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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, Bolling
Air Force Base (Bolling 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
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 presented 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 AFWAL
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 .«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."

—
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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, enerqgy 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 VTOL/STOL aircraft; systematic approaches to
determining theoretical upper bounds of ejector performance; the
supersonic primary/supersonic 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:




(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
sponsored 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.

L e g m e —me
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RECOMMENDATIONS

Based upon the papers presented at the Ejectnr 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 recommends that:

(1) Futher basic research be conducted to determine the
limits of the "seccnd 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 ejectors. 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 {or 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
overall ejector performance. Emphasis should be applied to

T



rI.;

i g ——t—n e = w C e e e——— - [ o e e o— s L & e <

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 gquestions 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 packaging, 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.




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.
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
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 geumetries 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

e cm———-




flow, pressure gradient, jet flow, and mixing. But I think it is
crucial that this information should be available te~ analytical
personnel.

DR. WILSON: 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.
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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 simu-
late three diffterent scales. Some of the things that remained
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
data where the full scale performance seemed to be less than the

11




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: 1 have a few questions. First, I would
like to bring up this question of temperature effect. 1 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. 1In 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*nr 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. 1In
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. 1I'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

13
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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 enerygy 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 and 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.
* ok hk
A lengthy discussion on the merits of 2-D and 3-D solutions
over the currently available 1-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 board is the
very simplest kind of ejector. We have a center-body nozzle
ejecting air through a very simple shroud. 1In 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. 1If 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 1lift 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 ccndition 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 Kutta 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 mcve 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
"what is the effect of inlet distortion?" then it is a satisfac-
tory model. You go to experiment, and what the model says should
happen, does happen. Newtonian mechanics is not adequate for
atomic physics, but is a perfectly good theory for calculating
the flight of an airplane. 1 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: 1Is 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 flcw 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 repluce a streamline by a sclid body, and not change the flow.

In an inviscid analysis, you can replace any streamline by @
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 prcblem that Dr. Bevilagqua 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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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. 1In the energy éxchange 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 enerqgy, 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 mgchanisms 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 1 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: 1Is 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 afternoon, one in which the object is 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: 1is 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 mixing
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 ithere 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 l
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 tasxget 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: 1 am not sure 1 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-
scquently, 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 itgelf
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
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.

24




P

Y1

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 goes hack and
tries modeling, and the experimental work never xrcallLy 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: 1 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 to 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. KARAMCHETI: 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.
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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 to
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
to really understand what is happening internally, to decide
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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. 1In 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 sch-
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
averaging I just talked about, and the resulting photograph is
shown in the second slide (Figure 1lb).

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.

Figure 1b.

Schlieren Pictures of an (a) Unexcited and
(b) Excited Jet.

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, Se = 0.5. The topmost curve was obtained at a

excitation level of 141 dB. 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,
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.

in

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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Centerline Variation of Instability-Wave
Amplitude at Various Excitation Levels
(Mj = 0.58; Se = 0.5).
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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, 198l.
LB &
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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 applicaticn that we are thinking of., I
guess the mechanical engineers and various other people tried
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,
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. 1Is 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 equatiéns 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. 1If 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: 1Isn'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: I1f 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 in
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 seccnd 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. 1Is 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 ftor 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
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 tue 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. Obviously, losses
involved will reduce that. Now, I hav not calculated the sta-
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 iﬁ 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 ejector 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. BEVILAQUA: How will it be possible to get 60 times the
mass flow of the subsonic solution through an aircraft ejectoxr?

DR. ALPERIN: I didn't say A0 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 gquestion 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: 1I've done lots of experiments like that. 1I 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 gyet 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 because 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 ccmpared 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 experienc2, 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}yepresents the performance characteristic of an
ejector had tb 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 superscriic flow at the exit is if we dramatically
reduced the back pressure.

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

DR. OATES. I just wanted 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 large 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: 1I'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 if you have the
separate thrust or separate --

DR. ALPERIN: It is not true.
DR, FABRI: Yes, it is true., You have one,.

DR. ALPERIN: 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

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. ALPELIN: 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 rormal 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 acrogs the normal shock is a function
of the Mach number upsteam 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.ne more hardware.
You have to have a nozzle or diffuser.

PROF, AnLDY: That 1s 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 geparation 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. 1If 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 numbexr 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 scme 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 and 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: 1 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

49



s !

J‘:.‘ : .

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? 1I'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. 1In 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
compressible 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: 1In 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: 1f 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
guestions 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: 1 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. 3Since 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
temperatures. 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?

o

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 1000° temperature change
is not significant. That doesn't say what the effect is going to
be (if you make a 2000° 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: 1Is 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 walljet 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 walliet
to get a good turning wall jet., Therefore we built an ejector
inside the blowing jet slot which doubled the mass flow and
lowered 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
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 defle:ting 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 tc 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 alsc 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 like! 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
seems 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 RaD 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: 1Isn'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 modifiied 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.

«4R, 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
tnis 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/STOL
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.

* bk

(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 guestions that we
didn't have time for earlier. Starting with the firat 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. 1I 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/ftz, 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.

DR. MALMUTH: My question was a little more generic. In
the te:r 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

62




»‘1; .

oh L

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: 1Is 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: 1Is 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
plant, 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 outiet 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 drag
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. Wwhen 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. 1If 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 s2e 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
you are not talking about near-field reingestion. You've got all
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of the flow 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. 1In
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 gquestion of what would we do if we had a pro-
pulsion 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. 1In 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
[ 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

|
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advantage, and that should be incorporated in any concept. You
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

y 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.

< 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? 1Is 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-
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: 1If 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. 1 know of very few problems that we
have solved in this business, until they have been defined. 1I'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 and what part doesn't work,

are probably not going to define problems clearly enough for us
to solve them, and go work on them.

we

I think the real advantage of what 1 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
alluwed other people to get busy, like th: handling qualities
problem, some structural problems, and so forth.

I heard Dr. Sears say the other day that we started in the
VTOL busiiness 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 anyhody 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. 1I've heard a lot about temperature

effects here, but only about laboratory and theoreticsl 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 isi'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.

That is going to be a very real part of whether it really
works or not. Military machinery has to be tolerant if it
going to be successful.

is

If I've got a major concern about ejec-
tor technology, it is the fact that most of what I've seen
date indicates to me that it is not extremely tolerant, at
at its current level of maturity.

to

least
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 nhaven't even started discussing, and 1 think that is what
cotld 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, then 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. 1I don't think you
should conclude that the Navy is going to drop the program at
this point. 1In its present form, that is true, My understanding
is that it 1s 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,

.ae 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 kinds of things they get very concerned
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about. You start modifying the gecmetry of the airplane,
violating the mold lines, and everything else, then they kind of
louse interest. Plus the fact that if{ the augmentu.s are 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 1t inside that wing. So a major
concern is the packaging problem.

MR. KOENIG: I haveu't been in the aircraft design business
for a number of years, but I remember when I was, you acgquire a
lot of empirical data, and what they've got here is data based on
how to do this for different duct sizes, 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.

I1f someone comes along and has a mission, finally, in the
nineties, he can use this data then and Jook 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 sume 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.

Ie

1 think the basic technology should be here.

DR. MALMUTH: I conrcur heartily with 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: 1It'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
off 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
firom 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 (
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 demqnstration
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 paraphrasé 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 temperatures on the order of
2,800 degrees Fahrenheit on the deck or a concrete surface. 1
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 detlection 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 toc ejec-
tors for that reason.

MR. KOENIG: 1Is there anyone else?
DR. GREEN: I would like to chanye 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? 1Is it just the installation problem?

DR. BEVILAQUA: We have asked the designers to come up with
rectangular ejectors, given them complete freedom, but they
always say: "Couldn't 1 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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DR.
of work;

DR.

the ejector. You need to know what is important and
can taper without a lot of thrust loss.

GREEN: Hasn't Rockwell done a fair amount of that kind
determining important parameters with taper?

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,

DR.

and the technology developed.

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,

MR.

KOENIG: A count being what?

GARLAND: 0.01 in augmentation ratio.
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MR. KOENIG: Anybody else?

If not, I think we have adressed 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 tc 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 isn'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 point 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. 1 simply pointed 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 com-
ments that I got, indicated there was confusion as to what you
were really saying., That is really what I wanted.

MAJ. KEEL: Dr. Green, what if it took a higher pressure
ratio engine 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.

PRCF. 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 ejector, 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 gquestion, 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: 1I 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 summary 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
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 th<¢ 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 the various ideas. 1 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 cocurse, 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 ram 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 of 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 evaluation. 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 evalurte.

MR. FINCH, General Electric: Being an engine manufacturer,
and loving to sell engines, I started thinking about the 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 aircraft 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 these 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 PForces 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 1 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.

I1f 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 1
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 changed 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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I personally 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.,

* k&

(Workshop concluded and adjourned at 12:30 o'clock, P.M.,
August 5, 1981.)
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EJECTOR WORKSHOP FOR AEROSPACE APPLICATIONS
(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 Alircraft 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

1 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

1640-1740

1740-1820

1930-2000
2000-2200

Tuesday, August 4,

"Fundamental Studies in Thrust Augmenting
Ejector Flows," by L. P. Bernal and V. Sarohia,
California Institute of Technology, Pasadena,
California

"Considerations on Steady- and Nonsteady-Flow
Ejectors," by J. V. Foa and Charles Garris,
George Washington University, Washington, D.C.

"Some Interesting Flow Features of Supersonic
Co-axial Jets," by D. Dosanjh, Department of
Mechanical and Aerospace Engineering,
University of Syracuse, New York

Dinner

Evening Discussions

1981

Part

Part

i};

0730-0820
I (continued):

0830-0910

0910-0950

Breakfast

Ejector Aerodynamics

"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

"Unsteady Flows Applicable to Ejector Mechanics,"

by H. Viets, M. Piatt, M. Ball, R. Bethke,
D, Bougine, Wright State University, Dayton,
Ohio

II: Ejector Performance

0950-1030

1030-1040
1040-1120

1120-1200

1200-1300
1300-1340

"Considerations of the Control Volume Approach
to Ejectors as Applied to Thrust Augmentation,"
by J. E. Minardi, University of Dayton Research
Institute, Dayton, Ohio

Break

"An Overview of Supersonic Ejector Performance
Analyses," by A. L. Addy, Department of
Mechanical and Industrial Engineering,
University of Illinois

"Thrust Augmenting Ejectors," by M. Alperin,
Flight Dynamics Research Corporation, Van Nuys,
California

Lunch

"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

0950-1030

1030-1040
1040-1120

"Investigation at Large Scale of Thrusting
Ejector Applications to V/STOL Aircraft,"
by D. Koenig, NASA Ames Research Center,
Moffett Field, California

"Some Applications of Ejector Technology to

STOL and V/STOL Aircraft Projects," by

D. Garland, DeHavilland Aircraft of Canada, Ltd.,
Ontario, Canada

Break

"Ejector Ram Drag," by B. B. Beard and W. R.
Foley, General Dynamics Corporation, Fort
Worth, Texas

IV: Prioritization and Implementation of Advanced Ejector
Research Programs

1120-1200
1200-1300
1300-1600

Navy, Air Force, NASA Overview
Lunch
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 2403
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
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Dr. Louis Boehman

University of Dayton Research Institute, KL121lE
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.0O. 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, OChio 43216

614-239-2174
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Maj. Michael Dauth

Hg, AFSC/XRLA

Andrews Alir 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

202-670v-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 M3KlYS
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 aad 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 Lesearch Center
Moffett Field, California 94035
415-965-5047

Mr. Mike Konarski

General Electric Co. E198
Evendale, Ohio
513-243-4881

Dr. A. Krotharpalli

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 Ct.
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 OQOates

University of Washington

Dept. of Aeronautics and Astronautics
Seattle, Washington 98195
206-543-6061

Mr. Ronald Petsch
General Electric
Mail Drop El198
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
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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
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AN OVERVIEW OF EJECTOR TECHNOLOGY DEVELOPMENT
B IN THE AIR FORCE

K. S. Nagaraja

Air Force Wright Aeronautical Laboratories
S/ 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 cumpact, 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-

Aocrmed. 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.

e ’Xh outline of what is going to be discussed is briefly pre-~
sented in Figure(l). As can be seen in Figure(zﬁ“ARL's work laid
the foundation for a systematic study of the ejector application
for V/STOL aircraft.

By utilizing h;Serixing 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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ARL’S INVESTIGATIONS IN THE SIXTIES
ACCOMPLISHED THE FOLLOWING:

DEVELOPMENT OF HYPERMIXING NOZZLES FOR MIXING
ENHANCEMENT FOR COMPACT EJECTOR DESIGNS.

THRUST AUGMENTATION OF THE ORDER OF 2 IN AN EJECTOR
OF INLET AREA RATIO 23.

MULTI CHANNEL EJECTORS UTILIZING FAN BY-PASS AIR
ALSO TESTED. THRUST AUGMENTATION WAS REALIZED.

BELL AEROSPACE UNDER ARL CONTRACT TESTED A T.E.
EJECTOR WING AND DEMONSTRATED TRANSITIONING
CAPABILITY DUE TO SUPERCIRCULATION EFFECTS.

FURTHER COMPACTNESS WAS REALIZED BY USING A
TRAPPED VORTEX CAVITY FOR BOUNDARY LAYER
ENERGIZATION.

Figure 2




'1.; L

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 ¢ 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 ARL 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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|
!
|
PRIMARY | |
PRI \| | | ATMOSPHERE
|
CHAMBER ] | '
\ SECONDARY FLOW | )
[
Top \—L_ primaRY AIR l :
P =
0P/ I :
| | '
/I ' '
I\ l !
| MIXING DUCT | '
| ! |
| | :
STATION 1 | DIFFUSER J
(INJECTION PLANE) ! |
STATION 2 |
(END OF THE MIXING STATION 3
DUCT OR DIFFUSER  (DIFFUSER EXIT)
ENTRANCE)

Figure 3

_———— e - il e




~ AIR FORCE FLIGHT DYNAMICS LABORATORY (AFWAL/H)

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. 1In 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
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 = Pyg 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 efficlency 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

COMPRESSIBLE FLOW ANALYSES
LOSSES ARE PRESENTLY NOT INCLUDED
SUPERSONIC SOLUTION AT STATION "2 CONS1DERED

ENTROPY CHANGE REQUIREMENT USED FOR MAINTAINING
CORRECTNESS OF THE SOLUTIONS

Figure 9
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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. 8Since no throat is provided
for the secondary flow at the inlet, Ms 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 1ift (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, o, going from -15° to
+25° in increments of 5°, and at two flow Mach numbers 0.15 and,
0.28B. 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 1ift technology wing concept which
has demonstrated both 1lift and thrust augmentgiion 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 techniqgues. 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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Ejector Wing Model Looking at the Bottom Side.
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OBJECTIVES /PLANS

® CONCENTRATE ON FLUID-DYNAMICS OF THE EJECTOR FLOW

® 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 THRUST AUGMENTATION

® SEARCH FOR TURBULENT STRUCTURE OF EJECTOR FLOW FOR
ACTIVE INTERACTIONS TO ENHANCE EJECTOR PERFORMANCE

Figure 25
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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 technology development, and the Air Force will play its
due role.
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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

® MATCHING OF AEROTHERMODYNAMIC CONSIDERATIONS IN
OPTIMAL EJECTOR DESIGNS

@ SELECTION OF PRACTICAL CONFIGURATIONS AND ITERATIONS
TOWARD OPTIMIZATION

Figure 28
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CONFERENCES AND MEETINGS

®\WORKSHOP ON THRUST-AUGMENTING EJECTORS

* JOINT SPONSORSHIP BY NASA/NAVY/AIR FORCE.
FULLY FUNDED BY NASA-AMES. JUNE 28-29, 1978
AT AMES R.C.

+TECHNICAL MEETING PRIMARILY PROVIDING A FORUM
FOR PRESENTATION OF VARIOUS RESULTS.
(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

@ THEORETICAL POSSIBILITY OF HIGH PERFORMANCE EJECTORS
DEMONSTRATED

® GOOD PERFORMANCE FROM EJECTOR WING 1S 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
/ "SECOND SOLUTION" EJECTORS

® WORKSHOP IN AUGUST WILL ADDRESS QUESTIONS AND PREPAREF.
ROADMAPS PERTAINING TO HIGH PERFORMANCE EJECTORS

Figure 30
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RECENT EJECTOR TECHNOLOGY PROGRAMS AT THE
NAVAL AIR DEVELOPMENT CENTER

K. A. GREEN
S Naval Air Development Center

- ;7 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.

N

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,
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-
standing 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, supersonic primary
flows, 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 fthe 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 aund shadowgraphs.

As a result of these discussions, a program was established at the Jet
Propulsion Laboratory (Reference &) 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 omnly
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 VIOL to comnventional
flight.

Currently there are two generic configurations for ejector aircraft.

147

i wgiieasd




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 Dymamics.

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 showm 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 w.ith their position and size chosen
such that the resulting streamline at the middle plane closely matched the

"STAMP" e jector'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 aircvraft 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 707 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 NASA AMES 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. 1In this case the
maximum 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 VIOL
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 throat
of the ejector. By changing the angle of the vector control jet up to 30° 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
1s 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. 1If 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 conditions for energy efficient aircraft, based 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 stmulation 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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. JOINT PROGRAM WITH NASA, AIR FORCE AND NAVY
. WORK BEING OONE BY JET PROPULSION LABORATORY
. OBJECTIVE
- EVALUATION OF MIXING, ENTRAINMENT, SCALING AND THERMO-
DYNAMIC EFFECTS ASSOCIATED WITH COLD AND HIGH TEMPERATURE
SUBSONIC AND SUPERSONIC PRIMARY JET FLOWS IN EJECTORS

(] APPROACH

- EXPERIMENTAL PROGRAM TO CHARACTERIZE FLOWS WITH LDV AND
HOT WIRE PAOBES AS WELL AS SHADOWGRAPH/SCHLIEREN PICTURES

- DETERMINE HOW VARIOUS PROFILES EVOLVE AND SEARCH FOR ACTIVE
FLUID INTERACTIONS TO ENHANCE EJECTOR PERFORMANCE

Figure 1. Fundamental Ejector Study

150

R v Lt - f -

O




e

° 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 OESIGN INTO GENERAL DYNAMICS E-208 TWO ENGINE

V/STOL FIGHTER AIRCRAFT

. CONSTRUCT SEMI.SPAN MODEL TO STUDY EJECTOR TRANSITION CHARACTER.

ISTICS IN NASA AMES 7 X 10 WIND TUNNEL

Figure 2.
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) CBJECTIVE

- EXAMINE POTENTIAL OF USING EJECTOR TECHNOLOGY IN FORWARD
FLIGHT FOR APPLICATION TO ENERGY EFFICIENT AIRCRAFT

] APPROACH
=  CONVERT ANALYSIS IN RECENT AIR FORCE REPOAT TO SUBROUTINE
SUITABLE FOR INCORPORATION INTO NAVY ENGINE PERFOAMANCE

COMPUTER PROGRAM

= SIMULATE COMPLETE PROPULSION SYSTEMS WITH AND WITHOUT
CJECTOR OPERATING

- APPLY PROPULSION SYSTEM TO CONCEPTUAL DESIGN AIRCRAFT AND
OETERMINE PERFORMANCE, FUEL SAVINGS AND POSSIBLE TRADR.OPS

Figure 6. Current In-House Ejector Work
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INVESTIGATION AT LARGE SCALE OF THRUSTING EJECTOR APPLICATIONS
TO V/STOL AIRCRAFT

_____7

David G. Koenig

Summary

\

Ames Research Center, NASA, 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; (d) 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 1b (+) 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

Lifting element area

Wing momentum area

Nozzle area

Wind tunnel test section area
Discharge coefficient

Velocity coefficient

Total ejector thrust

"Isentropic”" thrust of primary nozzles
Distance from primary nozzles to the end of the diffuser
AN / (length of throat)

"Isentropic" jet velocity

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 Fiqure 1. This plot is an updated
one from the Ames Ejector €onference 4 years ago and ratios the thrust to an
isentropic value based on duct or nozzle conditions,

Since the mixing length £ 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 design 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 1n large scale testing of ejector equipped
aircraft configurationgwith 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 1in 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 large scale wind tunnel testing
if parts of the program continue. A1l 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 1ift 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 1ift 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),

Programs 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 raflect a lack of interest in the other concepts but is consis-
tant with the objective of studying the application of ejectors to tactical
fighter designs 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. [t is
shown mounted in the Ames 40- by 80- in Fiqure 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 through 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 1ift 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 thé 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 1ikely candidates are those in Figures 5 and 6. The design in Figure 5
has been studied by both de Havilland and Ames with a 1ikely engine 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 1is 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,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 Figqure 7 and re-
ported on in Reference 6 were less than encouraqging 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 1low pressures and temperatures. We
still have to extend these values and show airspeed effects. If all is
sti11 promising, a full span or large scale model willbwarranted; but this
will not be designed and built before additional static testing at large
scale is completed.
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Concurrent Large Scale Testing Programs

The foregoing projects will proceed at the same time other V/STOL 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 VEQ-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 1ift aero-
dynamics of the forward swept wing will be studied by removing the strake of
the original 2 engine fighter model, moving the nacelles together and replac-
ing the wing, For medium speed aircraft, the Grumman 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 cdata 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 Fiqure 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 jet¢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 B0- by 120- svstem.

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 100,000 1bs. and the scale system has the capacity of 150,000 1ift
and 50,000 drag. Even with this larger capacity, the scale system has least
counts close to that of the original 40- by 80- 5 1ift and +2 1b. 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.

Fiqure 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
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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 1ift 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
Figqure 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 1ift 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, ejector powered aircraft
confiqurations 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
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Figure 2. Thrusting Ejector Concepts for V/STOL Aircraft
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FIGURE 10 TILT NACELLE, LARGE SCALE MODEL MOUNTED
ON THE AMES STATIC TEST FACILITY
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SUMMARY OF POSSIBLE GAS ENERGY SOURCES FOR SCALED MODELS .
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Figure 14. Summary of Possible Gas Energy Sources for Scaled Models
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TURBOFAN OR TURBOJET ENGINES AVAILABLE FOR
USE IN LARGE SCALE V/STOL TESTING

THRUST w PrPo A,
N  (Ib) kg/sec (Ib/sec) m2  in2

J85-5 |11,560 (2600) | 19.3 (42.5) | 2.24 | .074 (115) '
768 2,670 (600)| 5.7 (125) 2.1 [.019 (20.2)
J97  |20,020 (4500) | 318 (70) | 3.0 |.084 (130)
JT15-D| 8,450 (1900} | 34.0 (75) 1.35 |.142 (220)
TF-34 140,030 (9000) [146.2 (320) | 1.48 |.581 (900)

Figure 15. Turbofan or Turbojet Engines Available for Use in Large Scale
V/STOL Testing
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FOREWORD

The paper which was presented in the workshop reports the
results of an effort performed under AFWAL/FDL Contract No.
F33615-81-K-3017. The results have also been published as an
AFWAL Technical Report bearing the number TR-81-3170. For
completeness of the workshop purpose, as the effort breaks new
ideas and extends the state-of-the-art of ejector technology,
the paper is included in the workshop proceedings.

The author acknowledges the assistance given by Drs. Hans
J. P. von Ohain and K. S. Nagaraja and Mr. Maurice Lawscn in
the technical effort. The author also acknowledges the support
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ABSTRACT

0
\

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
efficiency 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
supersonic 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
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-
ciencies 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 when expanded to ambient pressure than the

kinetic enerygy 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.

184

S PSR SN




11.;

SECTION

1

TABLE OF CONTENTS

INTRODUCTION

CONTROL VOLUME ANALYSIS

ON THE EXISTENCE OF THE SECOND SOLUTION

CONSIDERATIONS OF THE CONTROL VOLUME ANALYSIS

FUNDAMENTAL LIMITS OF MIXERS

5.1

ot un
® L] »
LR VS N

w
E
o

Reversible Mixing

Constant Kinetic Energy Mixing
Simple Mixing Or Straight Mixing
Total Pressure Needed for Thrust
Augmentation

Thrust Augmentation as a Function
of Mixer Efficiency

Minimum Total Pressure for a Given
Bypass Ratio

DETERMINATION OF THE SUPERSONIC OPERATING POINT

SUMMARY AND RECOMMENDATION

REFERENCES

APPENDIX 1

APPENDIX 2

185

PAGE

13
20
22
22
28
30
32
35
40
50
59
62
63

8l

o i e I




FIGURE

10

11

12

13
14

15

— . = —— e v e

LIET OF ILLUSTRATIONS

Constant Area Ejector

Efficiency Based on Availability versus
Secondary Inlet Mach Number for a Bypass
Ratio of 10,

Efficiency Based on Availability versus
Secondary Inlet Mach Number for a Bypass
Ratio of 2.

Subsonic Branch Efficiency Group.
Supersonic Branch Efficiency Map.

Efficiency Based on Availability for a
Constant Geometry Solution for the
Indicated Conditions,

Total Pressure of the Mixed Flow for the
Constant Geometry Solution for the
Indicated Conditions.

Mixed Flow Mach Number, Mm, for the Constant
Geometry Solution for the Indicated Conditions.

Exit Values of Static Pressure of the Mixed
Flow for the Constant Geometry Solution
for the Indicated Conditions.

A Geometry Which May Give the Same Set of
Equations as a Constant Area Geometry.

Machinery for Producing Any Desired Total
Pressure for Constant Enthalpy Steady Flows.

Reversible Mixing of the Primary and
Secondary Streams.

Constant Kinetic Energy Mixing.

Total Pressure that Gives a Thrust
Augmentation of 1.

T-8 Diagrﬂm for POP/POS = 6 and T /Tos = 3.7'
Showing States for Reversible Mixing, Constant
Kinetic Eneray, Simple Mixing, and Thrust
Augmentation of 1.

186

PAGE

10

11

14

15

16

17

21

23

24
24

36

37

P

e




3

e  —— s e . ain it - A = o - — s

FIGURE

16

17

18

19

20

21

22

23

II-1

LIST OF ILLUSTRATIONS (Continued)

Thrust Augmentation as a Function of Flight
Mach Number for a By-Pass Ratio of 14.9.

Thrust Augmentation as Function of Flight
Mach Number for a By-Pass Ratio of 5.

Thrust Augmentation as a Function of Flight
Mach Number for a By-Pass Ratio of 2.

Fanno Lines for the Mixed Flow on a T-s Diagram

Composite Curve Showing Various Limit Lines
and Ejector Curves for Various Values of
Friction.

Inlet Flow Pattern for an Ejector Operating
with a Supersonic Mixed Flow and Having a
Supersonic Primary Flow and a Subsonic
Secondary Flow.

Pregssure Ratio Required to Achieve a Given
Value of Ms* Along with Limit Lines and the
Supersonic Branch Solution.

Efficiency versus Mass. Flow Ratio for
Different Geometry Mixing Tubes.

Constant Area Ejector.

187

PAGE

41

42

43

48

51

55

58
65




)";

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 ugse 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 wWub have pointed out the potential
advantages of the supersonic branch for applications to thrust
augmentation. Minardi, et al,? 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 elaments, 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 P,g. (See
Figure 1) The ideal inlet would produce a value of P,g 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, Pp,c-x (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, Pyy (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,
Pback’ can be adjusted to any designed value. 1In 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:

* 1) 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, conditicn 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:
P1sPs Vs * P1pPpVp * PP Vn (1)
or
L] L ] = . '
ms + mp mm (1')
Energy: . . .
mshos + mp hop - mmhom (2)
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Momentum:

P. A +mV + P

1p”p ¥ MpVp " Fishs * Mg Vs (3)

also from condition 2

A=A5+Ap (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 eguations 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, Pr’ of 6 (Pr EPOP/POS) and a temperature ratio, Tr’
of 3.7 (I} ETop/Tos). These ratios are representative of what
might be possible with a modern jet engine. The mass flow ratio
(MR = hp/ﬁs) 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 Mg. The primary inlet Mach number,

Mp is adjusted to match the pressure at the inlet (i.e., Plp = P1g).

The efficiency based on availability is the ratio of the
thermodynamic availability in the mixed flow 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, n,
exceeds one on the supersonic branch at subsonic inlet Mach
numbers, Mg, less than l. 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, Mg. This condition
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 Hoge4 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;—M; 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 P, = P)g on Figures 4 and S.
If we took a cut through the two surfaces along this line and
plotted the efficiencies versus Mg (instead of M;) 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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SUBSONIC BRANCH EFFICIENCY
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Figure 4. Subsonic Branch Efficiency Map.
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Figure 5. Supersonic 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, Mg, 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

(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
subsonic, then PlP must be equal to Pls 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

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 Mg?

How does one understand the exceptional solutions
exemplified by the values at subsonic inlet mach numbers

of the second solution?
What are some fundamental limits of performance of mixers?

What are the linits 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.
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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 opne 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, Py, 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 Mg in either Figure 2
or Figure 3 while the geometry within the control volume is
constant for all values of Mg 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 Mg 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, Ppgck ©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 Mg must be 1 or less since there is no
throat in the secondary flow ahead of the inlet. Therefore, we
are only concerned with the solutions where Mg is one or less on
Figures 6 through 9.

If the mixed flow Mach number, Mm, 1s 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 brancii, 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. 1In 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 efficienciel that we have 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, A, 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 heét 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 tec the equations may 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 the

equations.

In order to understand how all of the solutions could be
achieved and determine fundamental 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 properties of the secondary flow: Tos and Po .
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(Top - Tom) = mscp(Tom - Tos) (5)
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or,

mh +mh = (m_ +m)h . (5')

In view of Equations 1 and 2 we see that the temperature To, 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:

mpTom(sop “ %om) = MgTom{Som ~ Sog’ (6)
In view of Equations 5 and 6 we have
Top = Tom . Sop ~ %om (7)
Ton = Tos om ~ %os

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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Tom . TQL 1) as n/R
= - (8)
Tos Tos as /R

where AsS = s-8,q.
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:

1 1n — - In 5 (9)

as
R

In view of (6) we can obtain

Mm_AS__ = m_AS (10)

Therefore:

T T m P T P
T L pnf-ep) o gpfieefe L gpfem)l jflem} G
i ] Y—l

T Tos/ ™ Pog) Y1 Tos Pos

From Equation (1ll) and the energy equation we can show:

pe -
L) . . Y—i
2| moT
mm P _°p + -3
Pom = POE lhm TOS ﬂ‘ﬂl (12)
P P .
os (03] T Ep
_op \ thn
T
os
b -

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 1ll) 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 violaticn 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
apparent violation of the second law. The second law, therefore,
may not give 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:

y-1 1
Y P Y
P
£ . f
s os os P ©oP op
(13)
-1
Y
= m.T 1—Pf
M Yom om

In Equation (13) Pe is an arbitrary final pressure to which the
flows expand. In view of the energy equation for an ideal gas,

Equation (13) becomes

= = X1
Y -
- . Pf o P Y P Y
mSTOS P - mT "L -~ 1 T £
os P op\P m oml P— (14)
oP om

Clearly, since Pe cancels out of Equation (14), the result is
independent 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 Pe would be the ambient pressure. In view of the

energy equation, we can solve Equation (14) and obtain:
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i T .T-I

_E. ._22 + 1 Y-

th T
P P s os
om _ _op (15)
Pos Pos =1

p Y m_ T
-°P + B _°P
ﬁ\sT

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 Tyn. 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

ms(T2 - Tos) = mp(Top - sz) (16)
or
T T
. 28 ’ 2p
m_T _— -] =m.T l - (17)
s os (Tos ) p op ( Top)

Because of the isentropic processes we have:
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Equation (18) can easily be rearranged to obtain
Equation (15). Hence, the total pressure given by equation (1l5),
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. hp(v?p - Vg) = mm(V§m - V%) from
which we can show that m V? +m V2 = m V? . In these equations

P jp s £ m jm
we have assumed expansion to atmospheric pressure. The exit-jet,

primary velocity is Vjp and nmixed-flow, exit-jet velocity is Vime
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
ﬁp and total temperature and pressure of the primary; the other
with a mass equal to ﬁs 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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msTos + mpTop = mmTom = Pom(Vs + Vp) (19)

where Vg and Vp are the total volumes of secondary and primary
gas respectively. Eliminating the volumes yields

m_T m_T
mT +mT =P -p-ﬁ?-+s°s) (20)
s os p op om( Pos Pop
Cm_ T ]
_E _Q.E + 1
Pom = POE mS TOS 21
Pos  Pos| P m_ T (21)
_°p , P _op
L Pos Mg Tos |

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 Pyn is achieved if the pressures are equalized before
mixing. The value of this maximum pressure, Pgoy, 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, Q, supplied to the
engine:

n (22)
s th PR
Q Q AKEj

As shown in Equation (22) the overall efficiency, Npa., is
the product of the engine efficiency, "¢jh, and the propulsion
efficiency, "pr. (Men = AKE4/Q and "pr = 1Vg/AKE4 where AKE§ is
the increase in jet kinetic power, l/Zﬁp(Vgp-V%)). 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

n T
n°"2 - -T-Z = ¢ - (23)
oal 1

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, ¢). Equation (23) is
valid even if NpR is unchanged but Neh is changed. This can
happen, for example, if the jet velocity and Q) are fixed but the
mass flow is increased (decreased) because "eh 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, Q, is
fixed.) From Equation (22) we see that Np, can increase because,
either "¢ increases or "pgp increases or both increase. If the
kinetic energy decreases, M.y will decrease but "y, can still
increase if "pp is sufficlently increased (e.g. as happens with a
turbofan).

For the case of a mixer we have for complete expansicn to
atmospheric pressure:

T m (V - V.)
6 = 2 L M JM f (24)
7 mp(VJP - Vf)

where VjyM is the jet velocity of the mixed flow, Vjp is the jet
velocity of primary flow without the mixer and Vg is the flight
velocity.

If we set the thrust augmentation to one we can solve
Equation (24) for the jet velocity ratio:

<
-
<

<
<
2]

<
= |
<
3.

(25)

+
5 o

JP

Now for an ideal gas with constant specific heats we have for the
jet velocity ratio:

H
(Pams) 5
2 |12 Y
(VJM) .. \Pom

. (26)
T -1
®l -(Pamb> T

Pop

o
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If we combine Equations (25) and (26) we can solve for Pgon/Pog:

. s \ 2
P T m_ Vv m
om _ _amb ] - 9P Tg £ TE %
Pos  Fos Tom \™n Vop ™
(27)
P P =i ?¥I
1 - amb L w28 Y
os op
If we assume that Pyg is the isentropic stagnation pressure
resulting from the flight velocity then:
Pamb 1-1
v R (1.5 I
( £ - 08 08 (28)
v Y-
J op Pamb Pos yl
l- r—.r-
os op
and
Pamb -1 5\ v
B = 1+ — M, (29)
os .
Clearly, in view of Equations (27), (28) and (29) we see
that

Pom Too Pop M \
= = £ln,, 2B, 2B, B (30)
os TOS POS mm
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An explicit expression will be derived in the next section.
Equations (27) through (29) were solved and P,,/P,g was plotted
versus M, on Figure 14 for Pop/Pos 6 and Top/'r'os = 3,7. The
curve parameter is hp/ﬁm. 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 ¢ = 1 as shown on Figure 15. We have also shown
the locus of states for reversible mixing (Equation 12), constant
kinetic energy (Equation 15) simple mixing (Equation 21) along
with the values for ¢ = 1 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 Ton/Tog is fixed for a given mass flow we have shown
lines of constant hp/ﬁm 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 Mt and "pgp would be increased
in Equation (22). If the total pressure lies between the
constant kinetic energy curve and the appropriate ¢ curve for the
flight Mach number then "¢, decreases but Npgp 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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Energy, Simple Mixing, ang Thrust Augmentation of 1, '
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flow we can relate the velocity to the temperature as

T
v -.\/7 [ S —— 31
2cp'r°(1 z ) (31)
(o)
In view of Equation (31) and (24) we have for the thrust
augmentation.
. \/Tom \/ - Tm - 1 - Tamb
m T T ™
s = _m os om os
m T T / T (32)
p ,/ o) W/ﬁ . P - _ amb
T"E - — 1 —
os op os

Using the energy equation and the well-known isentropic
'/ relationships we can show:

-
]
57

=

(33)

We can relate the total pressure to the efficiency based

on availability by vsing Equation (A-34) of Appendix A and the
energy equation:
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P
=2 = Exp(Dn ~ N) (34)

POS

where
y m T m P
D = 72 _°P _ l - 1n(-22> + TE ln<———> (35)
1 M| Tos os M os
and

y |m_ /T m_ T m
N=— | B[ 2B - ln{ ;B 2R .S (36)
Y-l m os

Of course the bypass ratio, hs/ﬁp’ 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
Top/Tos is 3.7. The page parameter is the bypass ratio, ﬁs/ﬁp,
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. 1In 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-ve that can be

determined with the aid »~f Fanno lines generated for the mixed
flow.

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,

(2]
nt
"

. (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, hm, 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/Tos of 3.7
and Pop/Pog 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
Mg (inlet secondary Mach number) required to give the mass flow
ratio under consideration. Thus, we have indicated values of
Mg on 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 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 Mg are valid: one subsonic and the other supersonic.

As an example on Figure 19 we have labeled a value of
Tom/Tog that corresponds to a value of Mg = 0.6 (or Mg = 1.52).
The intersecti of this particular temperature line and the

straight line  +in - the primary and secondary stagnation con-
ditions gives 1e 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 mass-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
G= ; e +l (38)

T
)/-o (1 + lgle) y=1)

for the mixed flow at the point where the Mach number

Thus,
is one:
P m y+1
G = _g_ﬂlﬂ WJE (_3_ Z0y=1) (39)
m
Tom R \ y+l
or
|
? Pom
: G = £(y,R) + -—2i0 (40)
T
om
{
Now
P . A* Ion . A*
om_.
f(Y'R). .———E‘—l—r-\--__“l--.—Ec —gs_:r—n.o—EoGp (41)
Tom A mp Ap mp A
- We have assumed the Pop is high enough that the primary
Therefore, an equation similar to

" nozzle flows full,
Equation (40) is also valid for the primary flow when the Mach
Using this condition we can

number is one at the nozzle throat.

easily obtain:

*

P .
oM in _ M fE Py Tom/'ros (42)
( POS mp A POB TOp/TOS
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In view of the energy equation

m_\T
- _£>_2§ (43)

Thus, the minimum pressure can be determined immediately
from the geometry and the stagnation conditions once the mass
flow ratio is given, 1If 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 calculaticons for a constant
geometry ejector. The conditions are shown on Fijure 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 Egquations (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 £(L/D): 0 and 0.1l.

The significance of the minimum pressure curve is apparent
for the value of f(L/D) = 0.1l: 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 Mg represents one Fanno line for
the mixed flow. Thus, if a value of Pop greater that Pom. .. is
achieved at some value of Mg 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 increase

the total pressure. This increase would terminate on one of the
two branches for which £(L/D) = 0.

If the mixed flow is subsonic the operating point is uni-
quely determined by the back pressure for the appropriate £(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 Mg (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. 1If
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 Siestrunck3 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 Siestrunck3 state that the inlet flow pat-
tern is simiiar to that shown on Figure 21. This flow pattern
repregsents 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 inlet 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.,
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Using the well known isentropic flow equations for the area
ratios we have

1
2\" ¥-I a A 2\ y-I
+ -1 . * * +1 -1 .*
- lfl - 4 Mep) == - Mg 'lf- - 13— Mg (46)
Mep 1. A, Ay

The isentropic relationships for the pressures can also be used.

2\ =Xy
- S SV B
Pep l?op (l Y+l Mep) (47)
. :
and since Mgg =1
L\
PQS - PO! _YTI (48)

using the momentum equation along with the isentropic relations
*

and the fact that Mgg = 1 enables one to derive the following

equation.
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A computer program was wrltten 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
Pog/Pop that was consistant with the choice of M;. In this way
the curve shown on Figure 22 was constructed for the geometric
values (including Mp) shown on Figure 22.

In Figure*zz we show the total pressure required to achieve
the value of Mg. 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 Pgyp/Pog 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;p = M;
since the right side of Equation (46) is simply AP/A; (note Ap =
A - As).

I1f we solve Equation (49) for Pop/Pos for the conditions where
M; = 1 and MEe = M;, we obtain the indeterminate form of zero over
zero. However, using Y'Hospital's rule, we can show that the value

%* .

of Pop/Pos is related to Mp.

v-I

.
P
oP . Y+l _oxzl oy \ (50)
Pos "o /

Since M; = 1 when equation (50) is valid, it can be shown,
using the isentropic relations for pressure, that P1p = Pls at
this condition also. This is indicated on Figure 22, Fabri and
Siestrunck refer to this condition as saturated flow.
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Figure 22, Pressure Ratio Required to Achieve a Given Value of
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Solution.
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Dr. Morton Alprin has pointed out8 that there may also be a

point where M; is less than 1 and Plp = Pls' The value of M; at
which this occurs depends upon M; and the geometry.

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 Pop/Pos = 100 for the ejector
of Figure 22, we see that M; = 0.55. With this value of Pop/Pos
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
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 ﬁs/ﬁ .
The experimental work of Fabri and Siestrunck3 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
flow 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 hack
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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Figure 23. Efficiency Versus Mass: Flow Ratio for
Different Geometry Mixing Tubes.
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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 eeot 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 operating peints (which conform to the assumptions) for
an ejector will be included in the set of solutions.

5) The Fabri and Siestrunck3 inlet condition uniquely
G. .ermin2s the single operating point for a given ejector that
can be obtained on the supersonic branch with M_<1.

6) The back pressure at which the supersonic solution is
acquired can also be determined.

7) Operation at values of Msill 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 M, = 1 and the mixing tube has the smallest area consistent
with the mass 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.

1ll) 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 recommendations 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 character.stics.

2) Based on the analytical results achieved in 1), we would:

a) Conduct theoretical studies of new methods of
achieving high performance ejector devices that are characterized
by compactaess, 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
liritations of constant area ejectors operating with supersonic
mixed flow.
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COMPRESSIBLE FLOW EJECTOR ANALYSIS

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 pressurc analysis and finally some results from the

computer runs.

constant Area Analysis

A schematic of a constant area ejector is shown on Figure A-l.
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 As. The exit area, A, at station 2 is the sum of

the areas:

A= Ap + As (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:

mp + ms = mm (A=-2)
P A - PlpAP - PlsAs + 2mrit = mp(vp - Vm) + ms(Vs - Vm) (A=-3)
2
. . . Vm
mphop + mshos = mm(hm + 77) (A-4)
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In Equations (A-2) to (A-4) m is the mass flow rate and the sub-
script designates the primary flow at station 1, 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 £ is the distance
between station 1 and 2. The pressure P1p does not have to be
qgual to Pls-since the primary nozzle will be a supersonic nozzle

in the applications of interest.

In the energy equation h and hos are the stagnation

op
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:

AV =n -5
plp oV mp (A-5)
P1gPsVg = Mg (A=6)
pmAVm = mm (a-7)

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
(A=7) are Pm’ hm’ o
state:

m and Vm' However, we also know an equation of

Pn = E(h, o) (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 = T -
Cp (A=-9)
and
P = ORT (A-=10)

where Cp is the specific heat at constant pressure and R is
the gas constant for the particular gas. For the mixed flow at
station 2 we have:

hm = CPme (A-11)

Pm e meme (A-12)
Combining (A~12) and (A-7) yields
m_R
m m
Pm = v Tm (A-13)
m
(note that Equations (A-13) and (A-1ll) 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:

ﬁlmRm - =
—-ATm' TmA - (PlpAp + PlSAS 21rdt)
i . (A-14)
my (V= V) 4wy (Vg = Vo)
n 15)
. 4 = 4 A-
p Bop * Mg h g “‘m‘cme = ) (
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Now Rm can be determined from the following simple mixing
formula for an ideal gas.

mmRm = mpRp + msRs (A-16)

Thus, (A-14), (A-15), and (A-16) can be combined to obtain a
closed form solution to Vir Tm and Rm‘ From Equation (A=-14)

Tm = m [(PlpAp + PlsAs - ZﬂrlT)Vm
(A=17)
+ mp(vp - Vm)Vm + ms(Vs - Vm)Vm]
i
‘ while from Equation (A-15) and (A-9) we have
C . C . V2
p, M ps ms m
Tn = ot Top * T K. Tos T IC (A-18)
Pp ™ Pp ™ Pn

Substituting for T in Equation (A-17) from Equation (A-18) and

= Ty s s = s

|

| j dividing by T, vields

|

| C. m . 2
Ep P TQE, . Egg + Cps Mg | Tos - Vi Tos -
Cpm rﬁm Tos ls Cpm Mm Tls 2Cmeos Tls

[<P1p_> <Pos> A, R 2w ] Ahis
A

Pos Pls A P1sr mmRmTls m
) nY n v mo+m V2
. m m
! + R.T Vn ¥ 7 ; ; Vo é R > Tm

M m*1ls mmls m m 1ls

(A-19)

bj_; '

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-~l are helpful in obtaining a solution
to Equation (A-19). In Table A-l, W is the molecular weight of the
fluid.

With the exception of the fluid gas constant, R, in equation
T6 of Table A-1l, 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:

m T + W Yy, -1

Cl = ——I-‘-:g-:—'ﬁ-_ (1 + -E-z—- Mi ) (A-20)
m
c2=mr D) ys -l 2 (a-21)
'm~+ W
3w (B K+1-22_ 14/ H_ (A-22)
1s m+ w
C4 = ; f Yoy M2 (A-23)
w
c5 = — f - ygM2 (A-24)
m w
c6 = Eég:::ll y M2 (A-25)
w m

Setting the ratio Vm/Vls
in terms of the C's as:

2
(C2 = C6) Vi

Vh, we can write Equation (A-19)

+ (C3 + C4 + C5) Vﬁ -Cl=0 . (A=26)
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TABLE A-1l

e o = b mm L L .

USEFUL OTHER EQUATIONS FOR AN IDEAL GAS

ISENTROPIC FILOW

T
-2
T

'ﬂom

1+ I—%-l M2

, Lr
= (1 + 1_5_1 n2y Y-l

=(1+I_5_1_M2)T:1_
y + 1

= L 2 -1 .2 | 27y =17

3 [Hl‘l*l'?—“’]

AR Y-

2ho
- w M

R

MIXING FORMULA

C. m_=C_ m_ +C__m
Pp m pp P ps s
m =C,m_ +C, m
cvm m Vp P vy S
Rm mm = Rp b + Rs ms
W m -1
1+ R S ’p : Yf .
Y. =¥ ws p YE T Ys
m p m Y -
1+ £ 52 ) ‘E_:ff
ws D YS
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TABLE A-1 (Concluded)
USEFUL OTHER EQUATIONS FOR AN IDEAL GAS

I = [yp/(yp - l)l/[Ys/(Ys - i)]‘ (A-T11)
cpp/cpS = I'/W

Com/Cps = (TM + W)/ [W(m + 1)] (A-T12)
R/Rg = (m + W)/[W(m + 1)) | (A-'I'l3)-
Cpprﬁp/cpm m_ = Tm/(I'm + W) (A-T14 )
Rpmp/Rmmm = m/(m + W) (A~T15)
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If we evaluate Equation (A-6) for the secondary flow rate and

the primary flow rate, we can show that
v +1 Y _ +1

Ty Ys~l o\ IOy Iy
2 -1 s 2{(y _~-

(ii) (1+‘1r' Ms) S

A
P

- ' p N Yp
L -/77 (=) z
A To P [

In Equation (A-27) we have assumed the primary nozzle is

(A-27)

chocked. The value of Mg 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 our independent
variable in our computer calculations. A geometry, pair of fluids,
and stagnation conditions are chosen and Equation (A-27) is solved
for m (or we hold m fixed and calculate BA) for various values of
Mg. Equations (A-20) through (A-26) can then be solved for each
value of M;. 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

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:

Y =hy = hy =T, (s = sp) (a~28)

where hR is the reference enthalpy and Sp 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 - hp = CP(To - TR) (A-29)

and since the entropy can be found from the isentropic stagnation
conditions, we have:

TO PO
s - sy = cPln 7/~ R in\ — . (A-30)
R R

Therefore, we can write for the general case

=1

T [IT P Y

o e) R

¥ = C,T /— - 1-1n -—(-—) (A=-31)
PR TR L TR Po

Evaluating Equation (A~-31) for the primary flow and the

secondary stagnation conditions for the reference state, we have

Y. ~1
T T P
Yo = C._ T 2B -1 - gn 2R (—°§->Yp (A-32)
P PP "os Tos Tos Pop
and for the mixed gas we have

Y.~-1

Y, =Co T T—°"—‘-1-Jzn ~om (-P—‘E)l;lm (A-33)
*
m Pm o8 Tos Tos Pom ‘
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Thus, the efficiency based on availability, Nav’ is
i Y=l
Tom Tom Pos) M
.mc Tos Thon Tos \Pom
n = _m = = (A-34)
av mpCpp - Y, -1-
£
T T P Yp
2P _ 1 - gn| 2R _2§>
Tos L Tos Pop -~

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, P__, by three different changes in

os
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
om m@Pos

op Rapos

(h

mm )
"pos © &, TR

Y (p-35)

In the sf¢-~nd rase we use the change in the enthalpy of the
primary for an - tiopic expansion from the primary stagnation
conditions to {+ 2 .tatic pressure, Pl at the inlet to the ejector.

P
h
th (h -m )
m om @Pos
n = — (A-36)
plp ﬁp (hop h@Plp)
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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.

h (h -"m )

m om @Pos
n = - (A=-37)
Tos ﬁp (hop h@Tosj

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:
mp(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:

nv +1

7 =
m m+ 1

(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 constarit 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 Pls/POS (because of lack of space, it is
labeled (P1S/ and the third column is the temperature ratio
Tls/TOS‘ 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 Macih number, Mp (located in column 10) and enables

one to find Tlp/Top and Plp/Pop (located in columns 11 and 12).

Column four gives the ratio of the primary velocity to the
secondary velocity Vp/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/Pos and column eight is the temperature

ratio Tm/Tos’ The gamma value of the mixture is given in column

nine.

Column thirteen gives the area ratio Ap/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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SUPERSONIC BRANCH
FRIMARY VAPOR: AIR  SECONDARY GAB:AIR
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