 110,
17.20; and (d) 21', 9%* Schematics of the corresponding nozzles are
also shown. The abscissa is the nondimensional distance from the center-
line to the edge of the nozzle. Measurements were made under four nozzles
in each configuration. There is some scatter due to slight manufacturing
differences for the small scale model augmenters, evident in Figure 14(c).
For analytical purposes, the profile shapes were approximated by straight
lines. Calculated Wds are shown in Figure 15 for a linearly varying and
for a constant angular distribution. The abscissa is the average of
the angle at S = 0 and S = 1. Analytically, a nozzle having the linearly
varying flow angle provides a greater tA0. To verify the trend, a cross
slot nozzle was designed to provide this type profile (Figure 16). Figure
17 presents a comparison of the measured flow angularity with the desired
linear distribution. The results demonstrate that a nozzle can be designed
to provide a desired distribution. For this configuration the predicted 60
was 0.30. The measured value was 0.24 (Figure 15).

Bowtie Ratio: A "bowtip nozzle" shape (cross slot nozzle gap varying,
as shown in Figure 12) should increase entrainment and, hence, 0 by placing
more primary flow into the "dog bone" vortices at the cross slot tips
(Figure 11). Analytical results are compared with experimental results
.in Figure 18. Up to a bowtie ratio of about 2, 0 does increase as predicted.

Span Slot-Cross Slot Flow Split: Both analytical and experimental tests
were conducted with the cross slot-span slot configurations to determine
the effect of flow split. Flow split is defined as the ratio
of the flow through the span slots to the total primary flow. Results
are compared with data in Figure 19. Best performance is obtained when
the flow to the span slot is about 40 percent or less. These results
are understandable since the downstream jet expansion from the span slot
can generate destructive interference with the flow from the cross slot.
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Figure 14. Cross Slot Nozzle Exit Flow Angles
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Figure 16. Cross Slot-Span Slot Nozzle with a Linearly Varying Exit Profile.
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Cross Slot Aspect Ratio: Since the results in the previous section
showed that the percent primary flow to the cross slot nozzle should be
increased, the next logical step was to investigate the effect of cross
slot aspect ratio. Earlier work by Peschkel showed that the entrainment
for 2-dimensional free jets is increased with aspect ratio. Predicted
results for augmenters (Figure 20) show that AO is increased with cross
slot aspect ratio; however, physical width constraints must be considered.

.1

A0 BAS INE

10 20 30 40 50
CROSS SLOT ASPECT RATIO

-.1

Figure 20. Effect oF Cross Slot Aspect Ratio

Symmetric Nozzle Overall Performance: By combining the computer program
with tests of the inlet flow angularity, geometric variations, etc., a
measured peak 0 of 1.64 was demonstrated for a cross slot-span slot
configuration (Figure 16).

CONCLUSIONS

The following results were obtained from a combined analytical
and experimental investigation of centerbody nozzle configurations.

"By combining the data of hypermixing nozzle configurations
with a 3-dimensional, turbulent kinetic energy computer program,
an analytical procedure was developed for predicting the flow
field in ejectors and their augmentation, 0.

"*The measured o for the 70 hypermixing nozzle, used in the XFV-12A
airplane, was 1.45. It was analytically and experimentally shown
that a peak € of 1.51 could be obtained by increasing the hyper-
mixing angle to 220.
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*Data f')r the asymmetric nozzle showed a peak 0 of 1.55.
*Although larger 4's were obtained by extending the width of thecross slot, optimization studies and tests showed that to increase0 it was necessary to increase the bowtie ratio, relative flow tothe cross slot, cross slot aspect ratio, and to provide a crossslot, exit velocity angularity which varied linearly with
distance.

*By combining the computer program with test data of inletflow angularity, geometric variations, etc., a measured peak 0of 1.64 was demonstrated for the cross slot-span slotconfiguration in which the exit angularity of the cross slotvaried linearly with distance.
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THEORY AND PRACTICE OF EJECTOR SCALING

by

P. M. Bevilaqua and C. P. Combs

Rockwell International, North American Aircraft Division

ABSTRACT

Procedures are described for utilizing scale models for the development of
thrust augmenting ejectors. Physical reasoning and the methods of dimen-
sional analysis are used to argue that the Mach numbers must be matched,
but that the Reynolds number is not a relevant parameter if its value is
large. Numerical analysis is used to show that almost no change in
performance may be expected from the use of cold air jets. Experimental
data is presented to support these results. Thus, it is concluded that
scale model ejectors powered by cold Jets provide a close approximation
to the performawnce of full size ejectors powered by hot jet exhaust flows.
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INTRODUCTION

Scale model testing of thrust ejector systems and their associated
components provides a convenient low cost alternative to full size test
and development programs. The applicability of model scale test data
in the predic~tion of conventional aircraft performance through the
use of certain scaling laws has long been accepted practice. Unfortunately,
the development of full size thrust ejector systems utilizing model scale
testing is not as universally accepted.

Inconsistencies in the results of available ejector scaling studies
imply that we cannot simply scale an ejector model geometrically and
assume that its performance will be representative of its full size
counterpart. However, by the use of physical reasoning and mathematical
analysis, a scaling rationale for the design of useful model tests has
been developed. Applying physical reasoning and the laws of dimensional
analysis, it will be shown that the performance of model scale ejectors
driven by cold air jets should approximate the performance of their full
size counterparts driven by aircraft gas turbine propulsion systems.

Utilization of this rationale in conjunction with highly controlled
specific test procedures and methods has resulted in providing substan-
tiation for utilizing model scale ejectors in the development for full
size ejector systems.

Ej2ctor Scaling Rationale

In order to set up a meaningful test, the fundamental parameters
on which the thrust augmenting force depends must be identified. If it
is assumed that this force is a function of the jet thrust, the ejector
shroud geometry, and the physical properties of the fluid, dimensional
analysis yields for the scaling law

F/T = f(Re, M, L/W, 6)

in which the force coefficient, FIT, is the ratio of the augmenting
force to the jet thrust, Re and M are the jet Reynolds number and Mach
number, arnd L/W and 6 give the length to wvidth ratio and divergence
angle of the ejector shroud. The force coefficient also depends on the
surface roughness and ambient turbulence level, but these parameters
should be controlled to insure that their effect is small. Temperature
effects are usually assumed to be implicit in the variation of the Mach
and Reynolds nunmbers; however, an additional effect of temperature
on the turbulent mixing will be discussed separately.

The geometry of a scale model can easily be made to duplicate the
full size prototype, but it is not possible to simultaneously match the
Mach and Reynolds numbers of the prototype; for example, if the Mach
numbers are matched, then the change in scale means the model Reynolds
number will be smaller. Similarly, if the Reynolds numbers are matched
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by increasing the model velocity, then the niodel Mach number will be
larger. However, because the velocity of the prototype jet is large (M > 1),
the Reynolds number is also large (Re ;106), so that the flow is turbulent
and the effects of viscosity are small. In this case, changes in the
Reynolds number only affect the very smallest scales of the turbulence,
wh-ich do not interact directly with the main flow. According to this
principle of asymptotic invariance, the Reynolds number is not a relevant
parameter if its value is large.

Therefore, if the Mach numbers are matched and the Reynolds numbers
are large, scale model tests can be used to determine the variation of
ejector thrust with nozzle geometry and diffuser angle for a given ejector
configuration. On the other hand, the angle at which the flow separates,
and other phenomena which relate to the exact details of the viscous
stresses, are dependent on the Reynolds number. Thus, unless the Reynolds
number" is matched, model values of the separation angle cannot always
be used tc predict full size separation angles. Typically,separation
will occur at a smaller angle on the scale model due to the predominance
of the viscous stresses resulting from the lower value of Reynolds
number. Therefore, the assumption that the full size ejector separates
at the same angle as the scale model should be a conservative estimate.

As previously noted, the first order effects of temperature on
the physical properties of the Jet (density, viscosity, and compressibility)
are implicit in scaling the Mach and Reynolds numbers. In particular,
the Mach number (M v V/a) is independent of temperature, since both the
jet velocity, V, and the speed of sound, a, have the same dependence on
temperature:

jet velocity V= [2T 0~ (1 ()P~ -)
speed of sound a -(y RTQ)?

The jet thrust is also independent of temperature, since the velocity
increase is balanced by a decrease in density. The variation of Reynolds
number with temperature is shown in Figure 1. The effect of reducing
the jet temperature by 10000F, as in the present case, does not change
the order of magnitude of the Reynolds number.

The effect of temperature on the rate of turbulent mixing is not
as straightforward. For small density differences, the mixing rate is
proportional to the velocity difference between the two streams. If
the density difference is large, the mixing rate is proportional to the
momentum difference. Thus, a small temperature difference will probably
increase the mixing rate (AV -To 1) wh le a large temperature change will
probably decrease mixing A~ p V _ To ), although this has not beenr proven.
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The net effect of the 10000 temperature decrease used for these scale
model tests was calculated with the TKE program to be a .03 increase in
augmentation. This is almost within the accuracy of the calculafi~n pro-
cedure; however, the available data seem to support this result.'-
This is shown in Figure 2. Although all the data except that of Lockheed
also included a scale or configuration change, the trend is consistent.
Thus, a small increase in performance may be expected as a result of
using cold jets in the scale model testing. However, for the temperature
range of interest, the temperature effect is almost within the range of
computational and experimental error.

Therefore, based on theoretical arguments, if primary flow Mach
numbers are matched while Reynolds numbers are held large enough to
assure turbulent flow, it may be concluded that model scale ejectors
powered by cold jets should approximate the performance of large scale
ejectors powered by hot flow jets.

A study of ejector scale effects performed at Pennsylvania State
University indicated that the thrust augmentation increases with ejector
scale. However, aircraft scale ejectors built by both Boeing and DeHavilland
produced less augmentation than the laboratory models from which they were
developed. While initially these results appear inconclusive, it is
believed that the inconsistencies may relate to differences between the
model scale and full size tests. Model construction techniques, primary
jet temperature, and test procedures all must be accounted for during
investigations of ejector scale.

EetrTest Techniques

In order to minimize the influence of experimental error which may
in sonie part explain the observed inconsistencies in previous ejector
scale investigations, attention must be given to developing well con-
trolled test procedures and methods.

At Rockwell, scale model ejector tests are normally performed at the
Columbus plant's thermodynamics laboratory utilizing test stands specially
designed and fabricated for ejector test applications. Each test stand
is basically a floating frame attached to an outer fixed frame through
a set of load cells to measure the ejector's forces. Figure 6. Tension
is maintained on the load cells with dead weight cable suspended pre-
loads. Air flow is supplied from the laboratory's compressor via four

* *individually controlled supply lines. The air supply system is equipped with
* a, particle filters and dryers in order to remove contaminants from the

primary air supply. Excessive variations in air flow temperature are
eliminated through the use of a compressor system cooling tower.

Each air supply line has a venturi meter with the necessary instrumen-
tation attached to calculate mass flows using standard venturi meter
equations. The four lines are fed to the diffuser, centerbody, elevon,
and endwall blowers (BLCS) through four flexible 2-inch hoses. These
flexible lines prevent excessive tare when bringing the lines across the
metric part of the load stand.
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Load cells, pressure transducers, and thermocouples are connected at
appropriate test points on the load stand, model, and air supply system
to monitor forces, pressures, and temperatures. These transducers are
periodically calibrated using standard laboratory practice with calibration
equipment traceable to the National Bureau of Standards.

The Thermo Lab's data system is capable of monitoring 48 channels of
transducer analog outpu, data and incorporates all signal conditioning
and amplification prior to signal processing by an IBM 1800 computer.
The data system also has the capability of performing an electrical
test of the transducer's bridge integrity by use of a resistance cali-
bration test (R-CAL). This is routinely done by the computer prior to
each test run, and any drift in transducer excitation or signal amplifi-
cation is automatically compensated for by the computer. Prior to
each test run, the load cells are checked by preloading with calibrated
lead weights, thus assuring their accuracy before collecting test data.

Data acquisition and reduction is handled by an IBM 1800 computer
that contains a 48 channel multiplexer and a 14 bit plus sign analog
to digital converter.

Data reduction is accomplished by appropriate user-written computer
programs. Conversion constants for all transducers are contained in the
software and utilized to convert transducer electrical outputs to
equivalent engineering units. Appropriate equations are programmed
to calculate augmenter air flow parameterssuch as isentropic thrust,
flow coefficients, velocity Reynolds number, etc. A typical printout
of relative ejector performance parameters is shown in Figure 3.
Selected parameters are calculated and punched into cards for additional
data analysis utilizing a timeshared IBM 370 computing system.

Data Error and Repeatability

Prior to applying model scale test results to the development of
full size ejector systems, it is useful to develop an understanding of
the test data accuracy and repeatability. The definition of augmentation
ratio (@), utilized in Rockwell's ejector development program is

Ejector Lift (Thrust) Load Cell MeasUred'Lift
Nozzle Isentropic Thrust - (Mass Flow) (Velocity)

Measured Isentropic

Therefore, the fractional error in 0 may be computed by:

ALift 2 AMass Flow 2 AVelocity 2
LitMass Flow Velocity-

where the (A) symbol signifies the probable error in the parameter of
interest.
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A close examination of the calibration accuracies of the
instrumentation utilized to isolate the major parameters in the augmen-
tation ratio (f) definition resulting in

Lift (load cell accuracy and hose tare corrections) = .25%

Mass Flow (calibration accuracy venturi and associated pressure
transducers) = 1.29%

Velocity (calibration or pressure transducers) = .117%

Therefore:

S (.0o25) + (.0129)2 + (.00117 .0132

Therefore, an expected error in measured performance of 1.32% can be
related to the accuracy of the instrumentation utilized during the
scale model test program.

To determine the possible variation in augmenter performance over
a short period of time and the possible error encountered by taking
lift and pressure data at an instantaneous time slice, a series of
runs were made comparing results where ten data samples were taken,
averaged, and compared to results of a single sample data point.
Figure 4 presents a comparison plot of single sample/data point vs. ten
samples/per data point (@one sec. time interval between samples). Results
show that 0 at any given time is comparable to ý over a period of
ten seconds.

This sampling/averaging technique was further tested by increasing
the time between samples from one sec. to ten secs. The lower plot
on Figure 5 shows the results of one sample/sec. vs. one sample/ten
sec. for a ten sample data point.

Based on these investigations the 10 sample-I sample/sec. technique
was incorporated as the standard sampling method in the data reduction
routines.

Long term data repeatahility was established by periodically restoring
"the model to a baseline configuration and examining its performance.
Figure 10 presents a * vs A3 /A2 comparison of a four run series over a
two week time period. The maximum scatter in 0 was on the order of
±.013 A0.

By collectively evaluating the experimental error due to instrumen-
tation accuracy and the dpta repeatability, it is possible to establisn
a band of experimental data scatter. For the example discussed this
band was about ±.02 A. Isolating and controlling the experimental data
quality is an integral part of effective ejector scaling.
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Experimental Data

A survey of large scale ejectors previously developed by Rockwell
International provides substantiating evidence that model scale ejectors
can be utilized in the design of prototyp3 scale ejector systems. In
general large scale ejector systems have performed as well as or slightly
better than their model scale counterparts. Figures 7 and 8. In one
case shown in Figure 9 where a great deal of attention was given to
exact geometric scaling, the same level of augmentation ratio (f) was
achieved.

CONCLUSION

Through the use of physical reasoning, mathematical analysis, and
carefully controlled test techniques, scale model testing can be utilized
in the development of large scale ejector systems. Experimental data
have been obtained which provide substantiating evidence that model
scale ejectors powered by cold air jets provide a close approximation
to the performance of full size ejectors powered by hot jet exhaust
flows. Further study of ejector scale and temperature effects is
recommended to establish scaling relationships for ejector systems.
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VISCID/INVISCID INTERACTION ANALYSIS OF EJECTOR WINGS*

by

P. M. Bevilaqua, C. J. Woan, and E. F. Schum

Rockwell International, North American Aircraft Division

ABSTRACT

A method has been developed to predict the lift and thrust of an ejector
wing by iterating between a viscous solution for the turbulent entrain-
ment of the primary jets, and an inviscid solution for the ejector wing
flow field. A two-dimensional analysis, which utilizes a turbulent
kinetic energy model for the jet mixing calculation and a higher order
panel method for the inyiscid flow calculation, is described. The
.complete ejector wing geometry is analyzed. Detailed surface pressures
both inside and outside the ejector can be calculated. A sample cal-
culation for a typical ejector wing configuration is compared to experi-
mental data.

T•e-work reported in this paper was supported partly by NASA-Ames
Contract NAS2-10681, ONR Contract N00014-78-C-0557, and partly by
the Independent Research and Development Program of Rockwell International
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INTRODUCTION

Although analytic methods are necessary for conceptual studies and to
reduce test requirements, there is no satisfactory theory for predicting
ejector wing performance. Methods have been developed to calculate the
surface pressure distributions induced by an ejector of given thrust.
These calculations are based on the now classical vortex sheet model of
the pure jet flap devised by Spence (ref. 1). Linearized, thin airfoil
models of the ejector wing were developed by Chan (ref. 2) and Woolard
(ref. 3), who added a sink on the upper surface of a jet-flapped wing
to represent the entrainment into the ejector. Wilson (ref. 4) extended
this approach by including the effects of thickness and camber, as well
as deflection of the jet wake. More recently, Dillenius and Mendenhall
(ref. 5) studied three-dimensional effects. In all these methods, experi-
mental data are used to specify the variation in ejector thrust during
conversion from hover to conventional flight.

Such an empirical approach is useful for estimating pressure distri-
butions or for performing parametric analysis. However, a theory for
predicting both the thrust augmentation ratio and the initial thrust
angle is necessary to evaluate significant design changes, or new con-
figurations for which there is no data base. Bevirlaqua and DeJoode
(ref. 6) developed a method for predicting the thrust augmentation of
stationary ejectors by iterating between a viscous solution for the
entrainment of the primary jets and an invi'scid solution for the pressures
induced on the ejector duct by the entrained flow. The purpose of this
paper is to describe an extension of this analysis developed to predict
the lift and thrust of the more complex ejector wing in transition flight.

Calculation of the flow field is more difficult in this case because
deflection of the exhaust jet by the free stream influences both the
thrust of the ejector and the lift of the wing. A two-dimensional
analysis, which utilizes a turbulence kinetic energy model for the jet
mixing calculation and a higher order panel method for calculating the
surface pressures, has been developed.

A description of this analysis, together with a computed result
is given in the following sections.

MATHEMATICAL MODEL

The interactions between the ejector and wing flow fields are com-
puted without solving the full Navier-Stokes equations by iterating
between a viscous solution for the flow through the ejector and an
inviscid solution for the flow around the wing. Because the primary
direction of flow is through the ejector, the governing elliptic
equations can be reduced to a parabolic set which can be solved by
marching through the ejector in the streamwise direction. The mixing
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of the turbulent jets can then be used to define an equivalent sink
distribution. The requirement that the ejector wing and jet boundaries
must be streamlines of the flow together with appropriate jet dynamic
boundary conditions determines the strength of the wing circulation.
The circulation and jet shapes,.in turn, control the entrainment cal-
culated in the next iteration for the viscous solution.

Potential-Flow Calculation

The geometry of the two-dimensional ejector wing considered in
this study is shown in Figure 1. It has three main components: a
plain flapped wing, a central nozzle, and an aft flap. Primary jets
are injected at the knee of the forward flap, the trailing edge of
the central nozzle, and near the leading edge of the aft flap. The
three Jets grow and merge to define the jet wake, which has higher
total pressure than the free stream does. Consequently, the flow con-
sists of two regions with different total pressure, thus it is inhomo-
geneous

According to Kuchemann and Weber (ref. 7), the inhomogeneous flow
may be made homogeneous without changing the flow velocity field by
subtracting the total p -ressure difference between the jet wake and
.the main stream from the static pressure inside the jet wake. In the
resulting homogeneous flow, the jet boundaries are unknown and to be
determined as part of solution subjected to the usual tangential flow
(kinemati;c) condition and an additional dynamic boundary condition

AH pUy()

where p is the fluid density (both jet and main stream), U is the mean
velocity of the jet boundary, y is the velocity difference across the
Jet boundary, and AH is the to~tal pressure difference between the main
stream and jet wake.

However, if the jets are not completely mixed by the ejector exit,
each jet before complete mixing is treated as a thin jet using the
classical thin jet theory. According to Spence (ref. 1), the static
pressure jump, Ap, across a thin jet is balanced by the rate of change
of jet momentum, J, due to jet curvature, l/R, and is related to the
vortex strength, y, (equivalent to the velocity difference across the
jet) of the jet sheet as follows:

AP =P UY= (2)

The solution of a thin Jet is obtained by satisfying this dynamic
boundary condition together with its kinematic boundary condition. All
the flow singularities which determine the potential-flow solution are
shown in Figure 1. The cross line source is added to combine with the
line sink to simulate the doublet effects on the flow field for modeling
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the effect of the .jet, which acts like an elongated actuator disk todraw air through the ejector.

The potential flow just described is calculated by using the Hess
(ref. 8) higher-order panel method. Both airfoil and jet boundaries
are defined by a series of discrete points, so-called corner points,
as shown in Figure 2. Between two successive corner points, the true
geometry is approximated by a curved parabolic panel. A linear vortext
distribution and a linear source distribution are placed on each of
these panels. Source singularity strengths are chosen a priori and spt
equal to twice the local jet entrainment velocity. Vortex singularity
strengths and the jet shapes are determined by satisfying the airfoil
and Jet kinematic boundary conditions and the jet dynamic boundary con-
ditions, equations (1) and, (2).

Since the Jet dynamic boundary conditions, equations (1) and (2),
are nonlinear and the Jet shapes are not known, a priori, an iterative
procedure shown in Figure 3 is adopted to obtain the potential-flow
solution. Details of the computational procedure are given in ref. 9.

Jet-Mixing Calculation

The jet-mixing calculation isa partially parabolic method described
in detail in ref. 10. The flow governing equations are derived from
Reynolds' equations for turbulent flows, by neglecting streamwise dif-
fusion and including curvature effects. A TKE turbulent model (ref. 11)
modified to include the curvature effect is used. to determi-ae the
turbulent viscosity. A set of finite-difference equations are formed
by integrating the governing differential equations over a small control
volume. The resulting finite difference equations are solved iteratively
for velocity and pressure fields. Briefly., the iterative procedure begins
with an initial guess of the pressure field, solves the momentum equations
for the velocity components using a triadiagonal matrix algorithm, corrects
the pressure and velocity fields to satisfy the continuity equation, and
repeats the process until convergence is obtained.

SOLUTION MATCHING PROCEDURE

* The solution is iterative, since the two individual flow problems
and their coupling are nonlinear. The iterative procedure used is
summnarized schematically by the flow chart of Figure 4. Details of the
computational procedure are described in ref. 9. Presently, the potential-
flow program and the ,Jet-mixing program are separated and commnunicate
through external data transformation.
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EXAMPLE SOLUTION

To test the present matching solution procedure for ejector wings,
the model wing "Configuration Augment-er 1" (Figure 7) of ref. 12 was
analyzed at a transition operating condition. The tunnel velocity was
34.4 rn/sec (113 ft/sec) for a tunnel static pressure of 1.024 atmospheres.
The effective angle of attack was 2 degrees and the momentum coefficient
was 2. Figures 8 through 12 show the calculated results and Stewart's
(ref. 12) experimen~tal data.-

Comparison of the distributions reveals that the differences between
0~e experimental and theoretical pressure are dramatically reduced when
-jet entrainment effects are included in the calculations. Examination of
the experimental data shows large discrepancies near the leading edge and
on the upper surface of the cEnterbody. These are most likely due to
flow separation in these regions. The flow separation may be due to
the high local angle of attack as indicated by the calculated flow
streamline pattern about the ejector wing shown in Figure 12. The
present computer program cannot calculate a separated flow.

CONCLUSIONS

1. A viscid/inviscid interaction ana~ysis has been developed to
predict the thrust augmentation ratio and initial thrust angle of
ejector wing condfigurations. This provides an advance over classical
methods of analysis, which require these parameters to be specified
as an input.

2. Comparison of the predicted surface pressure distributions with
experimental data establishes confidence in the model of the flow
field. But in addition, a greater understanding of the performance
of ejector wings has been obtained from the analysis.

3. Examination of the computed streamlines and surface pressures reveals
the somewhat surprising result that the forward stagnation point is
located near the trailing edge of the forward flao. This is a
result of the large circulation induced by the jet flap effect
and suggests that a leading edge device may be required to achieve

* - maximum lift and thrust. Further, the surface pressure distributions
* on the other two elements suggest that the flow is more likely to

separate from the central nozzle than the aft flap. Since the
flow into the ejector is being accelerated past the nozzle, this
was also an unexpected result.

4. The present analysis can be improved by including boundary-layer
and three-dimensional effects.

5. It would be useful to have test data for a two-dimensional Lanfiguration,
since no comparison with available three-dimensional data can be exact.
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1. Introduction

Consider the principle of an ejector() In the simplest cast,

coaxial jets are confined to a duct rather than a constant pressure atmos-

phere. For this flow field, the mass flow rate averaged mean axial momen-

tum is not conserved and the static pressure may vary with downstream

location. There will be an increase of pressure with increasing down-

stream position as the jet cores are being consumed by rapid shear layer

mixing. In fact, the pressure may also continue to rise in the developing

flow zone downstream of the disappearance of the cores. This pressure

rise can be considered the source of the pumping effect of the ejector.

Significant and fundamental developments in thrust augmenting ejec-

tors have been accomplished in the last several years. Hypermixing

nozzles have been developed with a resultant increase in ejector compact-

ness realized(2 ). Mixing and diffusion of flows have been achieved

simultaneously with performance advantage. Thrust augmentation ratios on

the order of two in an ejector of inlet area ratio 23 have been achieved

experimentally( 3 ). A theoretical methodology which can evaluate the

performance of the ejectors subject to a wide range of variation in the

thermodynamic parameters of the injected and the entrained fluids has been

developed for incompressible and compressible flows for a constant area

duct (4 ). High lift characteristics of an ejector-flapped wing have

(5)
been evaluated .A numerical prediction of three dimensional

ejector flows has been proposed 6 .

Although the literature on ejectors in general and, particularly,

thrust augmenting ejectors, is quite extensive, the turbulence field has

been essentially ignored. The information that is available is predomin-

antly concerned with flows in constant area pipes with Razinley and
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Brighton ()presenting an extensive set of one point statistical measure-

ments for varying mean velocity ratio,ý ind jet/pipe diameter ratios.

The purpose of this investigation is to conduct an extensive survey

of the resultant velocity flow field of a given ejector wing design. The

effectiveness of the ejector will be assessed by comparing the flow field

with the ejector powered and with the ejector unpowered. The data in this

experiment is obtained by use of a laser velocimeter in conjunction with a

photon correlation processing technique. Photon counting offers improved

system sensitivity by permitting velocity measurements to be made even

when insufficient signal photons are available to define a classical

scattering signal. When required for an improved signal to noise ratio,

the naturally occuring contaminant particles are augmented by kerosene

vapor. The use of the kerosene vapor allows a flow visualization tech-

nique to be employed as well.

The relevance of this invest~gation is reinforced by one of the major

conclusions of the Workshop in 1979 which is that a significant amount of

basic research using smaller models (cold or hot air supply) and analy-

tical development should be continued vigorously for both static and at

airpeed conditions ').

II. Experimental Equipment and Technique

The facility used for this investigation is a two dimensional smoke

tunnel. This facility employs an open return system of flow, capable of

subsonic incompressible velocities up to 23 meters/second, using two

diffuser isolated 1.5 horsepower motor driven fans. All measurements are

taken at a nominal freestream velocity of 8 in/sec. The velocity was moni-

tored at first by a Prandtl type pitot probe and a microamanor1beter.
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These were later discarded in favor of the laser velocimeter as a means of

setting and checking the freestream velocity.

The removable front test section measures 1.5 m in length, 1.0 m in

height and 0.07 m in width. The back wall of the test section is of

laminated plate glass, whereas the front wall is of 0.0097 m thick plexi-

glass. This window arrangement is acceptable in light of the fact that

the laser velocimeter is operated in the backscatter mode. The test

section is noted as having a downhill gradient of 0.05 m in 1.5 m.

The flow marker particles are introduced into the flow system in thin

streamtubes by a stack and injector apparatus, positioned in the tunnel

contraction region. The stack is of airfoil shape with sixty five 0.60 cm

inside diameter injector tubes issuing from it. The marker particles are

generated in a process where, two 900 watt inconel heaters boil kerosene

fuel at 605 degrees Kelvin, creating vapor particles that are then mixed

under turbulent conditions with cool air to produce a dense white nontoxic

and noncorrosive smoke. Water vapor is condensed out of the smoke in a

condensing chamber prior to entrance into the stack/injector apparatus,

thereby eliminating water condensation in the injector tubes and the test

section.

A great deal of effort was spent in reducing turbulence levels in

this flow system. These efforts included installation of a 0.2 m radius

bell mouth to the tunnel inlet, in an attempt to correct for a low concen-

tration ratio of 11.5 to 1.0. Immediately downstream of this location a

0.076 m thick section of honeycomb, with a cell length to diameter ratio

of 8.0, was installed to reduce large scale turbulent structures. In

addition a series of screens (progressively finer downstream) were mounted

prior to the stack/injector location. From measurements taken in the

freestream, it would appear that turbulent intensities approach a value
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of 0.01 in the smoke streamtubes. These values must be attributed to the

shape of the stack/injector system, its location and the process of

issuing a secondary flow into the mainstream through the injectors.

The specific flow field investigated is an ejector wing design

conceived by Vought under contract with the Flight Dynamics Laboratory at

Wright Patterson AFB (Figure 1)(9). A two dimensional model is construc-

ted and placed in the test section of the wind tunnel. The ejector plenum

is supplied from the laboratory compressed air reservoir. The design of

the ejector is presented in Figure 2. Considerable effort was expended in

attempting to achieve a uniform exit velocity profile with relatively low

values of the turbulent intensities. The aspect ratio of the rectangular

nozzle is 4.1:1 and the solidity ratio is 0.327:1. The mean velocity at

the nozzle exit plane, U2 , is kept at a constant 16 m/sec.

The laser used for all measurements is a Helium-Neon Laser of 15

milliwatts intensity at 6328.0 x 10-I0 m, plus associated power unit.

The laser beam diameter is 1.1 m at the l/e 2 points. The transmitting

optics consisted of a transmitter beamsplitter and polarization unit

mounted to the laser head, a frequency shifting electro-optic phase modu-

lating crystal, two front surface silvered plane mirrors mounted at 45

degrees to the horizontal and a convex focussing lens of 100 cm focal

length. The beamsplitter takes the incident beam from the laser and

divides it into two equal intensity, 1.1 ,mn diameter beams.

The frequency shifting phase modulator is required in the optical

train to eliminate any flow direction sense ambiguities and provide

measurements in regions of high turbulent intensity. In principle a

uniform shifting of the fringes in the control volume (point of laser beam

intersection) is possible with an application of a sawtooth voltage to
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the phase modulator's two electro-optical crystals. A resulting increase

or decrease in the doppler frequency of the flow enables the flow direc-

tion to be determined. A drive unit is required for the phase modulator

unit as well as a frequency counter for accurate determination of the

doppler frequency shift applied.

The electronic processing scheme is composed of a digital photon

correlator and data storage unit, associated power supply and oscilliscope

for visual observation of the autocorrelation function growth with time.

The correlator possesses a resolution time of from 50 nanoseconds to 1

second. Measurements were taken in the single clipped autocorrelation

mode and at an infinite sample rate.

Special note should be made of the turbulent intensities measurement

technique. Care is taken in order to minimize the problems of background

flare light and photon pileup. The effects of these two phenomena can

result in a skewness or a distortion of the photon correlation function

from which the mean velocity and local turbulent intensity are calculated.

Therefore a numerical technique(10) is.employed which results in the

alleviation of the skewness problem.

III. Experimental Results and Discussion

A. Flow Visualization

A series of photographs depicting qualitatively the resultant flow

field about the ejector wing model as shown in Figure 3 through 9. For

all photographs the ratio between the ejector exit plane mean velocity,

U2 , and the tunnel speed, V, is equal to 2:1. The angle of attack, c,

between the wing model chord line and the incoming tunnel flow is varied

from -5 to +250. For each value of c, the case with the ejector powered
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and the unpowered case are examined.

By examining each set of figures, three general observations are made

concerning the effects of the ejector. First, significantly more smoke

(hence, tunnel airflow) is entrained into the constant area duct between

the lower and upper airfoils in the powered case. In fact, it appears

that near stagnation conditions are reached dow-nstream of the nozzle with

jet flow off. Secondly, with the ejector powered, there is an increase in

curvature of the streamlines in the vicinity of the leading edge

stagnation point. As will be discussed later in this report, this is

evidence of the shift of the wing model's stagnation point further

downstream on the lower surface of the front airfoil. Thirdly, the smoke

streamlines above the wing are shifted downward towards the airfoil

surface in the powered case. Thus, qualitative evidence exists that one

of the effects of the ejector is to decrease the resultant wake flow

behind the wings.

B. Mean Velocities and Turbulent Intensities

In Figure 10, the location of the mean velocity and turbulent inten-

sity data obtained are shown. Note that in all cases, x is measured,

longitudinally, from the leading edge and z is measured vertically from

the airfoil surfaces.

Turbulent intensity is defined here as the ratio between the root

mean square of the velocity fluctuations, u rms' non-dimensionalized

by the local mean velocity, U.

Figure 11 shows mean velocity profiles upstream of the ejector wing

while the turbulent intensity profiles are presented in Figure 12. The

effect of the ejector shown in the mean velocity profiles is to accelerate

the mean flow above the upper surface and to decelerate th~e mean flow

beneath the ejector wing. This effect is quite pronounced immediately
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upstream of the leading edge. The turbulent intensities are not as well

behaved but the value of u /U does seem to increase above the upperrms

surface with the ejector powered.

Mean velocity and turbulent intensity profiles are shown for the

downstream locations x/c = 0.2, (F), and x/c -0.5, (1), in Figures 13 and

14. Both these locations are above the upper surface and the mean flow is

consistently faster in the ejector powered case. The turbulent intensity

data reinforces an observation made with reference to flow visualization

evidence. The value of the turbulent intensities reduce to the free

stream value closer to the wing surface with the ejector working. This

would again indicate a shift of the potential flow down toward the upper

surface.

Consider the data presented for the lower surface locations for x/c

.02, x/c -. 04, and x/c - 0.2. In figures 15 through 17, at each flow

location, the mean longitudinal velocity, U, is less in the powered case.

This suggests the movement of the stagnation further along the lower

surface as can be argued from Figure 18. As the stagnation point moves

downstream, the apparent angle of attack of the airfoil will increase.

With the increase of c4 the mean velocity measured in the longitudinal

direction will necessarily decrease close to the stagnation point.

The mean and turbulent velocity field downstream of the ejector

nozzle is examined in Figures 19 through 21 for x/c - 0.44, 0.58, and

0.72. Note that the flow for both cases actually accelerates after it

enters the constant area mixing duct. Also consider the relatively high

turbulent intensities in the confining duct for the ejector powered case.

Values of urms /U equal to 0.25 are measured which is indicative of jet

mixing rather than characteristic of duct type flow. Once again for the

field above the wing, the velocity returns to the free strPam turbulence
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condition faster wit.h the jet working. For example, for z 10 cm in

Figure 21, u rs/U is equal to .05 for the nonpowered case but possesses

a value of .01 for the ejector working case.

IV. Summary

An experimental investigation of the resultant turbulent flow field

about an ejector wing design incorporating a constant area mixing duct is

mad e. Mean velocities and turbulent intensities are calculated from the

photon correlation functions. Comparison between the ejector powered and

non-pcwered cases are made. Qualitative information as well is obtained

from a flow visualization technique. The following results are obtained.

1) The ejector consistently accelerated the flow field above the

wings' upper surface. The influence is felt upstream of the model's

leading edge.

2) The stagnation point moved further downstream along the lower

surface for the ejector powered case, indicating an apparent increase in

the effective angle of attack.

3) The turbulent intensities in the confining duct are more indica-

tive of free or coaxial jet turbulence levels.

4) The streamlines above the wing's upper surface are compressed

-downwards toward the airfoil indicating a reduction in the turbulence and,

hence, the wake region.

888



References

1. Johnston, J. P., "Internal Flows", Turbulence ed. P. Bradshaw, Topics
in Applied Physics, Vol. 12, Springer-Verlag, New York, 1978, pp. 154-157.

2. Quinn, B., "Compact Ejector Thrust Augmentation", J. Aircraft, Vol.
10, No. 8, August 1973.

3. Quinn, B., "Experiments with Hypermixing Nozzles in an Area Ratio 23
Ejector, ARL 72-0084, June 1972.

4. Nagaraja, K. S., Hammond, D. L., and Graetch, J. E., "One Dimensional
Compressible Ejector Flows", AIAA Paper 73-1184, Nov. 1973.

5. Woolard, H. W., "Thin Airfoil Theory of an Ejector-Flapped Wing
Section", J. Aircraft, Vol. 12, Jan. 1975.

6. Roberts, D. W. and Paynter, C. C., "Numerical Prediction of 3-D Ejec-

tor Flows", Workshop on Thrust Augmenting Ejectors, Ames Research Center,
Moffett Field, California, June 28-29, 1978, pp. 55-70.

7. Razinsky, E., and Brighton, J. A., "Cor'ined Jet Mixing for Nonsepara-
ting Conditions", Trans ASME, D, Vol. 93, September, 1.971, pp. 333-349.

8. Koenig, D. G., "NASA Overview", Workshop on Thrust Augmenting Ejec-
tors, Ames Research Center, Moffett Field, California, June 28-29, 1f78,
pp. 23-40.

9. Ejector Wing Design, Vought Corporation Advanced Technology Center,

ATC Report No. R-91100/9CR-44, September 1979.

10. Catalano, G. D., Walterick, R. E., and Wright, H. E., "Improved
Measurement of Turbulent Intensities by Use of Photon Correlation", AIAA
Journal.

889



ct7

c~ A4.

C-

rn

0 "4

N 00

89



Air

1 .27 c:a ID

Sc reen

.793 ca . 1. 1 __o

•5 cm 5 tr~a ig t.re::,-s

.51T cm

•j39b c.n I Ejector

K Face

Blowing Tube

2.67 cm

TOP VIE,1

F K
cm Aiy

Ejector Face Area = 10.66 cm2

FRONT Vi.L•'

0000000000O
00o0 0 .
0000 0 0 000 0

225 holes

.132 cm ID each

Screen iole Area = 3.49 cm 2

SCR R9EN

Figure 2. EJECTOR 891



Unpowe red

Powered

Figure 3. Flow Visualization for cy -50

992



Unpowe red

Powered

Figure 4. Flow Visualization for or 0 ~

893



Unpowe red

Powe red

Figure 5. Flow Visualization for x 50

894



uripowe red

Powered

Figure 6. Flow Visualization for ~'=100

895



Unpowe red

Powe red

Figure 7. Flow Visualization for a = 150

896



Unpowered

Powered

Figure 8. Flow Visualization for c = 200

897



Unpowered

Powe red

Figure 9. Flow Visualization for a' 250

898



C4C

cc1

-un.

899



12

8

4E3 E

EIQE

I I .. L.... I IU (mlsec)z I -' I ! I u • ~ c

(cm) 4 12 16

-~I Q Location A

- 8 - Location B

12 _ Location C

-16 - Note: Filled symnbols are for powered case.

Figure 11. Mean Velocity Profiles for Ejector Wing.

900



16

12

8

UU
iMs

0.5 .10 .15 .20 .25

-4 E E0 Location A

- 8 Location B

KO~ Location C
-12

-Ncte: Filled symbols are for powered case.-16 10.

Figure 12. Turbulent Intensity Profiles for Ejector Wing.

901



(U E> ow

CUU

,4 0

C- u

K) C

C14_

-0 0

> II

014

co C4

902



-44

-4 U)

•J Qj

Q 0J

r-1

uu

0

. -..

0 l_ - 0,.

'2.4 •• ,.."

•U)

(,I

903-..0



Ew

C

u

C4J C1

C144

tnC4 )C
-4 -4

0

LLM

to

"42
C 0°

0 u

C904

S• R I
o . V]I i P- [ I I • [ • __

-90



AJ U

0
cU,

C)h

00

- a)4

-4 00

Lnn
ElI

"-4
-Lj

-4 0

0LI - .1

o 0
m Ln

0-d

44

rz)

905



u "uI
.24

©P 4

-- 4

C-,-

,4
a[-- 0in

CO - G

CDC

tvt

o06

"J-4

906



'I

ox 7 AGMATOW PaWT (-.o.OF

E '\ TAGNF~fOI3 POW37 (EETR 04)

/ I

Figure 18. Shift of Stagnation Point Location
Caused by Powered Ejector.

907



co

"4@)

•,"- :30•

"-4-

© 0(3"")-4 J-.4

• e

g E 0 J-I-.4

Sca,

-4L

0.

,.4 .- ,

0I I 7!

9010

Lco

-4

00

C4

I u I I

908



E wA

En a

0 Li

cs u
0 0J

P-4 -4

-w C.

-4

-4)

-- 4

-4 4)-4

Q 0-
0 A)0

co0

04)

909



-4 J-J
Aj 0 (1

> 
-

o3C

4- 0j

%0 41

-4-

00 Li
ot

'0 
0

910 0



C30

0U I"C

CL C

00

C-,3

OLU

911



~~LLJ

z/ =~ CLC L

0 r ICD ~ CL CD

cncoz
x L&U cm

EwOD
C-4 -L J

=~. CD L) C

CM_ -U
0u 0 A

2-P , ý1

uj LLI ~92b zx (



-AJ

LUL

cc LU

LAJ

0

N

ILUJ LLU
__3 cm I

x 0 ; ý

913



CUD C)LU

LU Uj C) L.) LA_ 2E L
___ C) -J C

>, Cml - C-)

-n ucLj _< =_

""i LA~- U- W Co L~

~~~L I--C,

0LU = c) L" L
I-~ a~C~L

C,, LA

= = CA L- ~ -Lj L LU -

ML- c) ch LU = C-)
LUU LiLU 00LJ / 4 c

r-L), = A

-a LU LU C-)~

_j C) LJ U
=- o - =CD

dm _3 cn U

cm LM >-__ C

UsL ?_ Lusm W C j C)

Cflr- cm LUL:)C CL
LUL

o CP -oý i 5 A-0)Z
Lo LA C

.914C



C)C/

cm C.D

LLJ~~ ~ F-L 0 L

LAJL LAJ C/3

~LLo
0LLJ > L .ý7 L

C)% LL c

LU n - = LLI

E; C,3 = = .
LUJ C-) LLA -1iC-

CC z zCD -
-JJ C- ) -L " C/) - ) JL

Oc LA- m

IIL J Lu-4
I-M

2 m0

C..)L

cm915



-IL

LUL

LLJU

CLLA. Lo Ca

LU LLJ LIJ

CC- 0 S_

=-LA

Lo LU LO LUC3
z 0 C=_: _

LAJ C/ Z)c

pl L3 LJJ C3 3

0L -. Q LZ L

LU ~~:~LU 0 A LU . uC.0 ) E Zt3~ LL e:
> / o* E; M ~Cn m dm 0 -

C/ < W C/3

uj ~ ~ ~ ~ ~ ~ L afL UL LJPgC ==ý
Cl 6A 0J - 0 0n P 0 L

cm c M - c N ~i916C



Ii--- - - - - - - -

00on. 
I- 

-, 
CD0 

- - - - - -cU

m J 
A$

LL1

NLA 
-A DL 

r

4c =L zL i

zo 
so0

000/ N
- a' -

-- - (O-p

MCC -W(~0 0CD

4zz

t-
cm 

-- u

917



LL.

tz c

o c

LIE._IL

zEtz
LAJ

LLLA
C; . 5~

Im > LA

200

918



LuJ
0 CMDL.LJ

*c 4

(..

919



=1=

.A2

C4,

zp=

U*4

920C



C= Li

- - - -m

qq 

c a
I- 

- -

I uI-

-- Am
;;~q 1  ~ -

co CN~

=2' C14

) C= Co,

Le - -

CC*

921 L



uJi
-LA

U0. E

0 2

= C6,

LU Z C ul "

> cn C- C-0 C.

uIc u-i
-CD

'U C

>0

922



o C)

0 LLJ

CAD

w L
LU. LUJ

CD Fc
pL C OO

cm~
0 C=)~ CD C.

0.0 =. a a
LA. 0m C.Ia

.i -

C2 LJJ

> toI
0 ~cnC

923



z

IL Im

00 0 Zo zor,
Q -a _-

LLI- 1 1 0 _

LuA
co a-

00,z

0

924



I-m
cz

u(WJ

Cf 0 D

C-,3

*low

92



CL t
-- >m

gm0m ..
~C3 C)l

LLJ uJ C/3
>0 o QC.

L jJ a t c

C#C3 LSj 23
uj~u~ 0oa c

qcz LA. LO
CD CD C.

__ 'L"j LLJ CD

= LJj cL c .3 C
0 u 0 ~ u-i Mr.u

* ~ w 03 cm~ ~0 0

LU -J i ;926



CIDI

SOME APPLICATIONS OF EJECTOR TECHNOLOGY

TO STOL AND V/STOL AIRCRAFT PROJECTS

BY D.B. GARLAND

THE DE HAVILLAND AIRCRAFT OF CANADA, LIMITED

DOWNSVIEW, ONTARIO, CANADA

EJECTOR WORKSHOP FOR AEROSPACE APPLICATIONS

AUGUST 3-5, 1981, DAYTON, OHIO.

Conducted by USAF Wright Aeronautical Laboratories (AFWAL)
and University of Dayton Research Institute (UDRI)

Sponsored by Flight Dynamics and Aeropropulsion
Laboratories of AFWAL and by the USAF Office of

Scientific Research (OSR)

927



SOME APPLICATIONS OF EJECTOR TECHNOLOGY
TO STOL AND V/STOL AIRCRAFT PROJECTS

BY D.B. GARLAND

THE DE HAVILLAND AIRCRAFT OF CANADA LIMITED

ABSTRACT

A discussion of some)elements of ejector technology,

as developed at(DHCý, is presented. Three operational

areas are considered, i.e.

(a) Static or hovering condition

(b) Low forward speed (STOL regime)

(c) High subsonic cruise

Subsequently, three project study aircraft are introduced

to illustrate the application of ejectors in their

respective operational areas. These aircraft are:

(a) An advanced turbo fan powered STOL transport

(b) A STOVrL supersonic combat aircraft

( c) A STOVL subsonic support aircraft.
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INTRODUCTION

This presentation describes some tec.- -al aspects of ejector

technology as developed at DHC and ways in which such technology

may be incorporated in high performance aircraft to overcome

some of the penalties normally associated with powered lift.

Three operational areas for ejectors are discussed, viz.

(a) Static thrust augmentation

(b) Augmentation in the STOL regime

(c) High subsonic cruise operation.

Subsequently, three project study aircraft are introduced to

illustrate the application of ejectors in their various operational

areas. These aircraft are:

(a) An advanced turbo fan powered STOL transport

(b) A STOVL supersonic combat aircraft

(c) A STOVL subsonic support aircraft.
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EJECTOR TECHNOLOGY AT DHC

Some of the aspects of augmentor technology which have been considered

at DHC in recent years are discussed below. They are grouped for convenience

under headings relating to three operating speed regimes, i.e. static (zero

forward speed), low forward speed typical of STOL take-off and climb-out, and

high subsonic cruise speed.

(a) Static Thrust Augmentation

The well established requirements for maximizing thrust augmentation

ratio can be expressed as:

Wi Large secondary/primary area ratio

(ii) Large diffuser area ratio (DAR)

(iii) Uniform velocity distribution at diffuser exit

(iv) Low inlet and friction losses.

Each of these requirements is compromised to some extent when an ejector

is integrated with an airframe, the so-called 'packaging restraints'. Diffuser

area ratio may be limited by flow separation or unsteady flow, by choking of

the augmentor throat or by the dominant effect of inlet or friction losses.

The last two requirements given above are functions also of the design approach,

especially of the primary nozzle array.

The approach taken at DHC has been towards a simple arran~gement, as

shown in Figure 1, which eliminates the need for separate devices for control

of flow separation in the diffuser. The high aspect ratio lobe nozzles essen-

tially span the throat and the flow from the nozzles is arranged to 'blow' the

diffuser walls - the gap between the nozzle extremities and walls is optimized

experimentally to suit the DAR for maximum thrust augmentation. Additionally,

the gap between the end nozzles and the end-walls is also optimized to control

* flow separation there. The net result is that diffuser flow breakdown is

postponed to values of DAR beyond that for maximum thrust augmentation ratio.

* This is seen in Figure 2 where some typical experimental data are displayed.

* Here it should be noted that the gross thrust augmentation ratio, Sa is

defined as the measured thrust divided bý the actual (not ideal) nozzle thrust

which would be generated by expanding the same nozzle flow from the same nozzle

total pressure to ambient pressure. The peak wall Mach number, M , is calculated

from the wall static pressure assuming that the local total pressure is ambient,

i.e. no inlet losses or jet mixing increments are considered significant at the

throat between nozzles where M wstatic taps are located.
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Uniformity of diffuser exit velocity distribution is a function

of nozzle pitch, nozzle width and augmentor length. Nozzle designs other

than plain convergent slots can sometimes be used to improve jet mixing

rate and uniformity of exit flow. The choice of nozzle pitch depends on

trade-offs of inlet losses and weight of nozzles against exit uniformity.

DHC laboratory models have air supplied axially to the nozzles whereas

some large-scale models powered by jet engine exhaust have hot gas supplied

transversely to the nozzles (see Figure 3). In this case the entry duct

is approximately airfoil shaped and the entry Mach number is about 0.3 to

minimize the nozzle cross-section and hence inlet losses. The transverse

velocity component at the nozzle exit plane, due to the duct entry velocity,

is counteracted by the swept nozzle exit plane.

The effects of operating ejectors at high nozzle pressure ratio

(NPP) have been studied extensively in our work. The importance of high

pressure, of course, is that duct sizes and/or pressure losses can be

minimized. Nozzle exit area is also reduced for the same thrust and

ejector secondary/primary area ratio is thereby increased. The ejector

length/nozzle width ratio is also improved and a greater thrust augmentation

ratio generally occurs. This is in spite of degradations in 'ýwhich occur

as a result of high NPR per se and as a result of lower optimum DAR at

higher pressure ratio.

Experimentally, it is found that the diffuser area ratio for maxi-

mum 0(ý is reduced as NPR is increased. This effect can be duplicated

theoretically by inclusion of a simple frictional loss term in the com-

pressible ejector equations. It then appears that the frictional losses

due to the high secondary flow velocities at high NPR preclude the use of

higher diffuser area ratios. Another limit to useable DAR occurs for some

ejector geometries with low secondary/primary area ratios where the throat

velocity becomes sonic. increasing DAR then merely generates a supersonic

relion, especially near the curved diffuser walls, which is terminated by

a shock which separates the diffuser flow. A completely supersonic

secondary/mixed flow is presumably achievable under some very high NPR con-

ditio~ns.

operations of ejectors with hot gas primary flow (temperatures up

*to 700 o) showed no significant performance difference as compared with

room temperature air operation, based on our limited experience.
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(b) Augmentation at Low Flight Speeds

At forward speed the performance of an ejector is commonly expressed

as XEr/P versus Veo /\/.,T where

)(a= Augjmentor exit gross thrust - inlet momentum drag 0

=Primary nozzle thrust

= Flight velocity

V7= Primary jet velocity, expanded to ambient pressure

Both theory and experiment show reasonably good collapse on this

basis over a wide range of flight speed and jet velocity (NPR) for an

ejector of fixed geometry. Theoretical results, using simplified global

theory but with representative frictional losses, show that the optimum

diffuser area ratio decreases with increasing forward speed. A typical

result is shown in Figure 4. Experimental results have been obtained at

DHC on a forward speed simulator rig, shown in Figure 5. Normally, of

course, a wind tunnel model test would be used to determine forward speed

effects but in practice the close integration of ejector with air frame

makes the isolation of thrust lapse rate from other aerodynamic forces

very difficult. The simulator rig reproduces the primary and secondary

flows through the ejector only and hence isolates it from external aero-

dynamic effects. It. consists of the primary nozzle assembly (actually an

old wind tunnel model) mounted within a pressurized box or plenum chamber,

the air flow through which provides the secondary ejector flow at a stag-

nation pressure equivalent to the simulated flight speed. The primary

and secondary flow rates are both accurately measured. The whole rig is

on a balance and the ejector exit gross thrust is accurately measured.

* Net thrust is obtained by difference between gross thrust and calculated

inlet momentum drag, rhSE V, . With the test rig as shown, ingestion

of main foil boundary layers is not simulated and the diffuser exit

pressure is ambient.

Figure 6 shows some typical test data obtained with a simple

ejector having a plain, horizontal slot nozzle. The results follow the

theoretical trend. Other data, not shown, indicate that results are

rather dependent on configuration details, as might be eApected, since
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inlet losses determine performance differences to a large extent. At

velocity ratios typical of STOL take-off (Vo// between, say, 0.08 anC

0.12, for engine by-pass air schemes), the statically optimized augmentor

is usually close to optimum at forward speed. At higher climb-out speeds,

however, the diffuser area ratio will probably need to be reduced for

best performance.

(c) High Subsonic Cruise Operation

Development of the cruise augmentor at DHC has been closely linked

with the development of the thick multi-foil wing (see Figure 7). As a

result it becomes a quite different augmentor from that used for VTOL

hovering, for example. It has evolved, so far, around a continuous,

horizontal, slot nozzle in the trailing edge of the main foil giving a

low drag installation. The diffuser area ratio at cruise is only about

1.10 for optimum pcrformance and diffuser wall boundary layer control is

then not a problem. The effective DAR is, in fact, noticeably lower than

the geometric value due to the relaxing effects of the main foil boundary

layer. At high speed, the location of the shrouds is largely dictated by

external airfoil considerations and as a result the secondary/primary

area ratio falls out at about 10. This compares with about 20 or more

for typical hovering augmentors.

There are further direct effects of forward speed. For example,

for ejectors supplied by flow from a by-pass engine, nozzle pressure ratio

increases significantly between static sea level condition and cruise at

high altitude and convergent/divergent nozzles might need to be considered.

The diffuser exit static pressure is greater than ambient at forward

speed (it increases with Mach number rather like the trailing edge stag-

nation pressure on an airfoil). The calculated effect is dependent on

diffuser area ratio and velocity ratio and may be favourable or unfavour-

able (see Figure 8). Ingestion of the main foil boundary layers has a

beneficial effect on the performance of the ejector at forward speed,

reducing the effective drag coefficient CD by about 10 or 20 drag
elf

counts, depending on flight conditions. The effective drag coefficient

in this case represents the internal augmentor drag as modified by jet

mixing effects. It is given by
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Deff = N

so that C D (i N7/ N
eff

where C = , the jet coefficient based on
J
N nozzle thrust

EJECTOR APPLICATIONS

1. Advanced STOL Transport

The augmentor wing powered lift concept has been demonstrated by the

Buffalo/Spey research aircraft during some 750 hours of flying at NASA,

Ames Research Center (Figure 9). Low speed performance and handling

qualities have been explored with a wide variety of control systems,

from manual to fully automated.

Design parameters for an advanced A-W STOL transport (Figure 10) are

under active study at DHC. The aircraft incorporates ejector technology

in the augmentor flap for low speed flight (Figure 11) and in the powered

multi-foil section for cruise. The high by-pass ratio Rolls-Royce RB419

blowing engine (Figure 12) provides high pressure (NPR - 3) air for the

ejector. It features a variable pitch geared fan (particularly useful

for flight path control) and a low velocity hot exhaust for low noise.

The multi-foil wing (or cruise augmentor flap) is a supercritical

wing section designed to operate at high subsonic speed with or without

ejector blowing. A brief history is given in Reference 1. It is an area

of new technology which arose from a desire to simplify the Augmentor-

Wing STOL concept (by eliminating both the need to divert blowing flow

from the wing to a separate propulsion nozzle and to close down the flap

elements in cruise). At the same time, certain aerodynamic advantages

were visualized, including

(a) delayed drag rise Mach number, by aft loading on the upper shroud

and mid-chord control of the boundary layer,

(b) increased propulsive efficiency arising from ingestion of the

wing boundary layers by the ejector,

(c) improved buffet boundary due to ejector blowing

(d) increased thickness/chord ratio compared with single foils for

the same MD.

These benefits were essentially demonstrated by two-dimensional,

934



high Reynolds Number tests at NAE, Ottawa. Reflection-plane, half-wing

tests in the 11 x 11 foot transonic tunnel at Ames also showed a remark-

ably low induced drag (k close to unity)which more than compensates for

the higher profile drag due to skin friction on the shrouds at typical

cruise lift coefficients.

Subsequent theoretical analyses have suggested that the multi-foil

concept is capable of operating at values of thickness/chord ratio as

high as 30%, with a reduced drag divergence Mach number, of course.

There are substantial structural weight savings even at 18% t/c, the

currently tested value.

2. Supersonic STOVL Combat Aircraft

High thrust augmentation ejector technology has been applied to design

studies of an "ejector lift/vectored thrust" combat aircraft based on the

R.R. Pegasus powerplant (Figure 13). Engine fan flow is fed through a

duct above the engine, forward to the ejector nozzles and rearward to a

'two-dimensional' propulsion nozzle which incorporates an after-burner

system.

Vertical flight is achieved with fuselage ejector thrust plus vectored

hot thrust from the Pegasus propulsion nozzle in the underside of the rear

fuselage. Transition is by means of thrust transfer from ejector nozzles

to 2-D nozzle and rotation of the 'hot' nozzle.

Joint research programs between DHC and NASA, Ames have included

large scale static tests with a model powered by a J-97 engine (Figures

14 and 15) as well as wind tunnel tests in the 40 x 80 (Reference 2).

Some characteristics of the concept which relate to integration of

the fuselage ejector are:

SFavourable ground effect, due to fuselage base pressure (see

Figure 16)

Minimal hot gas re-ingestion in ground effect

Minimal interference of ejector efflux on wing aerodynamics in

transition

Good area distribution for low wave drag

Cold flow afterburning.
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Measured gross thrust augmentation ratio was 1.70 at NPR =2.5 with hot

gas primary flow.

The large scale model incorporated a wing augmentor flap whereas the

supersonic concept would use a simple blown flap for high lift in transiti~on.

Transition characteristics of the fuselage ejector concept have been

studied extensively in the wind tunnel (Reference 3) and by calculation

methods (Reference 4). Both thrust transfer and thrust vectoring of the

ejector nozzles have been shown to be possible methods of achieving satis-

factory acceleration/deceleration and pitch trim.

3. STOVL Sup~port Aircraft

The project design illustrated in Figure 17 represents an extrapolation

of AW technology to USTOL or VTOL. A tilt-wing configuration is proposed

which incorporates three main elements of technology:

augmentor flap with choke controls and duct/nozzle system

*thick, multi-foil supercritical wing

*three-stream blowing engine with, in this case, a fixed pitch,

geared fan.

The engine thrust split is about 40:40:20 for the fan, wing blowing

nozzles and hot exhaust respectively. Of the blowing air, 50% is cross-

ducted ahead of the front spar to vectoring propulsion nozzles at the wing

tips. The remainder powers the augmentor flap across the full wing span.

This arrangement assures essential balance in roll and yaw in the event of

engine failure, for all angles of wing rotation. The aircraft would be

capable of a fully safe take-off in the ST0 mode with one engine out, but

would suffer a controlled crash in hover mode in the event of engine

failure.

Incorporation of ejector technology requires a greater compromise in

this design since hover and high speed cruise requirements are rather

different for the wing ejector. The cold flow power transfer by ducting

rather than shafting is an attractive feature however. The design illustrates

a place for the three-stream engine in STOL and VTOL aircraft of the future.
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CONCLUSION

This presentation has provided a brief overview of some ejector

technology and applications being studied at DHC. Despite past dis-

appointments in the field of ejector V/STOL aircraft, it is believed

that more serious attention should now be paid to this class of machine,

especially in the light of emerging ejector technology.
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EJECTOR RAM DRAGI
BY

BERNARD B. BEARD

AND

SWILLIAM H. FOLEY

Z GENERAL DYNAMICS
FORT WORTH DIVISION

__ ABSTRACT: Ejectors are a means of providing thrust augmentation for STOL and
VTOL flight while minimizing ground impact and inlet reingestion problems.

0 However, for some ejector configurations, experiments have indicated that
Saxial thrust recovery is not effect~.ve in off-setting ejector ram drag so that

such systems may encounter difficulties transitioning from engine-borne to
Swing-borne flight. This paper presents an analytical method of predicting

this drag using empirical ejector performance parameters. A comparison between
the theory and ram drag measurements from NASA Wind Tunnel Tests is presented.
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4 NOMENCLATURE

Symbols

A Area

C1 ,C2 ,C3  Constants defined in text

Cp Specific heat at constant pressure

D Diameter

f( ) Function

f,( ),...,f 5 ( ) Gas dynamic functions defined in text

g,g( ) Gravitational acceleration or function

h Specific enthalpy

L Length

M Mach number

Mw Molecular weight

P Pressure

R Gas constant

rd Diffuser compression coefficient

t Time

V Magnitude of velocity

w Mass flowrate

Wss Work, shaft and shear

X Longitudinal coordinate or flow direction coordinate

Y,Z Coordinates

y Ratio of specific heats

p Density

Secondary-to-primary mass flowrate ratio, ws /wP
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Subscripts

0 stagnation state or location

1,2,3,4 System locations

ATM Atmosphere

B Back

30 Break-off conditions

cs Control surface

M Mixed

VIX Maximum

P Primary

S Secondary

T Total

X,Y Upstream and downstream nor-.al shock locitions
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1.0 INTRODUCTION

Supersonic ejector-diffuser systems have many applications both in

industrial and advanced, high technology settings. These applications

include jet pump compression, thrust augmentation, extraction of a

secondary fluid, mixing of two streams, ventilation and air conditioning,

etc. Another possible application is to the high energy chemical 11pser.

In chemical laser systems, the flow and lasing zones within the laser

cavity are established by the interaction, mixing, and reaction of mul-

tiple, two-dimens ional, supersonic streams at relatively low absolute

static pressure levels. Accompanying the mixing and chemical reactions

between these streams, considerable energy is released to the flow which

tends, qualitatively, to increase the static pressure, to decrease the

stagnation pressure, and to decrease the Mach number of the "mixed"

supersonic flow within the laser cavity. At the cavity exit this stream

must then be pumped to ambient conditions so that the lasing process can

be started and sustained. A supersonic ejectcr-diffuser system is a

prime candidate for the pressure recovery required in this corrosive

envi ronment.

The objective of this report' is to present the results of an inte-

grated theoretical and experimental investigation of supersonic ejector-

* diffuser systems. in all cases, consideration is limited to configura-

tions for which the primary stream enters the mixinig tube supersonically

tSupported by Army Research Office, DAHC 04-74-G-0112, and the Department
of Mechanical and Industrial Engineering.

975



while the secondaty enters subsonically or sonically. The theoretical

phase of the investigation emphasizes the development of simplified flow

models and computer programs to describe the performance of constant-

pressure, constant-area, and staged ejectors. In the experimental

investigation, small-scale, cold-flow studies were carried out to obtain

quantitative performance data for potential ejector-diffuser configura-

tions. These configurations included various nozzle, mixing-tube, and

diffuser geometries which were operated over a range of flow variables.

These data serve as a basis for comparison with the theoretical flow

models.

The results of this investigation are treated in detail in subse-

quent sections.
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2.0 THEORETICAL INVESTIGATION

Four areas are considered in this section; they are:

(1) Supersonic ejector system characteristics;

(2) The constant-pressure ejector;

(3) The constant-area ejector;

(4) The staged ejector.

The discussion of ejector characteristics is qualitdtive in nature

while detailed analyses and discus sions are included for each of the

last three areas. In addition, the computer programs developed for mak-

ing the calculations are described; detailed program listings and sample

input/output data are included; and representative cases are presented

and discussed. The representative cases are not intended to be compre-

hensive in nature but rather are presented to demonstrate the capabili-

ties, limitations, and the various facets of the simplified theoretical

model s.

The computer programs have been written with both straightforward

subsystems calculations and overall systems studies in mind. It is

therefore felt that they can be effectively incorporated into codes

developed for preliminary overall systems studies.

2.1 SUPERSONIC EJECTOR SYSTEM CHARACTERISTICS

To establish a basis for the detailed modeling and performance

analysis of supersonic ejector systems, a qualitative discussion of the

performance and nature of such systems is given in this section.

Emphasis has been placed on defining the general functional relationships
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describing the performance of these systems and how their form is depend-

ent on the internal flow phenomena.

A representative ejector configuration and the associated notation

are shown in Fig. 2.1-1. The primary stream is assumed to be supplied

from the stagnation state (PPOTPO) through a supersonic nozzle and the

secondary stream is supplied from the stagnation state (Pso,T'O). The

secondary and primary streams begin their mutual interaction at their

point of confluence at the primary nozzle exit. This interaction, as

well as the mixing between the streams, continues to the shroud exit

where they are discharged to the ambient pressure level PATM*

2.1.1 Performance characteristics

The objective of any ejector analysis is to establish, for a

given configuration and working media, the performance characteristics of

the system. In general, the mass flow characteristics can be represented

functionally by:

ws/WP = f(Pso/PPo ,PATM/PPO , (2.1-

i.e., they are dependent on the stagnation pressure and back pressure

ratios.

"An alternate formulation of the pumping characteristics in terms of

the initial secondary stream Mach number, Ms1 , the static pressure ratio

.1 P0/ of the secondary stream at the point of confluence of the two

streams, and the ambient pressure ratio, PAT4 /PPO , is given in functional

form by:

MsI = f(P s/PP0 P AT, 4/PP0 ) (2.1-2)
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This selection of variables, although less obvious, is convenient for per-

forming the numerical calculations involved in many theoretical ejector

analyses.

In addition to establishing the functional form of the pumping char-

acteristics, another quantity of interest is the shroud wall pressure

distribution given functionally by:

PWlP = f(wS /wP, 'Ps 0 / ,PATA/1PPo ,x) (2.1-3)

where x is the axial coordinate.

After establishing the above functional relationships, the thrust

characteristics of a system can then be determineJ in the thrust augmenta-

tion application. In practice, this is accomplished by considering the

contributions in the axial direction of the entering momentum fluxes of

the primary and secondary streams and the integrated shroud wall pressure

distribution.

2.1.1.1 Three-dimensional performance surfaces

The functional relations, (2.1-1) and (2.1-2), char-

acterize the "pumping" characteristics of an ejector system and represent

surfaces in the spaces described by the coordinates (ws/wP,P so/

SPATMPIPO ) and (Ms, 'Ps, /PPo 'PATM/PPG )' respectively.

The pumping characteristics of a typical ejector system in terms of

the first set of variables are shown in Fig. 2.1-2. This surface clearly

delineates the flow regimes where'n the mass flow characteristics are

independent or dependent on the ambient pressure level. These flow

regimes merge together along the "break-off curve" and, in principle,

this condition serves to uniquely define this curve.
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To the left of the "break-off curve" ("supersonic" and "saturated

supersonic" regimes), the mass flow characteristics are independent of

PATM/PPO and the surface is cylindrical with its generator parallel to

the PAT/Ppo axis. For these regimes, the mass flow characteristics can

be represented by:

WslWP = f /Po0  ) (2.1-4)

when PT - ATMPo~O To the right of the "break-off curve"

we ATM/ P 0 (PAM P0)B

("mixed" regime), the surface is three-dimensional in nature and extends

from the spatial "break-off curve" to the plane where ws/WP = 0 (base

pressure plane); hence,

ws/WP = f(Pso/PPoPATM/PPo) (2.1-5)

when P AT14/P PO (PATW/PPo )BO"

In principle, the "break-off curve" represents a simultaneous solu-

tion of tne functional relationships (2.1-4) and (2.1-5). However, the

"break-off curve" also has a phenomenological interpretation based on the

flowfield interactions occurring within the ejector shroud. Points on

the "break-off curve" are determined by the condition that transition from

dependence to independence of the mass flow characteristics on the

ambient pressure level will occur when the secondary stream just attains

sonic conditions either inside the mixing tube or at its entrance. This

point will be further amplified in the discussion of the constant-area

ejector.

An alternative representation of the pumping characteristics in

terms of the variables (Ms ,Ps 1 /PP0 ,PATm/PPO) is given in Fig. 2.1-3.
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For this surface, there are direct counterparts to the PATV 1/PPO-independ-

ent and PAT /PPO -dependent regimes of the w /wP surface.

2.1.1.2 Two-dimensional parametric curves

The three-dimensional performance surfaces of

Figures 2.1-2 and 2.1-3 generally have their principal value in presenting

an overview of the performance characteristics of typical ejector systems.

In theoretical analyses or experimental programs, it is often more con-

venient to consider two-dimensional parametric representations of these

operating surfaces. These parametric curves usually represent nothing

more than intersections of the performance surfaces with various planes

corresponding to constant values of the respective variables.

Two of the more useful parametric representations of the mass flow

characteristics are obtained by intersecting the ws/wP surface by planes

of constant PATM /PpO, Fig. 2.1-4, and planes of constant Pso/PPo,

Fig. 2.1-5. Another interesting and useful parametric curve can be

obtained by intersecting the ws/wP surface by a plane for which

P P0 ATU/PP-, Fig. 2.1-6. The latter situation corresponds to

inducting the secondary fluid at ambient conditions and then discharging

the ejector to the same ambient conditions as occurs in thrust augmenta-

tion applications.

Also convenient, from the standpoint of theoretical analyses, are

intersections of the M.1-surface by planes of constant P /p

Fig. 2.1-7, and planes of constant Ps /PPO, Fig. 2.1-8.

It will be of great utility to refer to these three-dimensional

solution surfaces and the two-dimensional parametric curves in succeeding

discussions of the theoretical models and experimental results.
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2.2 CONSTANT-PRESSURE EJECTOR

A schematic of a constant-pressure ejector is shown in Fig. 2.2-1.

This ejector consists of (1) a variable-area mixing section wherein the

primary and secondary flows are assumed to mix to form a uniform super-

sonic flow and (2) a downstream diffuser section. The analysis of this

ejector is based on analyzing separately the operating characteristics of

the mixing and diffuser subsystems, and then matching these characteris-

tics to determ'ine the operation of the overall ejector.

The analysis of tihe flow in the mixing section is based on the

principal assumption that the area of the mixing section varies such that

the summation of the integrated static pressure-area forces acting on the

flow within the mixing section is zero. Of the conceivable geometry-flow

combinations that could satisfy the above requirement, the assumption is

made that the area of the mixing section varies such that the primary and

secondary streams mix dt constant static pressure to form a uniform mixed

flow. Thus, to satisfy the requirement of constant static pressure in

the mixing section, the mixing section area distribution must be different

for each operating point of the ejector. W~hite this requiy~ment presents

no problems from a theoretical standpoint, it does present several prob-

lems from a practical hardware standpoint. The first problem is that the

analysis does not provide any information on the mixing section area dis-

tribution between the entrance and uniform1 flow sections, Sections I and

2, respectively, in Fig. 2.2-1. The second problem is off-design opera-

tion of this ejector. Assuming that an area distribution can be found

for which the static pressure is constant for a given ejector geometry and
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Constant-pressure
S• mixing section
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primary f Ic mixed flow mixed flow

Figure 2.2-1 Constant-pressure ejector configuration

991



operating point, the operation of this ejector at any point other than the

design point would, most probably, result in a significant mismatch of the

system and operating conditions, thus causing poor ejector performance.

Downstream of the mixing section, the uniform mixed flow is diffused

and discharged to ambient conditions. To analyze the overall ejector per-

formance, a flow model must be adopted for the diffuser section. A simple

but adequate approach to this part of the ejector analysis is to assume a

constant-area diffuser whose presqure-rise performance can be expressed in

terms of the normal-shock pressure rise and an empirical pressure-rise

coefficient both of which are determ'ined by the supersonic entrance Mach

number to the diffuser.

2.2.1 Constant-pressure ejector analysis

2.2.1.1 Constant-pressure mixing section

The flow in the mixing section is analyzed by applying

the conservation equations and numerous assumptions to the control volume

shown in Fig. 2.2-2. These assumptions are:

(1) Steady flow, -.

(2) Piecewise uniform flows at Section 1 and uniform flow at

Section 2.

(3) The primary and secondary gases obey the perfect gas

relationships.

(4) The primary and secondary streams mix ideally to form a

supersonic mixed stream at Section 2.

(5) Negligible shear stresses at the wall.

(6) Adiabatic flow between Sections 1 and 2.
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(7) No shaft or shear work between Sections 1 and 2.

(8) A negligible change in potential energy due to variations

in elevation in the mixing section.

(9) The summation of the integrated pressure-area surface

forces acting in the flow direction is zero. As a special

case satisfying this assumption, the area variation of the

mixing tube is assumed to be always such that the static

pressure of the flow is constant throughout the mixing

section.

(10) The primary and secondary flows are assumed to be isen-

tropic from their respectivw, stagnation states to the

states at Section 1.

For steady flow, the continuity equation is

f V dA = 0 (2.2-1)
cs

For the control volume of Fig. 2.2-2 and with assumption (e), Eq. (2.2-1)

becomes

PP1 V p1 A + ps Vs1 As: I Va Arm (2.2-2)

In terms of the mass flowrates, w =- pAV, the continuity equation is simply

wp + ws = wli (2.2-3)

The mass flowrate, w, can be expressed in terms of the mass flow function,

fl(y,M), by

1/2•• 1/

PA M Mj7{1 + M T2 -- f (Y'M) . (2.2-4)
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The secondary-to-primary mass flowrate ratio, w w /wP, can be expressed

in terms of the mass flow function by

Asl 1Ws Tpo,/ 1/2 f 1 ( s'Ms 1 (

A "w fT 1

where assumption (9), PPi = Psi, was used. Equation (2.2-3) cdn also be

expressed in terms of the mass flow function by

A MWM T 1/2 f (YM'M)
pW f1 (Y, M~1 ) : (l+M) (2.2-6)

where Ppi = P was assumed.

For steady flow, the momentum equation for the flow direction is

+' F XF = Xcs Vx( -V'dT) (2.2-7)

Neglecting wall shear stresses, the summation of forces acting on the con-

trol volume in the flow direction is

JF = PPIAPI + P51A51 - P A - PdA (2.2-8)
W

or simplifying

A

++ ZFx = PPIAPI + PsiAsI - Pla Am PdAX (2.2-9)

where A1 - Ap, + As1 . According to assumption (9), the mixing section area

distribution in the flow direction is assumed always to be such that the

static pressure along the wall is constant; as a consequence, JFx = 0 in

Eqs. (2.2-7) to (2.2-9). Hence with assumption (2), Eq. (2.2-7) simplifies

to
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V 2 A + V2 A V2 (2.2-10)
"PV1 P 1  VsA1 As1  D V2 2A2 H-

With assumption (9), PPI = Psl P M2 Eq. (2.2-10) can be expressed in the

more convenient form

yM + AM M 2 (2.2-1I)
pM I •- s1 AP, hi MM2

For steady flow, the energy equation is

Ot- t =cs (h + - + gzIQV " dA (2.2-12)

As a consequence of assumptions (6,7,8), the energy equation can be simpli-

fied to

(h )pV * dA = 0 (2.2-13)

2
where ho = h + T For the piecewise uniform and uniform flows at

Sections (1) and (2), respectively, the energy equation becomes

wphP 0 + wshs 0  wMhv . (2.2-14)

Using ho = C To and p = Ws/W , Eq. (2.2-14) can be combined with

Eq. (2.2-3) and the result rewritten as

T __FC~) (C) T
____ CP ) + Ps so (2.2-15)

TP L'wf L P7 TP-j
The relationships between the stagnation and static pressures for the

primary and secondary flows are determined in the following way.

According to assumption (10), the flows between the primary and secondary

stagnation states and Section (1) are assumed to be isentropic. Thus,

with Ps = PPI, the primary-to-secondary stagnation pressure ratio is

given by
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PP o f (y 0M S

so 2 P PI

where the isentropic pressure ratio function f2 (y,M) is defined by

P_=1 2 - V~ ( Y -I) =5 + M:- f (GM) . (2.2-17)PO _ 2 2•

The static pressure, P~ , at the entrance to the diffuser can be expressed,

according to assumption (9), in terms of the secondary stagnation pressure,

Pso by

P ,12 P S

S - f2 ('-s,VMS1 (2.2-18)

The preceding eauatiuns are the basis for determining the operating

characteristics of the constant-pressure mixing section. However, before

these characteristics can be determined, the properties of the mixed gas

at Section 2 must be determined and an overall approach to defining and

presenting the mixing-tube characteristics must be adopted.

A mixed perfect gas is assumed to exist at Section 2 as a consequence

of the mixing of the primary and secondary gases within the mixing section.

The properties of the mixed gas are determined by applying Dalton's law of

partial pressures to a hypothietical mixing process at constant volume of

the respective mass fractinns of the primary and secondary perfect gases.

From this analysis, the properties of the mixed gas can be expressed by

the following relationships in terms of the secondary-to-primary mass

flowrate ratio, ýi, and the primary and secondary gas properties.

The ratio of specific heats at constant pressure of the primary and

mixed gases is
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( P P _ (2.2-19)

In Eq. (2.2-19), the ratio of specific heats at constant pressure for the

secondary and primary gases can be expressed alternatively in terms of

other gas properties by

(C') - Y S (• -l) Mw- (2.2-20)

The ratio of molecular weights of the primary and mixed gases is

given by

MW NI (l+1) 
(2.2-21)Mwp f I + MwPT

The ratio of the specific heat at constant pressure to the specific

heat at constant volume for the mixed gas is

'Mw, -'

+ {I+ 1w-}
1 I - {P I -1) (2.2-22)
Yr'I ~~y TP S VTT MwP

Equations (2.2-19) to (2.2-22) define the mixed gas properties com-

pletely in terms of the properties of the primary and secondary gases and

the mass flowrate ratio, w. Thus, any calculational approach is greatly

simplified and more straightforward if p is assumed to be known, at least

parametrically, at the outset. This approach will now be discussed.

There is considerable latitude in determining and presenting the

operating characteristics of an ejector. Since the ejector characteristics
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are, of course, unique, the preference of one approach or set of vari-

ables over another is one of convenience. The basic approach adopted

herein is to specify parametrically the secondary-to-primary mass flow-

rate ratio, i., and then to determine the corresponding values of the

ejector driving stagnation pressure ratio, PPO/Pso, and the overall

ejector compression ratio, P 3 /P Since the operating characteristics13 so

of an ejector system can be represented by a three-dimensional surface

[1],' the foregoing approach simply represents the intersection of this

ejector operating surface in , Pso- 9 space with planes of

constant.tt

At the outset, the following data are assumed to be known:

M MW s T AN 1
'YS 'ý YP ' , • -t ') -- T P O " A M P I >

L P0 TP

The specification of A•t•/Apl instead of As /AP1 is a convenience for

later comparisons between constant-pressure and constant-area ejectors.

Utilizing the foregoing data and a parametric value of w, the mixed gas

properties

can be determined from Eqs. (2.2-19),(2.2-21), and (2.2-22), respectively.

Tne mixed-to-primary stagnation temperature ratio, TP /T PO, can then be

t Numbers in brackets refer to entries in REFERENCES.
ttUnfortunately, the constant-pressure ejector model is incapable of deal-

ing with this reality of ejector operation. This point will be con-
sidered in detail in Section 2.3 wherein the constant-area ejector is
analyzed. Note that this selection of variables is somewhat different
than those used in Section 2.1.
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determined from Eq. (2.2-15). Using these data, the solution value of

M.is determined frori Eq. (2.2-6) by solving

f1 (Y , 0 (+1) f1 (I ,M PI . (2.2-23)A Tw/

MI

= - MTPO]

The solution value for MM (supersonic root) is

IL I +M VfI (Y Mp)

"M"2 : Y+ (Y-/ (2,2-24)

The next steps in the solution procedure are to determine Asl /Ap1 and

Ms1 < 1. To do this, Eqs. (2.2-5) and (2.2-11) are combined to eliminate

tne unknown area ratio, As5 /Ap1 , from the resulting equation. The result-

ing relationship to be solved for Ms1 < 1 is
fl (ys 's ) u.f 1 (y, MP ) '

f S MSi) P P - C (2.2-25)

Y SM 2 A~i w T 7 1/2  2

L Mr' -YP M I LMwP Tso

where a finite value with C2 > 0 is required for a meaningful solution.

The solution value for M.1 is

s1 1 + (2C -l)_ 1YS (2.2-26)

After determining Ms1 < 1 from Eq. (2.2-26), the area ratio can then be

found by rearranging Eq. (2.2-11)

-A -Ž1 M 2  NMA _ AP I (2.2-27)
AP1 Y000
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The flow through the mixing section is determined by the preceding

computational sequence and is characterized by the variables [MS19,A s/Ap1 ,

My ]. A constant-pressure solution will exist only if

A2 F b21 ( (M-M (2.2-28)

AP 1 - 2- . 1

where

,. / . M P O . (2.2-29)

L P rz-oJ

If a solution exists, the mixing-section pressure ratios, PPO/Ps 0 and

P 1V/Pso, can then be determined from Eqs. (2.2-16) and (2.2-17),

respectively.

To complete the analysis of the constant-pressure ejector, a dif-

fuser must be specified that will diffuse the flow at Section 2 to

ambient conditions at the diffuser exit. The simple diffuser model used

in this study will be discussed briefly in the next section.

2.2.1.2 Constant-area supersonic diffuser

Supersonic flow entering 3 constant-area duct is recom-

pressed within the duct by an extended series of shock waves resulting

from shock wave-boundary layer interactions. The pressure level to which

the flow is recompressed depends on the entering supersonic Mach number

and the length-to-diameter ratio of the diffuser duct. Experimental

studies have established for various duct cross-sectional area geometries

the minimum length-to-diameter ratio of the duct required for the

extended shock structure. These data and an empirical correlation based

on these data are shown in Fig. 2.2-3; these results are taken from [2].
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Figure 2.2-3 Empirical correlation for length-to-diameter ratio of
constant-area supersonic diffusers (from Reference [2])
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Thus, for a duct of sufficient length, the recompression shock

system is complete. The pressure rise across this shock system is

usually expressed in terms of the pressure rise that would exist across

a corresponding normal shock wave of negligible thickness occurring at

the duct entrance supersonic Mach number. For the constant-area dif-

fuser of Fig. 2.2-4, the static pressure rise across the duct is

expressed by

P r df5 (YUI ,MA1 (2.2-30)

where r dis an empirical pressure rise coefficient and -15 (Y MM r2) is the

normal shock static pressure ratio function. This function is defined by

f (YM) 2 ~M 2 ('y . (2.2-31)

The empirical coefficient, rd , accounts for possible incompleteness

in the shock recompression system, losses in the diffuser system, etc.

For system calculations, the functional behavior of this coefficient

must be determined from experiments. Another approach is to vary para-

metrically the value of rd to assess the influence of diffuser perform-

ance on ejector system operation. As a consequence, the value of r d is

left as an input value to the computer program for estimating constant-

pressure ejector performance.t

t Values of r in the range, 0.75 < rý < 1.25, are commonly used for para-
metric studies.
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Figure 2.2-4 Constant-area supersonic diffuser notation
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2.2.1.3 Overall ejector analysis

The operatirg characteristics of the constant-pressure

mixing section can be determined as outlined in Section 2.2.1.1. For

given values of
[Ys)YP' MWs / Mw , Ts 0/ TP , / AP , MP I >1]

and a parametric value of W, the values of

EMW , MS 1,As 1/Ap I ]

can be determined, Utilizing these values, the mixing section pressure

ratios

[PPo I/P SO 'PL,2 /Po S]

can then be found.

For a given value of the diffuser pressure-rise coefficient, the

diffuser static-pressure rise ratio, P , /PW, can then be determined. The

overall ejector compression ratio is determined from

P W• P M,2 P,•

p• (2.2-32)Pso Pso PN%

where Pu /Pso and P, /P,2 are From Eqs. (2.2-18) and (2.2-30),

respectively.

The operation of the constant-pressure ejector is then established

in terms of the variables [w,PPo/PsoIiPs/p ].

2.2.2 Constant-pressure ejector computer program (CPE)

A computer program was written, based on the analysis of

Section 2.2.1, to determine the operating characteristics of constant-

pressure ejectors. A complete listing of this program is given in

Appendix 6.1.
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The input variables, their symbols, and their default values are sum-

marized in Table 2.2-1. The output variables and symbols are summarized

in Table 2.2-2.

Table 2.2-1

Input variables for program CPE

Variable Symbol Default value

YS GS 1.405

yp GP 1.405

Mws / MwP MWSP 1.0

Ts /Tp TSOPO 1.0

A= /AP I AM2P1 ---

MP MPl --- (>1.0)

rd RD 1.0

P=ws /wp WSPI ---

--- CASE "NEW"

Table 2.2-2

Output variables for program CPE

Variable Symbol

'YM GM

MwM/MwP MWMP

--- NCASE

% MM2

Ms i MS1

AsI/Ap, ASlPl

PPo/Pso PPOSO

PN /P so PM3SO
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2.2.3 Representative results

To demonstrate typical operating characteristics of a

constant-pressure ejector, the ejector configuration summarized in

Table 2.2-3 was selected.

Table 2.2-3

Representative constant-pressure ejector configuration

Variable Value

Ys 1.4

yp 1.4

MW/Mws 1.0

Ts0 /TP0  1.0

Amv/Apl1 3.0,4.0

4.0

rd 1.0

Varied

The operating characteristics of this ejector system are summarized

in Fig. 2.2-5. From this figure, it is clear that the constant-pressure

ejector solution exists for each area ratio over only a relatively small

range of mass flowrate ratios. Corresponding to this range, the value of

varies throughout its possible range, 0 < Ms 1 < . The compression

ratio for this ejector is highest for relatively small values of MsI;

this is the reason that M 0.20 is often chosen in discussions of theSl

theoretical performance of this type of ejector. In the neighborhood of

small values of M31 v ,it is seen that As /A 1 varies significantly.
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Figure 2.2-5 Representative characteristics for a constant-

pressure ejector
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This constant-pressure ejector configuration was chosen for compar-

ison with a constant-area ejector with a similar configuration,

Section 2.3.3.

A comparison of the compression pressure ratio characteristics of the

constant-pressure ejector (Fig. 2.2-5) and constant-area ejectors

(Figs. 2. 3-4b,d) with the same values of AM /AP and MP1 , shows that

both ejectors nave approximately the same maximum compression pressure

ratios. However, the constant-area ejector is seen to have a much broader

range of possible solutions.

Due to the large number or variables involved, no attempt was made

to present herein a comprehensive parametric study of the constant-

pressure ejector or expected trends as a consequence of variations in

these variables. Rather, it is recommnended that the computer program be

used to make these studies only after a baseline configuration has been

establ ished.

2.3 CON,'OANT-AREA EJECTOR

A schematic of a constant-area ejector is shown in Fig. 2.3-1. The

ejector consists of a constant-area mixing section wherein the primary

and secondary flows inte-ict and mix to form a uniform mixed flow at the

ejector exit. The constant-area ejector has two distinct operating

regimes which are identified according to whether the mass flowrate char-

acteristics of the ejector are dependent or independent of the back-

pressure level imposed at the ejector exit. In the literature [3,4], the

back-pressure dependent regime is referred to as the "mixed" regime and

the back-pressure independent regime as the "supersonic" and
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Figure 2.3-1 Constant-area ejector configuration
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saturated-supersonic" regimes. While these designations are somewha.,

miisnomers, they do, however, describe the operating regimes of an ejector

in analogy to a conventional converging-diverging nozzle [l].

The performance of an ejector system can only be analyzed by estab-

lishing both the conditions for these flow regimes to exist and the

conditions for transition between these regimes. The transition condi-

tions between the "mixed" and "supersonlic" or "saturated-supersonic"

regimes are referred to as the "break-off" conditions.

The "supersonic" regime of an ejector is the result of the nearly

inviscid interaction between the primary and secondary streams downstream

of their confluence, Section 1, Fig. 2.3-1. The static pressures at the

confluence of the flows must be such that the supersonic primary flow

expands and interacts with the subsonic secondary flow causing it to

reach sonic flow conditions at the aerodynamically formed minimum

seconoiary flow area. As a consequence of this secondary flow choking

phenomenon, the secondary mass flowrate is determined independent of back-

pressure conditions. While the ejector mass flowrate characteristics are

independent of the back-pressure level, the complex shock, mixing, and

interaction flow structure that governs the pressure recovery is depend-

ent on the back-pressure level.

The "saturated-supersonic" regime is a limiting case of the "super-

sonic" regime. The ejector conditions are such that the secondary flow

reaches sonic flow conditions at the geometric minimum area at the conflu-

ence of the primary and secondary flows (Section 1). Again, the mass

flowrate characteristics of the ejector are independent of the back-

I pressure conditions while the recompression flow process is not.
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The "mixed" regime includes all ejector operating conditions for which

the secondary mass flowrate is dependent on the back-pressure level. This

dependency is the result of the secondary flow not attaining sonic flow

conditions at either the confluence of the streams or within the downstream

interaction region. Consequently, both the secondary mass flowrate and the

ejector recompression process are dependent on the back-pressure level.

The criteria for determining the "break-off" conditions are derived

from the requirement that a continuous transition between the "supersonic"

or "saturated-supersonic" regimes and the "mixed" regime must exist.

These criteria and the determination of the "break-off" conditions are

important factors in analyzing and understanding ejector operation.

The constant-area ejector has been analyzed by a detailed interaction

model [1,5] which has been generalized to include variable-area mixing

section ejectors [6]. While the operational characteristics predicted

with this model are in good agreement with experiment, the computational

time requirements and complexities eliminate this technique as an effec-

tive method for making broad-band parametric studies of ejector operation.

As a consequence, the study herein is restricted to the constant-area

ejector which exhibits all of the operational characteristics of more com-

plex aeometries but yet can still be analyzed by simplified one-

dimensional methods. The one-dimensional analysis provides results tnat

are generally in good agreement with experiment except at small secondary

flowrates when Psi< Pp., The reason for this breakdown in the flow

model is well-known [1,5]; essentially, the reason is that the flowfield

shifts from being one-dimensional in nature to a flowfield that is two-

dimensional in nature. This change in flowfield character is the direct
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result of the expanding supersonic primary flow interacting with the mix-

ing-section wall. Thus, the one-dimensional analysis would be expected

to yield poor results for this flow regime. This deficiency in the flow

model should not cause significant problems as long as there is an aware-

ness of the existence and causes of the problem.

The components of the constant-area ejector model, their analyses,

and the computational approach will now be discussed.

2.3.1 Constant-area ejector analysis

The ejector flow model consists of essentially two components.

One component is the overall analysis of the constant-area mixing section,

Sections I to 3. The other component is the analysis of the nearly

inviscid interaction region just downstream of the confluence of the pri-

mary and secondary flows. These components are incorporated into an

analysis from which the "break-off" conditions, the mass flowrate char-

acteristics, and the compression characteristics can be determined.

This analysis is based on the work of Fabri, et al., [3,4].

2.3.1.1 One-dimensional overall mixing-section analysis

The control volume used in the overall mixing section

analysis is shown in Fig. 2.3-2. The piecewise uniform primary and

secondary flows at Section I are assumed to interact and to mix within

the mixing section to form a uniform mixed flow at Section 3. As a con-

sequence of the existence of the "mixed" and "supersonic" or "saturated-

supersonic" regimes, the application of the conservation relations to

this control volume does not, in general, result in a unique solution for

the flow in the mixing section. As a consequence, additional conditions

must be imposed to find a unique solution for the "supersonic" and
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*If "choking" exists

Figure 2.3-2 Constant-area mixing section control volume

1014



"lsaturated-supersonic" regimes since tie secondary mass flowrate charac-

teristics are independent of the back-pressure level at Section 3 for

these regimes. The additional conditions required for a unique solution

are provided by the secondary flow choking phenomenon which is the result

of the interaction of the primary and secondary flows downstream of their

confluence. No additional conditions are required for the "mixed" regime

other than satisfying the boundary condition at the ejector exit plane

that the exit-plane pressure is equal to the ambient pressure level.

The transition between these regimes defines the "break-off" conditions,

i.e., the conditions for which a unique solution can be found that

simultaneously satisfies the "supersonic" or "saturated-supersonic"

regimes and the "mixed" regime.

The analysis of the overall mixing section is based on the applica-

tion of the conservation equations and the following assumptions to the

control volume of Fig. 2.3-2. The assumptions are:

(1) Steady flow, a()=0.

(2) Piecewise uniform flows at Section 1 and uniform flow at

Section 3.

(3) The primary and secondary gases obey the perfect gas

relationships.

(4) The primary and secondary streams mix ideally to form a

mixed stream at Section 3.

(5) Negligible shear stresses at the wall.

(6) Adiabatic flow between Sections 1 and 3.

(7) No shaft or shear work between Sections I and 3.
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(8) A negligible change in potential energy due to variations

in elevation in the mixing section.

(9) The primary and secondary flows are assumed to be isen-

tropic from their respective stagnation states to the

states at Section 1.

The continuity equation is

SpV 
dA = 0 

(2.3-1)

and with assumption (2) becomes

0 ? V P1 A P1 + P Vs A S1 = PN V1 A• N (2.3-2)

In terms of the mass flowrates, w = pAY, the continuity equation is

ws + wp = wM - (2.3-3)

The mass flowrate, w. is expressed in terms of the mass flow function by

w R , T 0  M{l +[ Y Y- fI(Y'M) (2.3-4)

Introducing the secondary-to-primary mass flowrate ratio, w w s/wp, and

Eq. (2.3-4) into Eq. (2.3-3) results in an expression for the static

pressure ratio P• /PP1 ' The result is

P"~~~ ýP T'-{ •iý fl (YP ,MPIV,)

f1 (yT-1J-(l+W) (2.3-5)

In terms of the mass flow function, the mass flowrate ratio, W, is

Psi ,A s I Ws TPO- 1!2 fI (YS 'Ms )T p1  ~ o S (2.3-6)

The static pressure ratio, Ps1 /Pp,, can be expressed from Eq. (2.3-6) as
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Ps Ap -Mw Tso- 1/2f ( 'l)Ps AI L 'S O 1/ I 1  (2.3-7)PP 1 AS WSf Y MS

The momentum equation in the flow direction is

+ZF F : Vx(,V'dA\ (2.3-8)

With the foregoing assumptions, the momentum equation becomes

PAP• + P A - PrAta = p A V2  (p A V2  + P A 2

S1 A 3 " PPI PI s isis1

(2.3-9)

Equation (2.3-9) can be expressed in a more convenient form by

P I A S- ý,+ ,sM 21j , l+Y PMý J} PLl W +Y frý (2.3-10)
PPs I As, S i P

Equations (2.3-5). (2.3-7), and (2.3-10) can be combined and

rearranged into a form that is particularly convenient for computation;

the result is 7MP T 1/ 2

f (YP'Mpi) + f 3 (Ys'Ms)- s (o2.3-11)
f3 (v[S P (2.3- l )

TP 0i

where the function f3 (y,M) is defined as

f (y,M) = (+yM2) (2.3-12)

M[Y{ + L-M2]

The relationship, f3 (y,M) = constant, can be solved for the Mach number,

M, as

1/2

-(2.3-13)

M 2-2 --2 r7(Y-1) 3 TýýT
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The energy equation is

-9-'s c h + Tý + gZj(pV-dA) (.-4
Ot DW 2 (2.3-14)

With simplifying assumptions (6,7,8), the energy equation becomes

h h(pV dA) = 0 (2.3-15)

where ho = h + V2 /2. For the overall mixing section control volume, the

energy equation becomes

wphP0 + wshso = wmhm . (2.3-16)

The continuity and energy equations can be combined along with ho 0  CPTo

and w = ws/wP to develop an expression for the mixed-to-primary stagnation

temperature ratio. The result is

T V 1 FCP ) P1 + (CGP) 5  T so (2.3-17)
P0 L+0I ( o

The secondary-to-primary stagnation pressure ratio can be expressed

by

PSO PSI (PPI/PP0 ) (2.3-18)
P PO -1 0 (P s1/PSO)

where the pressure ratios P 1 /Ppo and Ps /Pso are by assumption (9)

determined for isentropic flow. For isentropic flow, the pressure ratio

function is defined by

P rYM Y-i M2
F-(y,M) = L + -Mf2 (y,M) . (2.3-19)
0 F

Thus, Eq. (2.3-18) becomes
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P so Ps 1 f 2 (YP 'Mp I)
Psa = f 2 (ysM s) b (2.3-20)

P 0 P1 2 S S1

In the preceding equations, the gas properties of the mixed flow at

Section 3 must be known. These properties are determined for the mixed

gas by applying Dalton's law of partial pressures to a hypothetical mix-

ing process at constant volume for the respective mass fractions of the

primary and secondary perfect gases. The mixed gas properties are

expressed in terms of the secondary-to-primary mass flowrate ratio and

the primary and secondary gas properties by

(C )+)S: " 0+1C)s (2.3-21)

MwM 1+ 
(2.3-22)

•+ I

and

Mw-1

s{l-Y ) Mw (2.3-23)

{l+ P - -1Y~

The ratio of specific heats at constant pressure can be expressed in terms

of other properties by

(CP)s Y. (YP-l) Mw (2.3-24)

• -Y S".1019
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Equations (2.3-21) to (2.3-24) define the mixed gas properties completely

in terms of the properties of the primary and secondary gases and the

mass flowrate ratio, w.

The computational procedure adopted herein will now be discussed.

At the outset, the following data are assumed to be known

FY MW S T so A N

sv TP ' MwP TPO ' AP I]

If the primary nozzle base area is assumed to be negligible, the constant-

area mixing section requirement is

A - A 
(2.3-25)

P1 ýAP1

Using these data and a parametric value of W, the mixed gas properties at

Section 3 can be determined from Eqs. (2.3-21) to (2.3-23); the results

are

L CP) 7  Mw-P

The mixed-to-primary flow stagnation temperature ratio, TM /TPO, can then

be found from Eq. (2.3-17)

An examination of Eqs. (2.3-5), (2.3-7), and (2.3-11)'shows that the

following variables are still to be determined; they are

< -- P , M• W

Thus, this set of equations must be supplemented, as discussed in the

foregoing sections, with an additional relationship before unique ejector

solutions can be determined. The needed relationship is between the
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variables Ms, and Ps /PpI for a parametric value of n. The form of this

relationship, as will be discussed in the following sections, is deter-

mined by the operating regime.

Thus, with the aforementioned input data, a parametric value of u,

and a presumed relationship between (MSI, Ps1 /P, 1 ), all values at

Section 3 can be determined by the foregoing analysis.

The subroutine, CAEOCV(...), has been written, based on the fore-

going analysis for the overall control volume, to carry out the computa-

tions as just described. The subroutine has the form

CAEOCV (GP, MPl, GS, MSl, MWSP, TSOPO, PSIPI, APlM3, NERROR,
MM3, PPO•S, PM3SO, PMOSO).

For input values of (GP, MPI, GS, MSl, MWSP, TSOPO, PSIPi, APIM3), the

subroutine either returns a set of solution values for (MM3, PM3SO,

PM3Sl, PPOSO, PMOSO) or a no-solution error indicator NERROR.

A listing of this subroutine is included in Appendix 6.2.

2.3.1.2 Ejector flow regimes and their criteria

The relationship between the static pressures, Psi and

P' determines the operating regime of an ejector.

If PSI > P P1 , the ejector operates in either the "saturated-

supersonic" or the "mixed" regime because (1) the minimum secondary flow

area is equal to the geometric secondary flow area at Section 1, and (2)

the secondary flow is subsonic upstream of Section 1 thus limiting M.,

to the range, 0 < Ms < 1. For the "saturated-supersonic" regime, the

secondary flow is sonic at Section 1, MS1 = 1, and the secondary mass

flowrate is determined solely by the upstream conditions. For the "mixed"
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regime, the secondary flow at Section 1 is subsonic, Ms1  1 1, and the

secondary mass flowrate is dependent on both the upstream and downstream

conditions.

If PSI P,1 the ejector operates in either the "supersonic" or

the "mixed" regime. In both regimes, the primary flow expands and inter-

acts with the secondary flow to form a minimum secondary flow area, i.e.,

an "aerodynamic" throat, in the primary-secondary interaction region,

Section 2, Figs. 2.3-2, 2.3-3. Since the secondary flow is subsonic

upstream of this minimum-area location, specifically MsI < 1, the

secondary flow Mach number at the minimum-area location is limited to

MS2 -< 1. For the "supersonic" regime, the secondary flow is sonic at the

minimum-area location, MS2 = 1, and the secondary mass flowrate is deter-

mined solely by the conditions at and upstream of the minimum-area

locction. For the "mixed" regime, the secondary flow is subsonic at the

minimum-area location, MS2 < 1, and the secondary mass flowrate is

dependent on both the conditions upstream and downstream of the minimum-

area location.

The determination of the break-off conditions for transition from

one operating regime to another is an important consideration in the

analysis of an ejector system. The possible transitions are between:

(1) The "saturatea-supersonic" and "supersonic" regimes,

(2) The "saturated-supersonic" and "mixed" regimes, and

(3) The "supersonic" and "mixed" regimes.

The criteria for determining each transition are based on the relationship

between the pressures, P s and PPI , and the Mach number at the minimum

flow area, either Section 1 or 2 as the case may be. If the Mach number
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Figure 2.3-3 Control volume for Fabri "choking" analysis
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at the minimum flow area is unity, the ejector operates in either the

"saturated-supersonic" or the "supersonic" regime; while if this Mach

number is less than unity, the ejector operates in the "mixed" regime.

The break-off conditions for transition between the various regimes

must satisfy the following conditions. They are:

(1) For the juncture of the "saturated-supersonic" and

"supersonic" regimes: (MsI)BO = 1 and (Ps1 /P )sBO :

(2) For the "saturated-supersonic" and "mixed" regimes:

(Ms1 )BO ý 1 and (Ps1/PP1)Bo >_ l;and

(3) For the "supersonic" and "mixed" regimes: (Msl)Bo < 1,

SPsi/PPdBo <_ l, and (MS 2 ) BO

For case (3), the transition requirements are special since the value of

(Ms1 )sO < 1 must be determined based on the requirements that

(Ps1 /P Pdo < 1 and (Ms2 )Bo = 1. The flow model and analysis due to

Fabri, et al. [3,4], for analyzing the "supersonic" regime will now be

discussed.

The control volume for this analysis extends between Sections 1 and

2, Fig. 2.3-3. In addition to the assumptions listed in Section 2.3.1.1,

the following additional assumptions are made:

(1) The streams remain distinct and do not mix between

Sections 1 and 2.

(2) The flow is isentropic for each stream between

Sections 1 and 2.

(3) The average pressures of the streams can be different at

each cross-section.
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(4) The Mach number of the secondary flow at Section 2 is

MS2  * I.

(5) The static pressures at the mixing tube inlet are such

that Pe1 P>sl"

For an assumed value of Ms,, and since MS2 = 1, the secondary flow

area at Section 2 can be expressed in terms of the secondary flow area at

Section 1 by the isentropic area-ratio function

A s A (Y ) MI 7 (Ys, 
(2.3-26)As-2 A* S (s'M 4 MS

where

A M-I [ 21 { -1 M2 '( y+1)'2(Y'i)

S(y,M) = M• (1 2 (2.3-27)

The primary flow Mach number Mp2 is determined from the available flow

area at Section 2 and the assumption of isentropic flow between

Sections 1 and 2. Since A = (A8 1A,) (As2 +A2 ) = constant, the isen-

tropic area-ratio function to be solved for Mp is

1 (1-A;, /Aw

A -(AS/As2) A
A (Yp'MP 2 ) f4 (YP'MP 2 ) / • (yp,Mp1 ) (2.3-28)

where f 4 (YP'M 2 ) >2 1 is necessary and the supersonic branch of the A/A*

function is used.

The momentum equation for this flow and the control volume shown in

Fig. 2.3-3 is

Ps As1 (l+Y5 1 ) + PIApI (1+-YM& ) : Ps2 As2 (l+ys) + PP2 Ap2 (l+y 14r 2 )

(2.3-29)
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This expression can be rearranged into a more convenient form to determine

PSI/PPI ; the relationship is

F P 2 /P~O) (AP2 /A) /PM21 2 2

Ps S 1  (P P /P P0 ) PA~ / IP~' 2 ] P-A/~i _____ 1 (2.3-30)
PP1 (P A _________M2 P

1 S2' /PSO (1 Y s
iA + S, (P /P) (As,/A

L
In Eq. (2.3-30), the functions (PP2 /P PO, P 1 /PP 0O, PS2 1/Ps, Psl/Pso) and

(ApI/A?, AP2 /A1, Asl/A* ) are determined from the isentropic pressure-ratio

and area-ratio functions, Eqs. (2.3-19) and (2.3-27), respectively.

Thus, for the "supersonic" regime, a value of Psi/PP1 can be deter-

mined for an assumed value of M., and given values of (ys' ,'P' ,ý1'

Api/Ar, .). This then proviaes the necessary additional relationship between

the variables to determine the "supersonic" ejector operating characteris-

tics and the transition between the "supersonic" and "mixed" regimes.

A computer subroutine, CAEFC(...), has been written based on the

foregoing analysis of the Fabri criterion for "choking" in a constant-area

ejector. This subroutine has the form

CAEFC(GP, MPl, GS, MSI, APlM3, PSIPl, NERROR, NTYPE)

where for input values of (GP, MPl>l, GS, MS1l<, APlM3) the subroutine

will return a value of PSlPl and a value of the iteration control vari-

able NTYPE or an error indicator NERROR.

A listing of this tubroutine is included in Appendix 6.2.

Assume for the moment that the break-off values are known for each

of the three transition cases; then with the analysis of Section 2.3.1.1,

the break-off values at Section 3, i.e., {(M. )BO, (Ph13/PP 1),3, etc.)} can
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be determined for each case. Thus, ranges of these variables can be

determined for operation within the various ejector operating regimes.

For the actual operation of an ejector, the operating regime is

determined by the relationship between the externally imposed pressure

boundary condition, P ATM' at Section 3 and the break-off values. The

usual operation of an ejector is with M < 1 and thus P h : PATh

required. Consequently, the ejector opcrating regime is determined by

the relationship between PATM and the break-off values (P W)BU'

2.3.1.3 Computational procedure

As is the case in many compressible flow problems,

it is more convenient to establish the overall operating characteristics

of the ejector rather than to determine the operating characteristics for

a specific set of conditions. This is the approach taken herein.

The operational characteristics of the constant-area ejector are

investigated and presented in terms of the variables (p, Po/Ps'0

P , P For gi,:en values of (-ys y, Mws/Mw , A 1 /A , Ts /Tpo

l,•l > 1), the mass flowrate ratio, W = constant, is specified parametric-

ally and the range and solution values of (PPO/Pso, P ./Pso) are to be

determined.

The first step in this procedure is to determine, for the parametric

value of p. whether the ejector would operate in the "saturated-

supersonic" or "supersonic" regime for a very low back pressure. This

determination is made in the following way. At the juncture between the

"saturated-supersonic" and "supersonic" regimes, (M s)1  = 1 and

t Note that this choice of variables is somewnat different than those used

in Section 2.1.
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(P S II )BO 1. For these conditions, the value of u at the juncture of

these regimes, p , is calculated from Eq. (2.3-6). If p > u, then the

ejector would operate in the "saturated-supersonic" regime and the

break-off would be between the "saturated-supersonic" and "mixed" regimes.

Howefr, if p < J, then the ejector would operate in the "supersonic"

regime and the break-off would be between the "supersonic" and "mixed"

regimes.

For the "saturated-supersonic" regime, {(M s)Bo = 1, (Ps /PP 1 ) > 1},

the corresponding break-off values of (PI /P so)BO and (P PO/P so) are

determined from the analysis presented in Section 2.3.1.1. The remainder

of the ejector operating characteristics in the "mixed" regime are deter-

mined by arbitrarily varying Ms, in th, range (MI, )m, s < M 1 and then

determining the flow conditions at Section 3 for this flow to exist. For

an assumed v.alue of Ms, in this range, the value of Psl/Pp, is determined

for %he parametric value of p from Eq. (2.3-7); the lower limit for Ms1

in this analysis is set by arbitrarily limiting Ps1/P 1 to the range

(Ps/P ) <P/P < (P/P)S1 Pi O s1 P1 Si P 1 MAX

where (PS1/PPI)MAX is the static-pressure ratio at which a normal shock

wave would stand at the nozzle exit plane, i.e.,

P, = ,M,, ) = I P1 ,M51 ) ( (2.3-31)

The values of the variables (P.3/P so PPO /Pso) for this flow to exist are

then determined according to the analysis of Section 2.3.1.1 for the

"mixed" regime.
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For the "supersonic" regime and the parametric value of 0 < <

the values of {(Ms)BO 1, (P s/P P)BO < 11 must be determined by an

iterative procedure. The procedure followed is to assume a value of

(Msl)i in the range 0 < (Msl)i < 1; from Section 2.3.1.2, a value of

(psi car be letermined. With these values of {(Ms I)i (Ps I/PP I)}

ýi, care e determined from Eq. (2.3-6). The iteration proceeds until a

value of (MsI)9 is found that satisfies the convergence requirement

PiC > 1--1 >0

1-4

where E is nominally taken as 10-. This procedure establishes the

break-off values of {(M ) , (P /Pp ),o} for the "supersonic" regime.
Si BO Si 1B

The remainder of the break-off values {(P M,/P so)o, (P P/P so)BO } for the

"supersonic" regime are determined according to the analysis of

Section 2.3.1.1

The remainder of the ejector operating characteristics in the

"mixed" regime are determined by arbitrarily varying M., in the range

(Ms1 • < M < (Ms1 DO For the assumed value of in this range,

the value of P sl/P > (P s/Ppi ) BO is determined for the parametric value

of p from Eq. (2.3-7); again, the lower limit for MsI in this analysis is

set by arbitrarily limiting Ps1 /P P to the range

Py
(Ps /P~l < Ps Pl < (Y'M)

x

For each set of values (IJ, M 1 9 P sl/PIP), the values of the variables

(P U/Pso PO /Pso) for this flow to exist are then determined a.cording

to the analysis of Section 2.3.1.1 for the "mixed" regime.
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These analyses have been incorporated into a computer program for

convenience of calculation. This program will now be briefly discussed.

2.3.2 Constant-area ejector computer program (CAE)

The constant-area ejector program, CAE( ... ), is based on

the analyses presented in the preceding sections. The program is

written in FORTRAN IV and is listed in Appendix 6.2.

The program is organized from the following constant-area ejector

(CAE ... ) and miscellaneous subroutines. They are:

(1) CAE: Main program.

(2) CAENZF( ... Non-zero flow ejector characteristics.

(3) CAEOCV( ... Overall control volume analysis for the

mixing section.

(4) CAEFC( ... Fabri criterion for "choked" flow.

(5) MSAR(...): M* = f(y, A/A*) for isentropic flow.

(6) rrER( ... Iteration control subroutine.

The input variables and their computer symbols, default values, and

input format are given in Table 2.3-1.

The output from CAE can be selected in either of two forms depending

on the value of PRINT. For the default value, PUNT = 'ALL', the

ejector break-off conditions, operating regime for low back pressure,

and operating and compression characteristics are determined for the

input values of the system variaýles and the parametric value of p, WSPI.

Then the operating characteristics are determined within the "mixed"

regime at a number of discrete points, or until the maximum value of

PSI /P P I is reached. Thust- a cut is made through the ejector operating
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Table 2.3-1

Input for program CAE

Variable Symbol Default value

YS GS 1.405

yp GP 1.405

Mws /MwP MWSP 1.0

SA1 /Ar,5 APlM3 - .. t

1 M P l . . _t

Ts0 /TP 0  TSOPO 1.0

WS /wP WSPI .. _t

--- CASE "NEW"

PRINT "ALL"

t These data values must be input for at least the first case in a series

of cases.

Notes: (1) The input format is by NAMELIST: $ICAE ... $END.

(2) See main program comments for CAE, Section 6.2.1.

surface at a value of p - constant. In this way, the overall ejector

operating characteristics can be established. These data (p, PPO/Pso,

PK /Pso)' are suitable for three-dimensional graphical presentations or

as a step in an iteration procedure to determine a specific ejector

operating point for a specified set of conditions.

For the input value, PRINT = 'BO', only the ejector break-off con-

ditions, operating regime for low back pressure, and operating and com-

pression characteristics are determined for the input values of the

system variables and the parametric value of p, WSPI.
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The output variables and their computer symbols are summarized in

Table 2.3-2.

Table 2.3-2

Output for program CAE

Variable Symbol

Ms I MS1

PS I/PP I PSIPI

W MM3

NCASE

PP o/Ps o PPOPSO

"P0 / Ps 0 PM3S0

PL/Ps 0 PMOSO

Notes: (1) The regimes are identified by: "saturated-supersonic"

regime SSR; "supersonic" regime = SR; and "mixed"

regime MR.

(2) The input variables and current values are printed for

each case,

2.3.3 Representative results

To demonstrate typical operating characteristics of a

constant-area ejector, the ejector configuration summarized in

Table 2.3-3 was selected.

The mass flowrate ratio characteristics for the back-pressure inde-

pendent regime are shown in Fig. 2.3-4(a) for MP, 4.0 and
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API /A, 0.25, 0.333 and Fig. 2.3-4(e) for Mp, 5 and Ap=IA• = 0.25.

The compression pressure ratio characteristics are given in Figs. 2.3-4

(b,c,d).

Table 2.3-3

Representative constant-area ejector
configuration

Variable Value

Ys 1.405

yp 1.405

MWs / Iw 0.5,1.0,2.0

Ts0/TP0  1.0

AP I /Aba 0.25,0.333

1ý1 4.0,5.0

w,/ws 2.0-20.0

The compression pressure ratio characteristics are a convenient aid

in understanding the operational characteristics of an ejector system.

Referring to Fig. 2.3-4(b), the lower-left to upper-right band of curves

represents the "mixed" regime and forms the break-off curve as the locus

of "break-off" points. For any given w,/w., the "mixed" regime follows

one of These curves up to the "break-off" point where the compression

curve becomes a vertical line for either the "SR" or "SSR" corresponding

to the value of wp/w, . The back-pressure independent regimes are on or

below the "break-off" curve. The "MR," "SSR," and "SR" are also shown in

the figure.
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(a) Mass flowrate characteristics

Figure 2.3-4 Constant-area ejector characteristics
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(b) Compression characteristics

Figure 2.3-4 Continued
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(c) Compression characteristics for parametric
variations in Mws /MwP

Figure 2.3-4 Continued
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(d) Compression characteristics for a variation

Figure 2.3-4 Continued
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(e) Mass flow and compression characteristics for
a variation in M.

Figure 2.3-4 Concluded
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Some of the even more simplified analyses of constant area ejectors

assume matched static pressures at the confluence of the secondary and

primary streams, i.e., P = PP1 " For the configuration analyzed in

Fig. 2.3-4(b), the portion of the operating characteristics where this is

true is indicated by the dotted band. The range is seen to be rather

limited and thus does net present a complete picture of the overall

ejector operating characteristics. As a consequence, one must conclude

that this assumption is overly restrictive and not that useful.

Figures 2.3-4(c,d,e) show the effects of variations in Mw /MW,

API/Am3 , and Mp , respectively, on the compression characteristics of

these constant-area ejectors.

2.4 STAGED CONSTANT-AREA EJECTOR SYSTEM

When an application requi,'es an ejector system to have an overall

compression-pressure ratio areater than 7-10, considerations of optimiza-

tion, operating pressure levels, mass fl',wrate ratio, etc., indicate that

a multi-staged ejector system should be used. In staged ejector systems.

each stage must pump all of the mass flow through the preceding stages

unless interstage condensation is used. If interstage condensation is

not practical, the size and total primary mass flowrate requiremeiwts

effectively limit, except in very special cases, the number of ejector

stages to two. For purposes of demonstration, a two•-stage ejector system

based on the constant-area ejector will be discussed.

2.4.1 System configuration

A block diagram of a staged ejector system is shown in

Fig. 2.4-1. The overall compression ratio and mass flowrate ratio are
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of principal concern; for each stage, the primary-to-secondary pressure

ratio is also cf interest. These system characteristics, referrino to

Fig. 2.4-1, can be expressed in terms of the individual stages oy the

following eouations.

(w s)I (w S/w, '2 . -17_7 + (WS /W )I w /PT_'

where (s.; )T = (w ) 4 (w)' I The overall compression ratio is
P T= P1 4 WF2'2

(ProI )2 rp IA (P °) 2 (P"rO
110 2 = so r (2.4-2)

The pressures, (P so)2 and (PW )i are related by the diffuser linking the

first-stage exit and the second-stage stagndtion chamber; for the purposes

of this example, a value of 90% of the isentropic pressure rise,

r d = 0.90, will be assumed. That is,

( S V 2 - rd -IVI (2 .4-3)

The individual saage operating pressure ratios are (P PO/Pso) and

(Po/Pso ); the second-stage pressure ratio can be e,,pressed in terms of

the first-stage pressure ratio by

( P P22 P r P Vj 1 I .- ( 2 .4 -4 )

The next step in the process is to select the operating points of

the ejector stages. Loth [7,8] has discussed optimization of staged

ejector systems; a relative optimum can be achieved by operating each

stage at the same compression ratio and at its break-off point for the

given compression ratio. With this stipulation, the individual-stage

compression ratio, from Eqs. (2.4-2) and (2.4-3),
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D1 = - 2kr• ',2, -s (2.4-5)
Pso 1, 2 r M'O3

For this t.xample, the specifications for each stage are identical in

non-dimensional form. These specifications are summarized in Table 2.4-1;

also, note that an overall compression ratio of 7.6 was assumed for this

system.

Table 2.4-1

Ejnctor specifications

Variable f Value

S)1, 2 1.405

(Y ), ,2 1.405

(MWS /Mw)I ,2 1.0

(Tso/T 'I 1.0
S P 0 1,2

(API/AL )I1,2 0.25

(PLIM ) 2/ (Pso) 7.6

(MP )124.0

Using program CAE, the individual stage compression ratio is found

from Eq. (2.4-5) to be approximately

=2.68;

the remainder of the operating characteristics for the staged ejector are

given in Table 2.4-2.

Thus, a comparison of the values in Table 2.4-2 shows that some

gains can be made by staging. The two-stage ejector in the above example

requires approximately 39% less primary mass flow and about 16% less
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maximum primary pressure. However, in a broader view these gains might

not be significant when consideration is given to the additional hardware

required. Also, a more nearly optimum ringle-stage ejector could, in all

probability, be found for this application.

Table 2.4-2

Single and staged ejector performance comparison

Variable Value

(1) Two-staged ejector

(ws/wp) 1, 2  0.47

(PI /Pso), 2  2.67

MW 0.497

(P0 /Pso) 1 2  68

(Po)2 (Ps ), 194

(P /)21(P)so 7.6

(w8 ) /(wP)T 0.114

(2) Single-stage ejector

(w. /wP) 0.082

(P!/Ps) ~ 7.6

0.43

(PPO/Pso) 231

The result of this simple example indicates the need for further and

broader parametric studies of the two-stage versus one-stage ejector

system.
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3.0 EXPERIMENTAL INVESTIGATION

A series of cold-flow, air-to-air experiments has been conducted

with small scale axisymmetric ejectors. The configurations investigated

ci lude:

(1) constant-area ejectors,

(2) variable-area ejectors, and

(3) slotted-nozzle ejectors.

The experiments provide a data base for comparison with the theory

developed in the preceding section and they also provide information on

the details of the ejector flowfields which cannot be predicted with the

simplified models.

Descriptions of the experimental apparatus and procedure and dis-

cussions of the results are contained in the following sections.

3.1 COLD-FLOW, AIR-TO-AIR, EJECTOR EXPERIMENTS

3.1.1 Experimental apparatus and procedure

The small-scale ejector apparatus is illustrated in

Figs. 3.J-I through 3.1-6. Figure 3.1-1 is a photograph of the continu-

ous floi., facility with the axisymmetric ejector and seconday, mass flow

measurement section installed. Also visible are the test stands, con-

trol panel, and manometer bank. A second photograph of the axisymmetric

ejector is presented in Fig. 3.1-2 with the three mixing tubes used in

the experimental investigation. An additional schematic view of the

axisymmetric ejector design is given in Fig. 3.1-3.

The cold-flow, small-scale experiments were conducted with each of

the interchangeable, primary nozzles (M = 2 conical nozzle, M = 2.5

1045 PREVIOUS PAGE
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A

Figure 3.1-2 Axisymmetric ejector with (left to right) variable-area
mixing tube with diffuser; 1.245 in. I.D. constant-area
mixing tube installed; and 0.995 in. I.D. constant-area
mixing tube
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P M3 Mixing tube> ' (interchangeable)

Static
pressure
wall taps

- Primary nozzle
Pso - (interchangeable)

~TsO
-Secondary
flow PPo

Primary flow

Figure 3.1-3 Schematic of axisymmetric ejector configuration
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0.715" diam 0.715" diam

0.020"~

0 " 12 Slots:
'00 equally-

spaced,

2.500" 0.020" wide
I X 2.190" long

._, Nozzle
ID exit

plane

(a) Basic conical nozzle. (b) Slotted extension
for nozzle.

Nozzle Mp1  D* in.

1 2.0 0.550

2 2.5 0.440

3* 2.5 0.440

* Slotted nozzle

(c) Nozzle specifications.

Figure 3.1-4 Schematics and specifications of ejector
primary nozzles
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r -----
I' -~ -I\ \

L.. l. ... L_L_

Constant-area -- D Constant-area
section section DL .

6° converging 2.698"
section

1 1.250"

(b) Constant-area mixing
(a) Variable-area mixing section.

section.

1.939"

Mixing D in. L in.
tube 50

1 0.995 12.500

2 1.245 13.000 5.382"

3* 0.995 12.882

*With 60 converging section

0.995"

(c) Mixing section specifications. (d) Subsonic diffuser section.

Figure 3.1-5 Schematics and specifications of ejector

mixing sections
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PPSN' TPSN B

APPS PsoP(X) PM

Primary standard Tnozzle TPO • •I

Secondary standard11,nozzle

From atmosphere

AP SSN
PSSN TSSN

Figure 3.1-6 Experimental ejector set-up and notation
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conical nozzle, and M 2.5 slotted nozzle of Fig. 3.1-4) in combin3tion

with each of the interchangeable mixing tubes (1.245 inch I.D. constant-

area tube, 0.995 inch I.D. constant-area tube, and variable-area tube

of Fig. 3.1-5). The exit area of the primary nozzles was constant pro-

viding for identical area ratios AP1/AW with each mixing tube.

The variable-area mixing tube was constructed such that the entrance

diameter was equal to the diameter of the larger 1.245 inch I.D. constant-

area tube while the exit diameter was equivalent to the diameter of the

smaller 0.995 inch I.D. constant-area tube. Pressure taps were added on

a 0.5 inch spacing through the tapered section of the tube for obtaining

the wall pressure distribution. The subsonic diffuser of Fig. 3.1-5 was

added to the variable-area tube in all cases and to the 0.995 inch I.D.

tube in selected tests.

Figure 3.1-6 is a schematic of the test set-up with notation for the

ejector and the primary dnd secondary mass flow measurement sections.

Air was used for both the primary and secondary gases in each experiment

while PPO was held constant and PB P ATMi; thus, the ratio Pp/P 8 or

PPO/PATL, was constant. In addition, wp was constant for each run since

the primary flow was choked in the supersonic nozzle and PPO was

constant. The secondary stream was drawn from atmosphere; a valve in the

secondary flow line was used to change ws and Pso. Hence, ws/wp and

Pso/PPo were the variables in each experiment. Since the experiments

were performed with constant values of PAT1/ Po', the experimental results

may be thought of as intersections of the three-dimensioral operating

surfaces, Figs. 2.1-2 and 2.1-3, with planes of PATU/PPO = constant.

Examples of the resulting two-dimensional parametric curves are sketched

in Figs. 2.1-4 and 2.1-7.
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3.1.2 Experimental results

The experimental results for the M = 2 conical primary

nozzle in the 1.245 inch I.D. (AF1 /AI = 0.333) and 0.995 inch I.D.

(Apl/Ah3 = 0.516) constant-area mixir.g tubes are presented in Figs. 3.1-7

and 3.1-8. Figure 3.1-7 is a plot of ws/WP vs sO/ P. The experimental

values lie very close to the theoretical break-off curvest except at

very small values of ws/wp where, as previously discussed, the flowfield

becomes two-dimensional in nature. The compression ratio PATM/Pso is

plotted against PPO/Pso in Fig. 3.1-8. The experimental data points lie

below the theoretical brcak-off curves which simply indicates that the

ejector was operating in the PPO/P ATM independent regime.tI

Due to the somewhat ccogested nature of the theoretical PATM,!PSO

vs PPO/Pso curves, similar to those shown in Figs. 2.3-4(a-d), the

theoretical curves were not completed in the Ppo/PATNI independent region

of Fig. 3.1-8 except for ws/wp = 0.316, 0.108, 0.074, and 0.043 at

A7 /ALO = 0.330. Comparisons between the theoretical and experimental

results serve to validate the one-dimensional flow model.

Fromn Fig. 3.1-8 it would appear that the ejector was operating

closer to the theoretical break-off curve for AW/A,, = 0.330; however,

a vertical line drawn through the experimental data and the theoretical

break-off curve to determine the break-off points, indicates different

t Recall that the theoretical w./wP vs P /P curve is invariant and
identical to the break-off curve in thPP 'P P independent regime.

P 0 ATbI

"ttRefer back to Section 2.3 and Fig. 2.3-4 for a more complete presenta-

tion of the typical operating characteristics of an ejector system as
determined from the theoretical constant-area ejector model.
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7- A

Api/AM3 0.516 - Theoretical break-off
0.330 curves

Experiments
Mp1 = 2

5 Mws /Mw p 1

Tso /T po =1

YP = 7s 1.4

5.5 < PpATM / < 5.6
Q. < ws/wP =0.043

S- Symbol Api/AM3

3-• 00516
0.330

W s/Wp 0.074 Solid symbols: ws/Wp =0

sws/Wp = 0.108

S% Ws/WP = 0.316

S10 20 30 40 so 60

Ppo/Pso

Figure 3.1-8 Constant-area ejector compression characteristics
(API/Am = 0.330, 0.516 and Mp = 2.0)
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values of ws/wý for each area ratio. This fact is borne out by the data

points for ws/WP = 0 at A 1 P/A = 0.330 and 0.516; these points indicate

that the ejectors were operated significantly below the applicable break-

off curve at lower values of ws/wP.

The experimental results for the M = 2.5 conical primary nozzle in

the 1.245 inch I.D. (Api/Am3 = 0.330) and 0.995 inch I.D. (Ap 1/A, = 0.516)

constant-area mixing tubes as given in Figs. 3.1-9 and 3.1-10 follow the

same trends as for the M = 2 conical nozzle. Again, the experimental

values of ws/wp vs Pso/P. 0 are in good agreement with the one-dimensionai

flow model except at low values of w9 /w.. Since the experimental data

points for PATi/Pso vs Ppo/Pso lie below the theoretical break-off

curves, ejector operation in the PP0/PATM independent regime is indicated.

Addition of the subsonic diffuser to the 0.995 inch I.D. constant-area

tube did not alter the mass flow characteristics of Fig. 3.1-9 since the

diffuser affects only the rucompression shock structure within the ejector

iii the PPO/PATM independent regime. From Fig. 3.1-10 it is apparent that

the ejector was operating closer to the theoretical break-off curve with

the diffuser; however, the experiment with the diffuser installed was

conducted at Pp. /PATM = 5.5; whereas, the experiment without the diffuser

was performed with PPO /PATM = 6 2. The differe.nce in PPO/P AT M ' as will

be demonstrated below, sliould have been responsible for the differences

in PATM /Pso values with and witnout the subsonic diffuser.

The experimental results for the M = 2.5 slotted primary nozzle in

the 1.245 inch I.D. (API/A0 = 0.330; and 0.995 inch I.D. (A PI/A 1

0.516) constant-area mixing tubes are presented in Figs. 3.1-11 and

3.1-12. From Fig. 3.1-11 the experimental data for w S/W vs Pso/PPO
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12

0

API/AM3 =0.516 0
0.330

10-

"Theoretical break-off

curve

0
.. 6- Experiments

MiP1 = 2.5

Mws/MwP

4Tso/Tpo 1

"4 -7P = INs = 1.4

5.5 < PPO/PATM < 6.2

2 Symbol Apt/AM3

0.330
o 0.516

0.516 w/diffuser

0n. 20 40 60 so 100
PPo/Pso

Figure 1-,J ,onstant-area ejector compression characteristics
(Apl/A4 = 0.330, 0.516 and MP = 2.5)
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18 '

-. Theoretical break-off

16 curves

14

Api/AMs =0.516

0.330
12 ,

10
0 A

100

8-

Experiments
MP1 = 2.5

6- Mws/MwP =1

To = 1
'YP = 7s =1.4

5.6 < PP0/PATM < 5.7

Symbol Ap /AM 3

2 a 0.330
o 0.516 w/diffuser

0 20 40 60100 120
Ppo/PsO

Figure 3.1-12 Constant-area, slotted-nozzle ejector compression
characteristics (Ai, I/ = 0.330, 0.516 and

MP I= 2.5)
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generally follows the theoretical break-off curves. However, deviations

from the one-dimensiondl theory occur at larger values of ws/wp than for

the M = 2.5 conical nozzle of Fig. 3.1-9, which is not unexpected con-

sidering the geometry of the slotted nozzle. The compression ratio data

of Fig. 3.1-12 is quite similar to that of Fig. 3.1-10 and indicates

that the ejector was operating in the P 0 /P ATI, independent regime.

The experimental results for the M = 2 and M = 2.5 conical primary

nozzles in the variable-area mixing tubet are given in Figs. 3.1-13

through 3.1-18. The theoretical break-off curves are those for an

ejector operating under the same conditions but with a constant-area mix-

ing tube of A =/Aim = 0.516. Although the mass flow data of Fig. 3.1-13

deviates from the theoretical break-off curves, the one-dimcnsional

analysis for an area ratio based on the minimum mixing tube area provides

a fair representation of variable-area ejector performance, particularly

at higher values of wS/wP. The variation in PP0 /PATl, did not alter the

mass flow characteristics of Fig. 3.1-13 since the ejector, as shown in

Fig. 3.1-14, was always operated in the PP/P ATM1 independent regime.

Comparison of the compression ratio data of Fig. 3.1-14 shows that the

ejector operated closer to the theoretical break-off curves at the lower

values of PPO /PArM; this demonstrates the desirability of operating at

P PO/PB values that are near the break-off curve in the independent regime.

Note that the dimensionless mass flow characteristics remain unchanged

even though the primary stagnation pressure is smaller. Figure 3.1-14

tFigure 3.1-5(a) shows this mixing section. The initial entrance diameter

is 1.250 inches converging at a wall angle of 60 to a minimum mixing tube
diameter of 0.995 inches.
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16

Mp 1 2.0

2.5
14

12 ,

10

-T Theoretical break-off
curves

Experiments

Mws/MwP =1

6 Tso/Tpo = 1
O 3"p = Pys =1.4

AApi/AM 3 = 0.516

4 -

ZD Symbol MPI ~P0'ATM
A 2.5 5.5

2- 2.5 4.1
0 2.0 5.6

0 2.0 4.1

8 20 40 10 0o 100 120

Po /Pso

Figure 3.1-14 Variable-area ejector compression characteristics
(API/A = 0.516 and MP, 2.0, 2.5)
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4.0

Experiments

M =2 0.Curve Ws /WP

API/AM3 0.516 0.0

Mws/MwP = 1 2 0.154

Tso/TPO = 1

fp =yIs = 1.4

P P/P = 5.6 P
3,0 P0AT

2..

.........
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* ° .

* • •
* . Se

2.0 .,o 2 2 .0

x 6"
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Figure 3.1-15 Variable-area ejector wall pressure distributions
"-= 0.516, MP, 2.0, and PP 0 /PATZ 5.6)

1064



4.0

Experiments

Mp1 =2.0

3.5 AP1/AM3 = 0.516

Mws/MwP = 1

Tso/Tpo = 1
lyp = 7's= 1.4

3.0 Ppo/ATM = 4.1

s •

0.5,-

0. 0. . . . . ..x inches

2.5/tI 0.16 M"" 2.0 an "P0/P 41

: "1. -

. .

2.0 0 (
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•-- :1 0.0

E" :2 0.157

.5: 3 0.250

1.0.

0.5•

0 . . L . . I I I
o .5 1.0 1.5 2.0 2.5 3.0

x, inches

) Figure 3.1-16 Variable-area ejector wall pressure distributions
(AplA•= 0.516, Mpl = 2.0, and Pp0/PATM = 4.1)
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Figure 3.1-17 Variable-area ejector wall pressure distributions
(A. PI/A = 0.516, MP1  2.5, PP0 /PATM
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Figure 3.1-18 Variable-area ejector wall pressure distributions

(Ap I /A,= 0.516, MP = 2.5, PPO/PATM = 4.1)
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also shows that the ejector operated closer to the appropriate theoretical

break-off curve with the M 2.5 conical primary nozzle; however, this is

due to the fact that for constant A. 1/A1 , an M = 2.5 nozzle requires a

higher value of P,,/P AT14 than an M = 2 nozzle for PPO/PB independent

operation. The wall pressure distributions of Figs. 3.1-15 through

3.1-18 show that approximately constant pressure mixing occurred only at

higher values of ws/wp and, consequently, at lower values of PAThi/PSO

with Pp 1/P ATM differences having little effect. In each of Figs. 3.1-15

through 3.1-18 note that only the initial part of the wall pressure dis-

tributions near the primary/secondary confluence are shown and that the

final compression is to much higher levels of PATM/P SO'

The experimental results for the M = 2.5 slotted primary nozzle in

the variable-area mixing tube are presented in Figs. 3.1-19 through

3.1-22. The theoretical break-off curves are, again, those for an

ejector operating under the same conditions but with a constant-area mix-

ing tube of AP/A, = 0.516, the area ratio corresponding to the constant-

area section of the variable-area tube. As seen in Fig. 3.1-19, the

experimental values for ws/wp vs PsO/PPO lie very close to the theoreti-

cal break-off curve even at low values of ws/wp. The experimental data

for PAT /Ps VS /Pso as shown in Fig. 3.1-20 indicate that the ejector

was operated in the PPO/PATM independent regime and re-emphasize the unde-

sirability of operation at higher values of Po0/'ATM than required since

the mass flow characteristics of Fig. 3.1-19 were identical at each value

of Pp O/PATM• Figures 3.1-21 and 3.1-22 show that wall pressure varia-

tions at low w5 /wP values were less drastic with the slotted primary
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Figure 3.1-20 Variable-area, slotted-nozzle ejector compression

characteristics (AP/ = 0.515 and M = 2.5)
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nozzle as opposed to the conical primary nozzles of Figs. 3.1-15 through

3.1-18 and may account for the excellent agreement of the ws/wp vs

Pso /Po data with the theoretical break-off curve of Fig. 3.1-19,

althouqh the constant-area mixing tube data of Fig. 3.1-11 would preju-

dice any conclusions based on primary nozzle design alone. Again, note

that only the initial portions of the wall pressure distributions are

presented in Figs. 3.1-21 and 3.1-22.
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4.0 CONCLUSIONS

Only some general conclusions will be drawn in this section since

specific conclusions were included in the foregoing sections. The con-

clusions are:

(1) The constant-area ejector flow model and computer program

should be adopted as the basis for design and system studies. This model

most realistically predicts the operational characteristics of ejector

systems. The relationship and correspondence between variable-area and

constant-area mixing tube ejector's should be established by both experi-

ment and analysis.

(2) The analysis of variable-area mixing-tube ejectors should be

continued.

(3) The design of potential high-performance ejectors must improve

mixing and momentum transfer; some designs with potei~tial are: unsteady

flow, periodic pulsating flow, resonance phenomena, and/or various

nozzle and mixing-tube geometries.

(4) The computer models developed in this study should be augmented

and incorporated into an overall system program and further improvement

of sub-system models should be continued.
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A REDUCED EJECTOR EQUATION

S.H. Hasinger

Air Force Wright Aeronautical Laboratories

Wright-Patterson Air Force Base, Dayton, Ohio

In this presentation, I would like to show the features of a "Reduced Ejec-

tor Equation." If one applies the three pertinent conservation laws to the mixing

t~ section of an ejector arrangement a • w L.ig.L 1, one arrives, after some)

algebraic manipulation, at a relation which, for a given mixing section layout,

contains the inlet conditions on one side and exit conditions on the other side.*

Since the treatment accounts for wall pressure forces, mixing is not restricted

to constant area or constant pressure.

The separation of the variables, in respect to inlet and exit conditions,

leads to a reduced ejector equation, which is plotted inF--Ftge- for two dif-

ferent mixing section layouts. The magnitude E on the ordinate stands for an

expression containing all the inlet conditions as given by mass flow ratio, inlet

area ratio, inlet Mach numbers, and thermodynamic properties of primary and sec-

ondary operating medium. The abscissa gives the mixing section exit Mach number.

This plot shows that for small E values there is no supersonic solution. Only if

E is sufficiently large, a supersonic solution is possible. •The upper curve is

based on a layout typical for thrust augmenters: constant area mixing and very

low wall friction. The lower curve pertaining to ejector pumps is calculated for

"a tapered mixing section with wall friction corresponding to a section length of

"a few average section diameters. The nature of the application restricts the

actual operating ranges, marked in Figure 2 by shading, to only small portions

of the respective curves.

*The relation, which was not shown at the presentation, is attached as Fig-

ure 3 to this write-up. For reference, see: Hasinger, S., "Performance Character-
istics of Ejector Devices," Aerospace Research Laboratories, Wright-Patterson AFB,
Technical Report ARL TR-75-0205, June 1975.
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The essential point to make here is that this plot allows one to recognize

the conditions for transition to supersonic mixing. Experimental experience

shows that transition occurs where mixing takes place under constant pressure.

Apparently, under this condition the supersonic shock system is pushed out of

the mixing section into the diffuser. Constant pressure mixing conditions can be

derived from the analysis and marked on the curves. They are given by the num-

bers indicated as Bt values. Bt stands for the expression shown in the

plot. The plot shows that the value of Bt must be near two or larger to allow

transition to supersonic mixing. Bt can be made a part of the inlet conditions,

i.e. an ejector can be predesigned to operate with supersonic mixing.
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I I -I I
As A ExEx
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Figure 1. Ejector Flow Scheme
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Figure 2. Plot of Reduced Ejector Equation.

___ ___ _ _ - ( ms/s)( Cp-.s ms* )

where T abs. temperature y ratio of spec. heats

R gas constant Cp spec. hear at const. pressure

_____ 4 2  rT wall force parameter

+ - • + Cm = 1 + cfL/( 2 D)
A!-O t(1+A cf pipe friction coefficient

4 Figure 3. Reduced Ejector Equation.
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