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PREFACE

The proceedings of the NASA Symposium - Recent Advances in Structures for
Hypersonic Flight held at Langley Research Center on September 6-8, 1978, are
reported in this NASA Conference Proceedings. The papers at this Symposium
were presented by 24 speakers representing airframe, missile, and engine manu-
facturers, the U.S. Air Force, and two NASA Research Centers.

The Symposium was organized in six sessions as follows:

I. Overviews
ITI. Engine Structures
IITI. Cooled Airframe Structures
IV. Hot Structures and TPS
V. Tankage and Insulation
VI. Analysis Methods

Papers and the authors thereof are grouped by session and identified in
the CONTENTS. The order of papers is the actual order of speaker appearance
at the Symposium.

The papers contained in this compilation were submitted as camera-ready
copy and have been edited only for clarity and format. Technical contents and
views expressed are the responsibility and opinions of the individual authors.
The size of the compilation necessitated publication in two parts (Parts I and
II). A list of attendees, by organizational affiliation, is included at the
back of Part II.

We would like to express appreciation to session chairmen and speakers
whose efforts contﬂithed to the technical excellence of the Symposium.

Certain commercial materials are identified in this paper in order to
specify adequately which materials were investigated in the research effort.
In no case does such identification imply recommendation or endorsement of the
product by NASA, nor does it imply that the materials are necessarily the only
ones or the best ones available for the purpose. In many cases equivalent
materials are available and would probably produce equivalent results.

S. C. Dixon
Symposium Chairman

C. P. Shore
Symposium Coordinator

iii
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WELCOME

R. R. Heldenfels
NASA Langley Research Center

Welcome to the Langley Research Center and the NASA Symposium on Recent
Advances in Structures for Hypersonic Flight., We are pleased that you are
here and hope that you find this a productive exchange of information on a
frontier area of structures technology.

In NASA, the research program in aeronautics is funded and reported sep-
arately from research in space techmnology, but some activities are very
similar. For example, hypersonic aircraft are in aeronautics whereas
launch vehicles and space transportation systems are in space. This sym-
posium on hypersonic flight is part of the aeronautics program concerned
with vehicles that cruise at high speed in the atmosphere. The structures
technology required for hypersonic cruise vehicles has much in common with
that required for many missiles and space vehicles. Consequently a few
papers from such programs have been included on the agenda of this
symposium.

Interest in hypersonic vehicles has a long history with much activity dat-
ing from the late 50's when, for example, the USAF studied a vehicle called
Aerospaceplane. NASA has been conducting hypersonic research for more than
20 years. I began to work on hypersonic structures in 1955 and have seen
the level of activity go up and down as potential applications were born
and died. Space vehicle programs have usually increased as aeronautical
programs have gone down so that our high temperature structures programs
for aircraft and space vehicles here at Langley have maintained a reason-
able pace. Hypersonic aircraft research and development seems to be at a
low point now, but hopefully it will pick up again with identification of
useful military and civil applications.

NASA held a Conference on Hypersonic Aircraft Technology in May 1967

(NASA SP-148) to review NASA hypersonics research when that work was at one
of its high points. The Hypersonic Research Engine (HRE) project was in
the hardware phase and plans were being developed for a modified X-15
research airplane. The conference included mission studies of cruise and
launch vehicles, aerodynamics, and propulsion, and a one-half day session
on structures and materials. That Structures and Materials Session con-
tained 8 papers by 15 Langley authors. All but two of those authors

are still at Langley, many still working in hypersonics, and seven of them
are authors, speakers, or session chairmen at this symposium.

I was chairman of the Structures and Materials Session at that hypersonic
conference and my introductory remarks then (11 years ago) are equally
applicable today. I quote: '"The structural designer of a long-range,
hypersonic cruise airplane will face one of the great challenges of aero-
nautics. He will be expected to provide a lightweight structure, with




an efficiency approaching that of the best subsonic aircraft, for a very
large, low-density vehicle subjected to severe aerodynamic heating." I
went on to say that the structural problems of hypersonic cruise vehicles
were then just beginning to be studied in depth with substantial contri-
butions being made by USAF and NASA.

Subsequent progress has not been as great as expected; much of our effort
here has been devoted to providing technology for the space shuttle, but
hypersonic aircraft work has continued and several NASA in-house and con-
tractual activities have been completed recently. Therefore, we con-
sidered it appropriate to present these NASA results and other related
work to interested individuals. We want you to be well informed and

ready to participate in the next expansion of hypersonic research. We are
very glad that you are here and hope that your attendance proves to be ‘
worthwhile. E
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HYPERSONIC STRUCTURES: AN AERODYNAMICIST'S PERSPECTIVE
or
(ONE MAN'S DREAM IS ANOTHER MAN'S NIGHTMARE)
J. D. Watts, L. R. Jackson, and J. L. Hunt

NASA Langley Research Center

INTRODUCTION

From the title of this paper, one might infer that the age;old tradition of compromise
between aerodynamicists and structural designers was going to be treated with some degree of
levity. We hope you have not been misled, as the relationship between aerodynamicists and
structures research and design engineers is indeed a very serious matter. And, the faster
our aircraft become, the more serious the relationship becomes.

I think it is a well-established fact that hypersonic aerodynamicists can generate more
structural problems in five minutes than the structural designer can solve in five years, However,
the cooperation of engineers in the aerodynamics, propulsion, and structures fields is the only
way aircraft get built. Hypersonic aircraft are going to require closer cooperation and more

extensive trades and compromises than any other aeronautical task we've had to face.



X~15 RESEARCH AIRPLANE

(Figure 1)

In the 1960's, when hypersonics was still a highly active discipline in the aeronautical
engineering field, the X-15 research airplane shown in Figure 1 was successfully probing the
"thermal thicket" and proving beyond a shadow of doubt that we couid indeed build a metal
airplane structure which would witﬁstand the rigors of Mach 6 flight and temperatures of 1000 K
(1340°F). The designers may not have been able to predict thermal stresses extremely well with
the primitive tools théyvhadbthen, but they did have a high respect for thermal loads. Their design
held up under those thermal stresses, even if there were a few wrinkles and buckles here and
there on the airframe after the 200-flight program. ;I would venture to say that if we had had
today's powerful finite element anglysis tools to check the X~15's thermal stresses in 1962,

we would probably have been too scared tc make another flight.
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HYPERSONIC VEHICLE DESIGN STUDIES OF THE 1960's

(Figure 2)

. You may recall that during the same period of time that the X-15 airplane was flying, a
“number of advapced hyperspnic vehicle systems studies were going on and the mission planners,
the aefodynamicists; and the pfopulsion engineers were able to generate a mountain of problems
for the structures engineers to soive. Figure 2 shows two vehicle concepts studied
during the 1960's. The vehicle on the left is the Air Force's DynaSoar, a small manned boost-
glide craft which was to have attained suborbital speeds prior to making a gliding reentry.
The large vehicle on the right was the Air Force's Aerospaceplane, a horizontal take—off single~
stage-to~orbit airplane which used multimode propulsion and separated its own oxygen out of the

atmosphere while flying at hypersonic speeds. The stored LOX was then used with liquid hydrogen

- fuel to power a rocket which boosted the vehicle into orbit.



HYPERSONIC VEHICLE DESIGN STUDIES OF THE SIXTIES

DYNASOAR

AEROSPACEPLANE

Figure 2



01

HYPERSON104VEHICLE STRUCTURES
(Figure 3)

The basic structural approaches used with the two vehicles in the previous figure are shown
in Figure 3. The DynaSoar wing structure was composed of Rene'4l panels on both surfaces supported
by the load-bearing strucﬁure, which was a pin-jointed truss. The lower surface heat shields were
coated refractory metal, which covered a’fibrous insulation. kThe Aerospaceplane fuselage structure
was a titanium integral liquid hydrogen tank. The tank was covered with an evacuated multilayer
insulation and the whole system was protected by a stand-off refractory metal or nickel alloy heat
shieid, depending on the local surface temperature. |

Through the process of attacking extremely difficult missions with out-of-reach technology,
the aircraft industry was able to thoroughly convince the military sponsors of hypersonic technology
development that hypersonic systems were impractical and far too.costly. This was, as you will
remember, the beginning of a long dry spell in hypersonics. Except for a few lingering groups
of researchers here and there, hypersonic aeronautics ceased to exist for over 10 years. It is

good to know that one of the research areas that has survived has been structures.
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THERMAL PROTECTION SYSTEMS OF THE MANNED SPACE PROGRAM
(Figure 4)

When hyﬁersbnic aeronautics received the coup de grace in the late 1960's, the national
aerospace focus was bn the manned space program. One might have assumed that the structural problems
associatéd with reentry Wouid be considerably more difficult than those addressed earlier
in aeronautics. However, an interesting thing happened. A means of coping with reentry heating was
developed which drastically reduced the temperature environment of the structure. The next figure
shows the two basic types of space reentry vehicles developed in the manned space program over the
past 20 years. The first was the capsule~-type vehicle with an ablative heat shield. This type
represents Mercury, Gemini, and Apollo. For these vehicles, the structural problems previously
identified with high-speed flight were essentially sidestepped through the application of ablatives.
This approach effectively kept the pressure off the structural designers for some time. Then came
the Space Shuttle which puts together the nonmetallic heat shield technology with an aircraft-type
reentry véhiple. Again, the structural designer's task was relieved of the high-temperature
problems by a liberal application of external insulation.

I certainly hope that the remaining experts in the advanced structural technology arena have not
been lulled to sleep by past trends in reentry vehicle design because the airplane people are once
again getting busy in the wind tunnels with some far-out and some not-so-far-out ideas, all of which
wiil undoubtedlj have serious structural implications. Most of these structural problems are not

likely to be solved through the use of ablatives or available external insulators.
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VEHICLE CATEGORIES NOW UNDER STUDY IN HYPERSONIC AERODYNAMICS

(Figure 5)

The primary objective in our current hypersonic aerodynamics program is to develop -a broad
experimental data base for three classes of vehicles.‘ These three categoriés of hypersonic vehicles
are shown in Figure 5. First, we are currently studying the airbfeathing space, launch system shown
on the left. The vehicle shown is a two-stage system which utilizes turbojet propulsion in twin
boosters up to the staging Mach number of about 3.0. The middle vehicle in the figﬁre represents the
second class under study, hypersonic cruise missiles. We're working in the Mach 4 to Mach 8 speed
range with these missile configurations. The third category, shown on the right, is the cruise
aircraft which may someday find applications in both military and civilian missions. The speed
range we're emphasizing is Mach 4 to 6 and the fuels being considered include JP, LHZ’ and a combina-
tion of both.

We are in the early stages of our aerodynamics research program now but already we are seeing

several challenging structural problems starting to precipitate out.
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TURBOJET-BOOSTED LAUNCH SYSTEM

(Figure 6)

Figure 6 is a sketch of a turbojet-boosted spacecraft which utilizes near-term aerodynamic
and propulsion technology to boost a rocket-powered orbiter fo the staging Mach number of about 3.
A study of this concept indicated that, for a 29,400 kg (65,000 1bm) payload (east launch), the
gross lift-off weight was about 1,200,000 kg (2,700,000 1bm). It required eight to nine turbojet
engines per booster (16 to 18 total) each in the 445,000 N (100,000 1bf) sea level thrust class.
The concept could potentially provide a totally reusable space launch system with extremely flexible
operations. Many of the problems associated with this system are aerodynamic and a wind tunnel test
program addressing the major questions will be underway very shortly. The structural questions that
one might anticipate with it will probably fall into two major categories: the structural dynamics
of the mated ﬁehicles, and the thermal-structural aspects of the orbiter. Without going into great
detail on a spacecraft at an aeronautical symposium, I will»simply say that this low-wing-loading
orbiter concept; whiéh is similar to others studied in the past by NASA, Boeing, and others,
utilizes advanced structures technology. It assumes a significant improvement over space shuttle
structure/TPS technology with either nickel alloy hot structure or insulated metal heat shields. The
booster vehicles could take advantage of either aluminum heat-sink structure or titanium since their

structural temperatures would be within the range of today's Mach 3 aircraft.



LT

TURBOJET—BOOSTED LAUNCH SYSTEM

GLOW 1,200,000 kg (2,700,000 Ibm)
PAYLOAD 29,000 kg (65,000 [bm)
8 TURBOJETS / BOOSTER

20 I R N

il —]

—_—

Figure 6



8T

THE MISSILE DESIGN TASK
(Figure 7)

Compared to the other types of hypersonic vehicles, the hypersonic missile has some unique
characteristics and limitations which make it a very different design problem. Missiles fly for
short periods in a severe flight environment which combines the problems of high dynamic pressure,
high heating rates and high maneuver load factors. They are usually geometrically constrained by
the launcher which puts a severe limitation on fuel volume and dictates high-density storable fuel. The
need for range brings in the high desirability for airbreathing propulsion and its attendant increment
in specific impulse over rocket power. In assessing the technology needs of a hypersonic missile, we
had to consider all these factors and others, as shown in Figure 7, and try to determine where it might
lead us in the airframe and engine structural design. The airframe requirements which seemed to surface
were stiffness, heat-sink capacity, strength, and thermal conductivity, all at minimum weight. This
combination of properties led us to consider the use of Lockalloy and beryllium for primary airframe
structure, as had been proposed earlier for hypersonic research aircraft. The high—temperature com-
bustor in the ramjet/scramjet engine requifes a material with strength at very high temperaturés. The
development of a structural material which can survive the engine combustor environment without cooling
is a key to the success of this class of missile. Some progress in the "hot" combustor materials area
will be presented by Mr. Holman of McDonnell-Douglas later in the symposium. The only missile charac-
teristic which is less severe than other hypersonic vehicles is its short service life, since the

missile is a one-shot vehicle.
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HYPERSONIC MISSILE STRUCTURAL CONCEPT
(Figure 8)

Adhering to the characteristics shown in the last figure, some of our aerodynamicists have con-
cocted the structural approach illustrated in Figure 8 for a hypersonic missile. This configuration is
designed to cruise at a lift/drag ratio of 3.5 at Mach 6 at a 30,500 m (100,000 ft) altitude. The small-
span wings are structurally efficient and have relatively low heat loads. The body incorporates an ogive
nose shape attached to a constant-cross-section shell structure fuselage with a fineness ratio of 9.5.
The flat lower fuselage surface is designed to provide a precompressed inlet flow to the propulsion
system. The low wing placement also contributes to the precompression»and uniformity of the inlet flow
as well as to provide more space for engine installation.

For short flight times, the situation was analogous to the hypersonic research airplane structural
problem and led to the examination of heat-sink systems. The main fuselage structure was designed with
0.76 cm (0.3 in.) thick Lockalloy material to provide a heat~sink range of about 370 km (200 n mi.) at
Mach 6 (30,500 m (100,000 ft) altitude). The fuselage structure was not allowed to exceed 530 K (494°F)
in order to keep the internal insulation requirements manageable. This heat-sink shell can withstand
an ultimate boost acceleration of 600g axially at 295 K (70°F) and 100g normal acceleration at
530 K (494°F). The wings are designed with beryllium plate. Beryllium is also used for the control

surfaces because of potentially high interference heating rates.
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MISSILE WINDWARD SURFACE TPS

(Figure 9)

For ranges exceeding the Lockalloy fuselage structure heat-sink limit, a radiation TPS was
added which kept the underlying structure from exceeding 530 K (494°F). This multiwall radiation
shield will be disqussed by Mr. Jackson in a later paper. Figure 9 shows some temperature-time
histories and the associated Mach 6 ranges for a bare Lockalloy airframe and the same airframe
protected by a multiwall TPS as illustrated in the figure. Célculations indicate that a straight
heat-sink structure is applicable for short-range defensive or stand-off missiles and a heat sink
structure which incorporates metallic TPS might well do the job for long-range cruise missiles.

I would like to point out that our conceptual studies of hypersonic missiles and the related
airframe and engine structures‘has been very limited in scope. We have attempted to derive some
basic concepts on which to base our aerodynamics research, Obviously, there are many other ways

to build missiles,
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EXAMPLE ADVANCED RESEARCH CONFIGURATIONS

(Figure 10)

The need for better aerodynamic efficiency, improved propulsion integration, and lower
radar cross—-section has given impetus to our current missile aerodynamics research program. We're
trying to increase aerodynamic performance without greatly compromising needed compactness while
experimenting with engine placement and inlet and nozzle design.

Figure 10 shows two advanced aerodynamic configurations for missiles which we are presently
studying. The one on the left is aimed at high volumetric efficiency. The primary objective with
the one on the right is high precompression. As you can see, we do not intend to limit our parametric

data base development to circular cylinders with a variation of stabilizers.
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HYPERSONIC ATRCRAFT TECHNOLOGY —— CURRENT AREAS OF INTEREST

(Figure 11)

In contrast to the hypersonic aircraft studies of the 1960's which tended to emphasize the
upper end of the hypersonic speed regime, our current effort is emphasizing the long-neglected
technology "gap" between Mach 4 and Mach 6. Also, we are addressing the total problem of how to
get a hypersonic aircraft to take off like any other aircraft, accelerate to its cruise speed,
perform whatever mission it has, and decelerate and land like any other aircraft. By taking the
approach of "walking before we run'" we tend to emphasize such menial problems as reducing transonic
drag, inventing ways of integrating turbojet and ramjet/scramjet propulsion systems, and at the
same time, trying to maintain satisfactory hypersonic performance.

Figure 11 describes the three areas of emphasis in our current aerodynamic research program
for cruise aircraft. Each of these areas has its own unique structural requirements defined by fuel
selection, material limits, and propulsion modes. By addressing these specific areas in a parametric
manner, we hope to provide an aerodynamic data base which spans the entire region. Structurally,

of course, this probably implies three separate and extensive research programs.
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HYPERSONIC TRANSPORT CONFIGURATION

(Figure 12)

Figure 12 is a hypersonic transport configuration currently being studied for us under contract.
The airplane concept is sized for a 200-passenger pavload and a range of 9,260 km (5,000 n. mi.) It
cruises at Mach 6 and uses all hydrogen fuel with its separate turbojet and dual-mode scramjet engines.
The structural design of this aircraft has not been addressed except for attempting to keep the
structural mass fraction in a reasonable range. Several structural apﬁroaches could be applied to
this vehicle including hot structure, metal heat shield TPS, and/or actively-cooled structure.

One of the very difficult aspects of a hypersonic transport airframe structure is the need for
long life. This is difficult to get at elevated temperatures, and this fact has led to extensive
studies of active structural cooling. Several papers on active cooling will be presented at this

symposium.
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HYPERSONIC TRANSPORT CONFIGURATION

LH2 FUEL, WING-MOUNTED PROPULS ION

Figure 12



0t

CONCEPTUAL TURBOJET-SCRAMJET SYSTEM

(Figure 13)

Figure 13 shows a chordwise section view of the wing-mounted turbojet-scramjet propulsion
system used with the hypersonic transport of the previous figure. The turbojets are buried in the
wing with a retractable inlet. The dual-mode scramjet engines are of the same external arrangement
as the Langley fixed-geometry scramjet but they require sufficient variable geometry to allow operation
from transonic speed up to the Mach 6 cruise speed. The turbojets operate from take-off to about
Mach 3, where they are shut down for the cruise portion of the flight. The general idea of a two-
dimensional, variable geometry nozzle is shown to indicate that the turbojet and scramjet nozzles

may be compatible in their operation but the design problem will be complex indeed. The inlet

. temperatures for this Mach 6 arrangement will be in the 1370 K (2000°F) range.
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ADVANCED MACH 5 MILITARY CONFIGURATION

(Figure 14)

Figure 14 is a sketch of an advanced configuration, now in the analysis stage, for application
to future military missions which may require extremely high altitude performance and extended
ranges in conjunction with reduced radar cross secﬁion. This concept used JP fuel for turbojet
operation and hydrogen for ramjet cruise. This configuration may undergo extensive modifications by
the time it reaches the wind tunnel stage.

There are various types of military applications of hypersonic aircraft which would not require
the long life of a transport airframe. Hot structure or metal heat shield TPS could do the

job in these cases.
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CONCEPTUAL TURBOJET-RAMJET SYSTEM
(Figure 15)

Figure 15 shows a section view of the centrally-located turbojet-ramjet propulsion system
from the military configuration of the previous figure. The inlet is inverted on top of the aircraft
in an effort to keep the system out of the line of sight of radar in front of and below the aircraft.
The system design allows for turbojet propulsion from take-off to Mach 3 and ramjet propulsion from
transonic speed to the Mach 5 cruise. Note that both engines are in operétion during the supersonic
acceleration. Inlet temperatures in the 1100 K (1500°F) range would be expected on this Mach 5
design. We will be in the process of better defining the environmment for such a propulsion system

structure during the next year. Again, a two-dimensional variable~geometry nozzle is shown.
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7 ""COMMON DENOMINATOR' HYPERSONIC STRUCTURES TECHNOLOGY
(Figure 16)
With the current severe limitations on the research and development resources in hypersonics, it

is almost ludicrous to carry on and on, identifying endless high-potential areas of research which we
will be unable to address. In my opinion, it is also a waste of time to continually seek the ultimate

~ mission panacea toward which we can direct all our resources. We might do well to ask ourselves if

there are any common denominators in hypersonic structures techmology which stand out among the others
as being generally useful. I think there are a few and I've listed them on Figure 16. By addressing
areas like these, or portions of them, we tend to advance technology which can be applied to any number
of mission vehicles.

The first is the area of propulsion system structures. As you will see later in this symposium,
progress is already being made at the upper end of the hypersonic regime with regeneratively-cooled
scramjet engine structures. If we can solve the problems of a Mach 4-5 turbojet/ramjet propulsion
system, we will also have in hand the means of solving most of the airframe problems for the entire
Mach 4~6 speed range.

Another "common denominator" technology is that of liquid hydrogen fuel tank structure, insulation,
and thermal protection. I would like to thank our subsonic friends for the work they have recently
done in studying the use of liquid hydrogen as aircraft fuel and experimentally evaluating several
candidate insulation materials, which you will hear more about later. Although we high-speed people
complicate the liquid hydrogen system design problem by going to higher temperatures and requiring
thermal protection, many of the LH2 fuel structural problems are the same.

The development of efficient and practical internally-insulated metal heat shield systems and
active cooling would provide needed alternatives to hot structure at the higher Mach numbers. The
weight and cost trades among these options may very well dictate that most hypersonic aircraft will
employ all three approaches in varying degrees, depending on the mission.

Last, but not least, in the list of "common denominators' is thermo-structural design capability.
There are few, if any, established design methods, procedures, and criteria which apply directly to
hypersonic aircraft. 1In addition, designers will have to develop a clearer understanding of thermal
stress —— 1its sources and the means of alleviating or minimizing it. So many new concepts become
involved in the design of a hypersonic aircraft that current design practices simply are not adequate,
The designer will have to be prepared to deal with such complex problems as design optimization where
thermal stress, creep, cooling system performance, and thermal protection systems are involved,
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These separate components cannot be completely separated by discipline and dealt with individually.
They should be considered as integral with the basic airframe structure. Perhaps we're talking
about a new "super discipline' of thermo-structural design which might combine several of the
current disciplines. This is, of course, a very difficult problem to deal with and it probably will
not be dealt with until the various aerospace companies can see some profit in making the required
investment. But it does represent a deficiency in ocur present capability which we should recognize
and be prepared to overcome when required.

We in the research and development sector of aerospace should keep in mind that, as the speed
of hypersonic aircraft and missiles increases, the disciplines of aerodynamics, aero-heating, pro-
pulsion, thermal protection, and structures become more and more closely related and even inter-
dependent. Therefore, the research that is done in these areas needs to be focused on similar
objectives with a lot of communication between disciplines. Breakthroughs in one discipline may
very well allow breakthroughs in the others, but only if they are communicated in a timely manner.

COMMON DENOMINATOR
HYPERSONIC STRUCTURES TECHNOLOGY

@ PROPULSION SYSTEM STRUCTURES
® VARIABLE-GEOMETRY COMMON INLETS FOR TJ/RJ
® VARIABLE-GEOMETRY NOZZLES
e HI{GH-TEMPERATURE AND REGENERATIVELY-COOLED COMBUSTORS
© FIXED-GEOMETRY SCRAMJET ENGINES

® | |QUID HYDROGEN FUEL SYSTEM - TANK ~ INSULATION - TPS
® METALLIC HEAT SHIELD TPS
® ACTIVE STRUCTURAL COOLING

@ THERMO-STRUCTURAL DESIGN CAPABILITY

Figure 16
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CONCLUDING REMARKS
One of the questions which will undoubtedly be asked toward the end of this symposium is,
"Where shall we go with our hypersonic structures effort in the future?" Rather than attempting
to answer the question, we from the aerodynamics side of the street have added significantly to
your list of options. We do feel, however, that there are several fertile areas for future
research which support most of the vehicle concepts discussed here. We in aerodynamics have
decided not to wait until the starting gun sounds in the race toward an advanced hypersonic
vehicle., We think that by applying our best judgment and setting out on a deliberate, broad

research program, we will provide future options to the decision-makers that they wouldn't have

- otherwise. We know of no reason why the same general line of reasoning doesn't apply in structures.

When the time finally arrives when useful hypersonic vehicles are designed and built, it

will be as a result of breakthroughs in hypersonic technology. These breakthroughs, as you know

quite well, happen as natural products of a strong research and development program and a sustained
high level of activity in the wind tunnels and structures test facilities. With a little cooperation
and communication, we may even be able to come up with a hypersonic structural concept that will

fly, or an aerodynamic configuration that can be built.



AIRFRAME-INTEGRATED PROPULSION SYSTEM
FOR HYPERSONIC CRUISE VEHICLES*

Robert A, Jones and Paul W, Huber
NASA Langley Research Center

ABSTRACT

Research is underway on a new, hydrogen burn-
ing, airbreathing engine concept which offers good
potential for efficient hypersonic cruise vehicles.
Features of the engine which lead to good perform-
ance include; extensive engine-airframe integra-
tion, fixed geometry, low cooling, and the control
of heat release in the supersonic combustor by
mixed-modes of fuel injection from the combustor
entrance. The engine concept is described along
with results from inlet tests, direct-connect
combustor tests, and tests of two subscale boiler-
plate research engines presently underway at con-
ditions which simulate flight at Mach 4 and 7.

1. INTRODUCTION

1t now appears certain that vehicles capable
of repetitive jong range flights in the atmosphere
at hypersonic speeds can become a reality. How
soon depends on the timing of the perfection and
application of several areas of advanced technology
~ most especially those concerned with airbreathing
propulsion and long-1ife, Tow-weight (actively-
cooled) airframe structures and systems. This
paper describes recent research on a totally
airframe-integrated supersonic combustion ramjet
(scramjet) which offers potential for efficient
cruise propulsion at speeds from Mach 5 to 8.
Regeneratively-cooled engine and actively-cooled
airframe structure for hypersonic aircraft using
the present propulsion concept are discussed in
another paper in these same proceedings by Kelly,
Wieting, Shore, and Nowak.

Most of the previcus scramjet concepts that
have been considered were of the "pod" type, capa-
ble of providing good internal performance but
incapable of high installed thrust, due to the
excessive cowl drag associated with the large noz-
zle expansions needed at high speeds. At speeds
above Mach 4, practical considerations reduce the
attractiveness of the pod approach. (See Fig 1).
In addition to high external drag from the pressure
force on the expanding cowl surface (necessary to
obtain a suitable nozzle exit to inlet capture area
ratio), the “pod”" type engine installation suffers
from insufficient capture area due to the inef-
ficient use of cross section area of the flow
within the vehicle shock layer. It aiso has drag
increases and locally high heating rates due to
flow interference between pods and vehicle. Var-
jable geometry adds mechanical complexity and
introduces significant weight penalties. The high
internal contraction ratios and narrow annular
passages typical of previous podded engines having
good internal performance substantially increase
cooling requirements to the point that more fuel
might be needed to cool the engine than for com-
bustion. This is particularly serious at the high
Mach numbers where the fuel is required to cool
certain parts of the airframe structure in addition
to the engine. The design concept that has emerged
from research at Langley emphasizes all three

major areas of concern: internal thrust minus
total external drag, cooling requirements for the
combined airframe and engine, and the total weight
of airframe and engine. This airframe-integrated
scramjet concept blends aircraft forebody and
afterbody functions in combination with fixed geom-
etry propulsion units utilizing a mixed mode of
fuel injection.

INCREASE
EXPANSION
RATIO

ELIMINATE STRUT DRAG

INCREASE CAPTURE AREA— ELIMINATE EXTERNAL

PRESSURE DRAG

Figure 1. Improving "pod" Type Engine Performance

As illustrated in Figure 2, in order to obtain
the required thrust at higher Mach numbers, the
inlet area must be large enough to capture nearly
all the airflow processed by the vehicle's under-
surface bow shock, This suggests an annular inlet
contiguous with the vehicle undersurface. OBivid-
ing the annular area into smaller rectangular
units produces in effect a number of identical
engine modules of a size and shape more nearly
suited for ground tests.

Figure 2.

Scramjet-Vehicle Integration

Treating the engine in this way yields two
important advantages: the vehicle's forebody per-
forms a significant part of the inlet compression
process, and its afterbody takes over a large part
of the nozzle expansion. The engine design thus
encompasses the entire undersurface of the vehicle.
This approach has other drag-reducing advantages.
The engine'’s external surfaces can easily be
shaped to minimize installation losses by making

*presented at The 11th Congress of the International Council of the Aeronautical Sciences,

Lisbon, Portugal, Sept. 10-16, 1978,
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them parallel to the local flow, and the vehicle's
base region can be used to continue the nozzle
expansion process to the large exit to inlet area
ratios required for efficient propulsion without
incurring an excessive drag penalty.

This airframe-integrated scramjet concept has
behind it extensive research on basic combustion
and turbulent reaction flow processes, engine com-
ponent configurations, and lightweight regener-
atively-codled structures. Two complete, subscale,
research engines of heat sink structure are pre-
sently undergoing performance tests at conditions
which simulate flight at Mach 4 and 7.

I1. AIRFRAME-INTEGRATED MODULE

Inlet

Subscale models of the fixed-geometry inlet
have been tested under conditions simulating a
flight Mach number range from 3 to 7 in conven-
tional wind tunnels. This inlet has a rectangular
capture area. ({See Fig 3). The vehicle bow shock
compresses flow in the vertical direction while
the wedge-shaped inlet sidewalls compress the flow
horizontally. This two-plane compression reduces
the degree of change in the inlet fiow field that
occurs with changing flight speed or angle-of-
attack and makes fixed geometry feasible. Sweep
of the compression wedges and a cutback cowl pro-
vide spillage., This allows the inlet to start at
low flight speeds, It also reduces the pressure
gradient on the top surface to permit ingestion of
the forebody boundary layer. Swept wedge-shaped
struts at the throat complete the inlet compression
process, These block about 60 percent of the flow
cross section in the swept plane. In addition to

making the inlet shorter, lighter, and lessening
its cooling requirements, these struts also provide
multiple planes for fuel injection; and therefore
the mixing distance and the combustor are also
shortened.

COMBUSTOR

INLET

NOZZLE

W
INETAIR 7 e
N S VVATEARTETLIEENEERRAR R R v e

Airframe-Integrated Supersonic
Combustion Ramjet

Figure 3.

FUEL ~INJECTION STRUTS

Experimentally determined schedules for mass
capture ratio, contraction ratio, and total pres-
sure recovery (Fig 4) have shown this to b? ?
practical, high-performance inlet concept. 1 The
inlet -starts easily for flight Mach numbers above
3, has a variable mass capture ratio with low loss
spillage at the Tlower Mach numbers, and an aero-
dynamic contraction ratio that varies with Mach
number in a desirable way. In addition to its low
drag, cooling, and weight, it rivals variable-
geometry inlets in aerodynamic performance. In
fact, it has demonstrated a higher pressure
recovery than previous variable-geometry inlets
such as_the NASA Hypersonic Research Engine
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Figure 4. Inlet Aerodynamics

“Combus tor

Over a period of several-years, both analyti-
cal and experimental research has been conducted
on the physics, thermodynamics, and physical means
for injection, mixing, ignition, and combustion
of hydrogen/air mixtures at locally supersonic
speed and high enthalpy. From this effort has
emerged a fuel injector-combustor concept which
direct-connect tests have shown to provide a good
combustion efficiency over a range of flight Mach
numbers, and at the same time have low %8?1ing
and Tow structural-weight requirements.

From this work has also come a unigue mixed-
fuel injection mode that allows effective control
of the streamwise heat-release distribution over
the Mach-number range (Fig. 5).
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Figure 5. Combustor Operation



Dual-mode (subsonic/supersonic) combustion and
minimum combustor length are obtained without ne-
cessity for additional fuel-injection stages (as
required by previous concepts), which increase
weight and cooling requirements. This is impor-
tant because supersonic-combustion devices are
sensitive to the distribution of heat release along
the combustor flow length-and its change with Mach
number. For high propulsive efficiency, heat
should be released as early in the combustor as
possible (i.e.; higher pressure), At high flight
speeds, fuel injected normal to the stream mixes,
reacts, and releases its heat rapidly. At Tower
speeds, the large pressure rise associated with
the rapid heat release can thermally choke the
engine. At these lower speeds part of the fuel

is injected parallel to the flow in the wake of
the struts where it mixes and reacts much more
stowly.

By proper apportionment of the fuel injected
in the two modes, heat release can be tailored as
desired. This combustor design also uses the
struts to provide multiple in-stream planes for
fuel injection., This in-stream fuel injection
shortens the combustor length and lowers heat and
skin friction losses compared to wall type fuel
injectors. Combining these features, along with
divergence of the combustor walls, yields efficient
combustion performance over a wide Mach number
range.

Nozzle

The flow into the nozzle is supersonic as
there is no sonic throat. The after undersurface
of the vehicle acts as the largest portion of the
contoured nozzle wall. Essentially it is a half-
nozzle, with only part of the dividing wall (par-
tial cowl extension). The short cowl extension
intercepts only a portion of the expansions from
the contoured wall. At a Mach number of 6, about
half the net thrust is generated by the large
vehicle undersurface portion of the nozzle.

As a result of these factors, along with
interactions between adjacent module wakes, spill-
age from the inlet, and nonuniform nozzle-entrance
conditions, the nozzle plume has a highly 3-dimen-
sional structure which changes with engine opera-
ting conditions, altitude, fiight speed, vehicle
attitude, etc. Furthermore, the nozzle flow
analysis must account for multicomponent reacting
species, shock, and viscous effects.
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Figure 6. Integrated Scramjet Nozzle

Because of this great complexity, it is nec-
essary to emp1?y a combination of lengthy compufa-
tional methods(3) and experimental simulations 5)
to approximate the nozzle flow structure.
6 shows results of a nozzle computation,

Figure

IIT. SUBSCALE MODULE TESTS

The modular nature of the integrated scramjet
engine provides certain inherent advantages for
ground testing. For example, testing a single
module can yield performance data representative
of a wide range of engine sizes and thrust levels.
The effects of the vehicle-forebody boundary layer
on the ingested engine flow are readily simulated
as to scale (the actual profiles depend on the
particular forebody shape) by placing the engine
so that it swallows the test facility nozzle
boundary layer flow. Precompression by the vehi-
cle’s forebody bow shock can be simulated by test-
ing at the flight enthalpy but at a Mach number
reduced to account for the change in flow Mach
number across the bow shock. In tests such as
these it is not possible to include the large
external nozzle of the vehicle afterbody (which
provides about 50 percent of the net thrust at
Mach numbers of 6 and above), but the installed
performance (thrust minus drag) of the inlet-
combustor module can be measured directly by sup-
porting the model on a thrust balance.

To adequately verify engine performance over
the design Mach number range, test data are needed
at the higher Mach numbers where the fuel is in-
jected primarily normal to the flow as well as
the Tower Mach numbers where the fuel is injected
primarily parallel to the flow. To obtain such
data, two subscale heat sink, research engine
modules have been built. One is being tested at
conditions simulating Mach 7 flight in an arc
heated facility at Langley. The other is under-
going test at conditions simulating Mach 4 flight
at the General Applied Sciences Laboratory (GASL)
in New York. These engines are the same size,
20.3 cm by 16.3 cm (8 inch by 6.4 inch) inlet
capture area and about 1.5 m (5 ft) in length
and very similar in design., Both are heat sink
designs intended for short duration tests of up
to 20 seconds. Figure 7 shows the engine which
is being used for Mach 7 tests prior to installa-
tion in the facility. It is made of copper with

water-cooled leading edges for the sidewalls,
the cowl, and the struts.

Figure 7. Instrumented Subscale Scramjet Module
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The Mach 4 engine is made of nickel. Both models
are well instrumented internally with pressure
orifices and heat transfer gauges. These research
engines are designed for easy interchangeability
of the fuel injection struts. The combustor area
distribution near the fuel injectors can be varied
by changing the struts or attaching pieces of
different shape to downstream edges. Changes in
downstream combustor area distribution can be
simulated by air injection from the combustor
sidewalls.

A schematic of the test setup in the Mach 7
facility is shown in figure 8 and a photograph of
the facility with the research engine mounted in
the test section is shown in figure 9. Note that
the top wall of the engine model is positioned
directly in Tine with the facility nozzle wall to
swallow the facility boundary Tayer and thus simu-
late ingestion of the vehicle forebody boundary
layer, A complete description of this arc-heated
facility is given in Reference 6. It duplicates
the Mach number, enthalpy and forebody boundary-
layer conditions expected at the inlet for a
vehicle at a flight Mach number of 7, but at
dynamic pressure corresponding to only the
very lowest valyes expected in flight, 16.8 kPa
(g, =~ 350 1b/ft2).
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Schematic of Mach 7 Scramjet
Test Facility

Figure 8,

Mach 7 Scramjet Test Facility

Figure 9.

The Mach 4 test setup at GASL is similar in
that it duplicates the Mach number and enthalpy
and forebody boundary-layer conditions expected
at the inlet for a vehicle at a flight Mach number
of 4. However, the facility heater is of the com-
bustion type. Hydrogen and air are burned in
the stagnation chamber and oxygen is added to re-
place that used for burning so that the test gas
stream contains water-vapor as well as nitrogen
and oxygen.

Preliminary tests in both facilities have
been made in which hydrogen was burned in the
engine, In these preliminary tests the modes of
fuel injection and the split between parallel and
perpendicular injection were varied, different
strut geometries were tested, and various amounts
of air were injected from the combustor sidewalls
to change effective area distribution. No ignitors
were used - spontaneous ignition was relied upon.
As might be expected in the first tests of a new
scramjet concept, these initial parametric tests
uncovered a whole range of problems. These in-
cluded facility-model interactions in which fuel
injection caused test cabin pressure to increase,
with subsequent inlet unstart {this problem has
now been solved), cases where ignition did not
occur at all in the engine, and cases where com-
bustion heat release caused the inlet to unstart.
There were also cases where combustion was achieved
in the engine with no apparent interaction in the
inlet, and measured internal thrust levels close
to the predicted values were obtained.

Some of the results from one of the more suc-
cessful of these preliminary tests in the Mach 7
facility are shown in Figure 10. For this test
the total enthalpy of the flow approaching the
inlet was 2.6 MJ/kg (1128 Btu/1b) with a total
pressure of 30 atmospheres simulating a flight
condition of Mach 7 at an altitude of 35 km
(115,000 ft). Estimates using the method of
Reference 7 with the reaction rate correlation of
Reference 8 indicate that for stoichiometric
fuel-air ratios at the low pressure of these pre-
liminary Mach 7 tests only 20 percent of the fuel
reacts, Therefore air equal to about 7 percent
of that captured by the inlet was injected from
the sidewalls to decrease the effective cross
sectional area further downstream in the com-
bustor, raise static pressure, and thus increase
the reaction efficiency. Hydrogen fuel was
injected from the struts normal to the flow at a
fuel equivalence ratio of 0.5 and the drag and
internal pressures measured (solid symbols in
Figure 10). Note the large increase in pressure
due to combustion which begins just downstream of
the fuel injection location. The internal thrust
obtained from the difference in balance readings -
with and without fuel was 225 N (50.6 1b). An-
estimate of the change in force due to internal
pressures was made by interpolating for pressure
between orifice locations and integrating over
the entire internal surface of the engine. This
integration gave a value of approximately 351 N
(79 1b) but, of course, internal shear forces
which act in the drag direction were not included.

From the change in measured heating rate in
the combustor with and without fuel and the use of
a correlation method of Orth and Billig,(9) the
overall reaction efficiency (percentage of avail~
able fuel actually reacted) was estimated to be
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A comparison of the measured internal thrust
with pr;distions based on simple one-dimensional
theory( s8] "as a function of reaction efficiency
is given in Figure 11. The solid line represents
a real gas calculation assuming zero chemical
reaction time (equilibrium) and no air injection
from the combustor sidewalls. The fuel is assumed
to react completely as soon as it is mixed (mixing
controlled combustion) and an empirical relation
for mixing as a function of flow length is used.
The assumption of instantaneous reaction becomes
inappropriate for low pressure levels. Because
of the present low dynamic pressure conditions of
the Mach 7 facility, 16.8 kPa (350 1b/ft2) or about
one-third of the design operating condition of the.
engine), the combustion process appears to be
significantly affected by the finite time required
for chemical reactions as well as the mixing rate.
The use of air injection from the combustor side-
walls was employed to increase the pressure in the
initial combustion region. The method of Refer-
ence 7 was modified to account for sidewall air

injection and finite chemical reaction rates using
the correlation for non-equilibrium hydrogen-air
reactions of Pergament.(8) These results are shown
as open symbols in Figure 11 for various ratios of
injected air mass flow to inlet capture mass flow.

The results of the preliminary parametric
tests made to date indicate that the inlet-combustor
interactions experienced at large fuel-air ratios
can be solved with minor geometric changes in the
region of the fuel injector struts and that the
reaction-rate Timited combustion can be solved by
increasing the operating pressure of the facility.
Furthermore, the agreement between experimental
results obtained so far and the theoretical per-
formance predictions lends credence to the predic-
tions of overall performance (thrust, specific
impulse, and cooling requirement) of this airframe-
integrated scramjet concept.

and system weights, module cooling requirements,
and flight characteristics of an airframe-integrated
scramjet vehicle.

It is interesting to compare the predicted
specific impulse of the integrated scramjet with
other high-speed propulsion systems. Figure 12
shows the fuel specific impulse for turbojets,
ramjets, scramjets, and rockets as a function of
the flight Mach number for hydrocarbon (JP) and
hydrogen (Hz) fuel. The Hy-fueled scramjet at Mach
6 has a higher specific impulse than the JP-fueled
turbojet at Mach 2. MNo real competitor to the
scramjet exists at Mach numbers greater than about
6, even for an on-design .cruise application.
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Figure 12. Propulsion Options

Installed Thrust
Tt is obviously not possible to define install-

ed engine performance independent of vehicle char-
acteristics. The vehicles forebody length, shape,
and surface have a marked influence on the boundary
layer and flow distribution entering the engine
inlet, while the afterbody geometry strongly
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influences nozzle expansion, as previously dis-
cussed. Here for simplicity, we treat Scramjet
performance of a "nominal® forebody and afterbody,
along with suggested means to estimate effects on
performance due to departures from the “nominal.”
We distinguish installed from internal performance
by accounting for several external effects charg-
able to the engine. These include additive (or
spillage) drag forces, cowl drag forces, effects
of ingested forebody boundary layer on entering
mass, energy and momentum, frictional and heat-
transfer losses, and effects in the flight direc-
tion of normal forces on the capture flow and
exhaust plume (since the coordinate system for
thrust calculation goes in ??8 forebody, or engine~
flow, direction), Pinckney ) has given a de-
scription of the complete performance calculation
method, along with numerical results as functions
of the various dependent parameters, Figure 13
shows thrust coefficient {C7) and specific impulse
(1 p) as functions of fuel-air equilivance ratio
(¢§ and flight Mach number (Mw) for the "nominal"
vehicle underbody. The values of CT and Isp are
for a dynamic pressure of 23,9 kPa (500 1b/ft2)
but are applicable to other altitudes as long as
the reactions are controlled by mixing, The
crossing of the curves is a result of different
splits between parallel and normal fuel injection
used to avoid thermal choking below Mach 6 and to
reduce combustor heat load at Mach 8,
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Figure 13. Scramjet Installed Performance

Although not shown, the installed performance
also varies as a function of the precompression
achieved by the vehicle forebody. The thrust
coefficient increases with increasing forebody
flow deflection angle due to the increased mass
flow entering the inlet until an angle of about 12
degrees. Above 12 degrees the thrust decreases
due to the overriding influence of the increasing
normal-force component in the flight direction.
While the installed engine performance includes
external effects chargeable to the engine such as
spillage, cowl drag, and effects of ingesting the
forebody boundary layer, it does not include the
aircraft drag.
peak thrust minus drag of the total system occurs
at forebody flow deflection angles near 7 1/2
degrees for configurations optimized to cruise at
Mach 6.

When vehicle drag is included, the .

Forebody boundary-layer ingestion by the in-
let represents one of the more important non-ideal
flow effects on installed scramjet performance.
Defects in entering mass flow due to the boundary-
layer displacement show up directly as thrust
decrements, while defects in entering momentum
also degrade the performance. However, the loss
in performance associated with ingesting the fore-
body boundary layer is less than the drag increase
associated with diverting this flow or mounting
the engine on a pylon. To account approximately
for forebody boundary layers different from the
"nominal" case cited, the thrust should be changed
in proportion to the change in mass flow entering
the inlet (due to change in boundary-layer-dis-
placement thickness).

The forebody-boundary-layer characteristics
used in determining the scramjet performance in
Figure 13 are based on flat-plate flow of 12.2 m
(40 ft) length and 667 K {12000R) surface tempera=
ture, Transition was assumed to occur at R, = 103
(momentum thickness Reynolds number). It is inter-~
esting that the ingested boundary-layer thickness,
and hence thrust decrement, can be reduced by cool-
ing the forebody. The energy loss to the cold wall
can be recovered in the regenerative heating pro-
cess (higher fuel T). The nozzle area ratio
{engine nozzle exit to cowl) used in the calcula-
tions was about 3,6, and the external surface of
the cowl 1ip was inclined 3 degrees to the forebody
surface, The cowl drag forces amounted to about
5 percent of the thrust,

The influence of afterbody geometry (nozzle
expansion) on the thrust coefficient is illustrated
in Figure 14, Values of Cy as functions of nozzle
expansion angle (€) and length {Ly/Hc) for Mach 6
and a fuel equivalence ratio of 1.0 are shown.

For expansion angles in the range of 16 to 24
degrees, thrust coefficient is primarily sensitive
to the nozzle length (area ratio) up to values of
about 4 Hc (module cowl height).

WEIGHTS DO NOT INCLUDE FUEL OR FUEL TANK

W = MODULE WiDTH = O.SHC
HC = COWL CAPTURE HEIGHT .

- MODULES [+— 419K j:l*——ﬂ«A—;’l
Ag = (HQ) X W) X NUMBER OF “7 ¢ — .

Fy 1S NET THRUST IN FLIGHT DIRECTION

A —— NS
FOREBODY SURFACE 6.875 HC———”

INCLINED 7.5° TO F
FREE-STREAM FLOW C X

2,
Y2p,u, A

T
TOTAL SCRAMIJET

SBLEIC ypiGHr PR
444822 |- MODULE —>//// v Wk
WEIGHT, 3558.58 AﬁMM”V/
NEWTONS 2668.93 1 O
17929 SYSTEMS
889.64 I/l/l//1l//l/(/‘///I///I////llll////////////«
0 45.72 50.8 55.88

Hccm

Figure 14, Scramjet Weight and Nozzle Geometry

Engine Weight

7 Detailed estimates of scramjet engine module
weights and weights of the associated subsystems
have been made ?as d on. both in-house and contrac-
tual structurallll) and system studies, including



results from the HRE flight-weight regeneratively-~
cooled engine program. Figure 14 shows variation
of module and systems weight as a funhction of the
module cowl height, Hg. This case assumes a six-
module scramjet engine of 4.1 kg/sec (9 1b/sec)
hydrogen flow (maximum fuel flow rate for this
study) which corresponds to ¢ = 1.5 operation at
q_ = 71.8 kPa (1500 1b/ft?) and M_ = 6.

For illustration, the weight breakdown for
the case of six 45.7 cm (18 in.) high modules
would be as follows: in-board engine modules,
236 kg (520 1b) each; outboard engine modules,
259 kg (570 1b) each, where both numbers include
the engine subsystems (controls, valves, plumbing,
and instrumentation); other subsystems, total
279 kg (615 1b). These weights average out, per
module, to 290 kg (639 1b) total (engine and sub-
systems) and 47 kg (103 1b) for the other sub-
systems. The weight of hydrogen fuel and tankage
would be additional.

Engine Cooling Requirements

Detailed computations of the heat-transfer
rates and resulting cooling requirements for the
component sections of the scramjet module have
been made and compared with the available heat
sink in the hydrogen fuel (also used as a coolant),
The results depend strongly, of course, upon the
assumptions of allowable wall and fuel tempera-
ture, type of material, coolant flow path, etc

Figure 15 shows the heat load for various
engine module components as a percentage of the
available heat sink in the hydrogen fuel as it
flows to the combustor at an equivalence ratio
of 1.0 for flight at Mach 6 and g, = 23.9 kPa
(500 1b/ft2). For this condition, the total
cooling required by the engine is_about 50 percent
of the available fuel heat sink.(11) The excess
cooling available could be used to cool portions
of airframe structure.
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Figure 15. Engine Heat Load; M, = 6,

Qe = 23.9 kPa (500 1b/ft2).

V. CONCLUDING REMARKS

Based on the concept of total engine-vehicle
integration, the present scramjet concept appears
to be capable of providing efficient airbreathing
propulsion at Mach number of 5 and higher. We
conclude this airframe-integrated scramjet concept
has the potential for high thrust and efficiency,
low drag and weight, low cooling requirement with
excess cooling available to cool airframe compo-
nents, and application to a wide ranve of vehicle
sizes.
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RECENT ADVANCES IN CONVECTIVELY COOLED
ENGINE AND AIRFRAME STRUCTURES FOR HYPERSONIC FLIGHT#*

H. Neale Kelly, Allan R. Wieting, Charles P. Shore, and Robert J. Nowak
NASA langley Research Center

Abstract

The paper reviews Langley Research Center
sponsored research on convectively cooled engine
and airframe structures. The first section focuses
on a hydrogen-cooled structure for a fixed-geometry,
airframe-integrated scramjet; however, the
thermal/structural problems, concepts, design
features, and technological advances are applicable
to a broad range of engines. The second section
describes the most attractive convectively cooled
airframe structural concepts that have evolved
from an extensive series of investigations, the
technology developments that have led to these
concepts, and the benefits that accrue from their
use,

Introduction

For hypersonic aircraft to become a practical
reality, techniques must be developed for the
design and fabrication of low-mass, airframe
and engine structures that can withstand repeated
and prolonged exposure to the severe aerodynamic
heating encountered in hypersonic flight. The
advancement of structural technology for this
hostile flight regime has been the objective of
continuing coordinated research at the NASA
Langley Research Center.

At the 5th Congress of the International
Council of the Aeronautical Sciences, September
1966, Heldenfels(l) reviewed the structural
prospects for hypersonic vehicles. Emphasis then
was on hydrogen-fuel-cooled structures for engines
and passive hot structures of high temperature
materials for airframes. Predicated on prospects
of hydrogen-fueled scramjets with low cooling
requirements 2% Becker, at the 7th ICAS Congress(3)
proposed convectively cooled airframe structures
of conventional low-temperature, low-mass
materials (e.g., aluminum) that used the hydrogen
fuel as the ultimate heat sink for all cooling
requirements. Subsequently, status reports on
convectively cooled structures technology were
presented by Wieting and Guy(Q) for scramjet
structures and Nowak and Kelly(5) for airframe
structures.

The present paper reviews recent advances in
convectively cooled structures for both engine and
airframe applications. The paper is divided
into two main sections. The engine section is
somewhat narrowly focused on a hydrogen-cooled
structure for the Langley airframe-integrated
scramjet described in detail by Jones and Huber (6],
However, the baseline thermal structural configura-
tion, design features, technology advances, and
fundamental problems investigated are applicable
to a broader range of engine structures.

The airframe section describes the most attractive
convectively cooled airframe structural concepts

that have evolved from a series of investigations,
the technology developments that have led to these
concepts, and the benefits that accrue from

their use. In addition, experience gained in
fabrication of several airframe panel concepts is
documented.

Engine Structures

Work on hydrogen-cooled engine structures
at the Langley Research Center began with the
Hypersonic Research Engine (HRE) Program of the
1960's and culminated, from a thermal/structural
standpoint, in tests of a complete flight-weight
hydrogen-cooled engine assembly in the Langley 8-
foot high-temperature structures tunnel (fig. 1).
These tests(7) and others(8) confirmed the suita-
bility of the basic approach for research purposes.
However, two major thermal/structural problems
were uncovered that must be solved before a
hydrogen-cooled scramjet can become a practical
reality: (1) the coolant requirements must be
reduced (the HRE required almost three times as
much hydrogen for coolant as for fuel) and (2) the
thermal fatigue life must be increased
(HRE had an anticipated fatigue life of only 135
operational cycles). Both these problems stemmed,
at least in part, from the annular design and high
compression ratio of the engine which resulted i
large areas being exposed to an intense heating
environment. A fundamental goal of the continuing
research program was to develop an engine concept
which required only a fraction of the total fuel
heat sink for engine cooling.

Airframe-Integrated Scramjet

Studies of airframe.integrated scramjets with
high potential performance led to the sweptback,
fixed-geometry, hydrogen-fueled, rectangular
scramjet module shown in figure 2. Two inner
scramjet modules are shown; the sidewall of one
module is removed to reveal the internal engine
surfaces. The scramjet modules are integrated
with the airframe and use the entire undersurface
of the aircraft to process engine airflow. The
aircraft forebody serves as an extension of the
engine inlet, and the afterbody serves as an
extension of the engine nozzle. A number of
aerodynamic/propulsion advantages are obtained with
this concept. (6 Structural advantages include the
fixed geometry and reduced wetted surface area and
heating rates. Surface area is reduced by the
nonannular configuration and by the multiple fuel
injection planes which promote fuel mixing and
combustion and thereby reduce the combustor length.
Heat transfer rates are reduced by the lower inlet
compression ratio and by the large combustor
exit~to-entrance area ratio which reduce pressures.

By 1971 propulsion technology for the airframe-
integrated scramjet had advanced sufficiently
to warrant development of the thermal/structural

*Presented at The 11lth Congress of the International Council of the Aeronautical Sciences,

Lisbon, Portugal, Sept. 10-16, 1978,
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technology. A preliminary thermal /structural
design analysis study based on HRE technology
indicated viability from both an engine structural
mass and coolant requirement standpoint. This
study revealed a number of critical areas (e.g.,
panel-to-panel seals, fuel injection struts) and
reemphasized the need for advances in fabrication
and materials technology to obtain reasonable
structural life.

Recently, a more detailed study(9) of this
scramjet concept was undertaken by a major engine
manufacturer while the effort. at Langley concen-
trated on the fuel-injection strut. As a focal
point, the scramjets for these studies were sized
for a conceptual hypersonic research aircraft and
each module is approximately 46 cm high, 37 cm wide,
and 315 cm long. Salient features from the
thermal/structural design and analysis studies are
presented in this paper.

Aerothermal Environment

The scramjet is designed to operate over a
flight Mach number range of 4 to 10, and a dynamic
pressure range of 24 kPa to 72 kPa. The maximum
loading conditions occur during 2g maneuvers at a
dynamic pressure of 72 kPa. The maximum thermal
loading (heating rates up to 6 MW/m2 on plane
surfaces) occurs at Mach 10. The maximum pressure
loading occurs at Mach 5.2,

The loading is characterized by the heat flux
and pressure distribution along the longitudinal
centerline of the sidewall component shown in
figure 3. The heating is highly nonuniform
because of boundary-layer transition, shock-boundary-
layer interactions, and combustion. The critical
pressure -loads occur during an engine unstart
(i.e., transition from supersonic to subsonic flow)
which results if thermal choking occurs in the
combustor. When the initial design study(4) was
undertaken, the operational flow system was well
understood; however, the unstarting process was not.
Consequently, the basic unstart phenomena and
loading were characterized experimentally(lO).

The unstarting process is highly transient as
indicated by the shaded area on the typical pressure
history shown in the insert on figure 3. The peak
pressure occurs during the unstart and is an order
of magnitude higher than the normal operating
pressure (py) and may be 2 to 7 times higher than
the steady state unstarted pressure levels, which
have typically been used in prior engine designs
such as the HRE. These peak levels are conserva-
tively predicted by normal shock wave theory.
Since the complete dynamic characteristics of the
transient pulse are not known, the envelope of the
peaks along the engine (px on figure 3) currently
serves as the basis for the engine structural de-
sign, The transient loading is particularly
critical for the slender airfoil-like struts.

Shell Structure

To provide in-service accessibility and re-
placeability of parts, each scramjet module has
detachable major structural components (see figs.
2, 4, and 5): a top wall, cowl, and two sidewalls,
which form the basic shell structure, and the
three fuel-injection struts.

Coolant System., All engine surfaces wetted by the
airstream are regeneratively cooled by circulating
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the hydrogen fuel through a cooling jacket before
injecting the fuel into the combustor. The

cooling jacket, which is brazed to the primary
structure, consists of the aerodynamic skin and
multiple straight-fin or pin-fin coolant passages;
straight-fin passages are shown as part of figure 4.

Although a fundamental design goal was the
minimization of coolant requirements, the coolant
routing scheme, depicted in figure 5, results pri-
marily from requirements to minimize thermal
stresses and deflections to yield the least complex
thermal/structural and seal concepts. In general,
the coolant enters each component leading and
trailing edge (low heat load areas) and flows
longitudinally toward the component center (highest
heat load area), where it is collected in manifolds
and routed to a fuel plenum. (Leading edge stagna-
tion heating is intense but the heat load is low
because of the small area). From there it is
dispersed to the fuel manifolds in each strut and
injected into the airstream. This routing scheme
reduces the temperature variation transverse to the
flow direction, the temperature differential through
the cooling jacket, and to a lesser extent the total
aerodynamic heat load thereby reducing the cooling
requirements. Two coolant circuits per component
were necessitated by the fuel pressure requirements,
as frictional pressure losses with only one circuit
would be excessive. The aerodynamic skin tempera-
ture distribution for each of the basic shell compo-
nents is given in figure 6. A common outlet mani-
fold location was selected to minimize thermal mis-
match and simplify seals between components; although
minimization of coolant flow rate and pressure drop
would dictate different locations for the outlet
manifold of each component.

All leading edges exposed to stagnation
heating from the airflow are impingement cooled,
The coolant is injected through a slot in the
coolant inlet manifold and impinges on the inside
surface of the leading edge, which then turns the
coolant around to flow along the component surface
(section A-A of fig. 7). This technique permits
the use of the total sidewall coolant flow for
impingement cooling. Even though the impingement
cooling technique augments the coolant heat transfer
characteristics along the stagnation line by a
factor of two to three, the total circuit flow is
required because of the high stagnation line heating.

A unique feature of the coolant routing
scheme is the commonality of the cooling circuits
for the sidewalls of adjoining modules. This
scheme minimizes temperature gradients across the
sidewall component and thus reduces thermal
stresses and warpage in the sidewall. However,
the primary structure is not common to the
adjoining module sidewalls in that the frames are
split as shown in section B-B of figure 7 to
relieve top wall and cowl thermal stress by
allowing the sidewalls to tramslate laterally
relative to each other. The seal design is also
simplified as the lateral expansion of only one
module need be accommodated. In addition, module
cowls are independent and allowed to slip relative
to one another. The leading~ and trailing-edge
sections of the sidewall remain integral between
adjoining scramjet modules; however, since these
sections are mear ambient temperature, the
thermal stresses are acceptable(A’Q). The



design features expansion joints and seals at the
top and bottom of the sidewall and a sliding

seal between the cowls. This overall freedom to
expand precludes any thermal stress due to the
absolute temperature change from ambient; however,
thermal stresses caused by the nonlinear tempera-
ture profiles can be relieved only by minimizing
the thermal gradients.

Primary Structure. Three basic engine shell
concepts were investigated: two frame-stiffened
honeycomb-core sandwich panels and a deep-core
honeycomb sandwich panel. One of the stiffened
concepts had sidewall frames swept 48 degrees
(parallel to isotherms to minimize thermal
stresses) and the other had vertical sidewall
frames (parallel to isobars to minimize unstart
pressure stress); the latter is shown in figure 4.
Both stiffened configurations use a 10-mm-thick
honeycomb-core sandwich and seven frames; the
deep-core honeycomb concept has a core thickness
which varies from 6 to 50 mm and has two vertical
frames. Analytical results(9) indicate relative
displacements between adjoining compounents are gen-
erally small for all three configurations at steady
state conditions. The small relative displace-
ments, which are a direct result of matching
temperature distributions at the component inter-
faces (fig. 6), permit the panel corners to be
rigidly joined allowing the use of a simple static
seal or even a welded corner. All three concepts
have approximately the same mass per unit capture
area of 1260 kg/mz. As a comparison, the HRE with
a mass per unit capture area of 1500 kg/m2 was
heavier in spite of the more structurally efficient
circular shell construction. The deep-core honey—
comb concept was selected as the baseline

design primarily because it exhibits the least
deflection in the sidewall and nozzle areas and

is the least complex structure.

Preliminary results{9) indicate that the basic
shell concepts have a significant temperature
gradient through the thickness during thermal
transients (e.g., maneuvers, combustion shutdown)
which may significantly impact the final design
of both the seals and basic shell structure.

Fuel-Injection Struts

The fuel-injection struts (see figs. 2, 4, and
8) presented the most formidable cooling and
structural problems. The struts must simultaneous-
ly support a large side load, contain high-pressure
hydrogen at two temperature extremes, and withstand
the high thermal stresses resulting from complex
aerodynamic heating as well as convective heating
from the hot hydrogen in the internal manifolds.
To compound these problems, the cross-sectional
area and contour cannot be altered without
significantly changing the engine propulsion
performance.

The struts, shown in figure 8, have a maximum
thickness of 2.5 cm and chords of 25 cm (center
strut) and 38 cm (side struts), span 46 cm, and
are swept back 48°. As shown in figure 9, each
strut is subdivided internally into four longitudi-
nal compartments., The fore and aft compartments
serve as coolant inlet and outlet manifolds respec-
tively and the central compartments serve as fuel
manifolds for the strut trailing edge (parallel to
airflow) and wall (perpendicular to airflow)
fuel injectors. Coolant in the inlet manifold

is injected through a slot, impinges on the leading
edge, and splits (unequally) to flow along each wall
to the trailing edge, where it is collected in the
outlet manifold. This quadrilateral manifold
configuration was selected over a more structurally
efficient (high pressure containment) tubular
configuration because the former has a greater
volumetric efficiency which results in larger fuel
and coolant flow areas and thus lower pressure
losses.

Thermal Loading. Overall thermal expansions of
the strut are accommodated by the mounting system.
The strut top wall and cowl mounts are basically
at midchord. At the top_ the strut has rotational
freedom about the transverse axis and transla—
tional freedom in longitudinal and transverse
directions. At the cowl the strut has rotational
freedom about all axes and translational freedom
along the 48° sweep line.

Analytical results(#) revealed temperature
differences of up to 470 K through the primary
structure wall and attendant thermal stresses up
to 80 percent of the allowable stress. These
large temperature differences and stresses were
caused by internal convective heating from the hot
hydrogen in the manifolds. The internal heating,
which is normally negligible compared to the
aerodynamic heating, is increased significantly by
the higher velocities caused by the restricted
flow area. Attempts to reduce these stresses by
rearranging the fuel and cooling manifolds as
well as the coolant circuitry proved fruitless.
However, the addition of a metallic plate-fin
thermal buffer (fig. 10a) in the hot manifolds
reduced primary structure thermal stresses by
approximately 64 percent, as indicated in figure
10b. The thermal buffer fins are oriented
transverse to the fuel flow direction to restrict
flow and provide essentially stagnant hydrogen in
the passages between the shield and the strut
wall, thereby eliminating direct convective heating
to the strut wall.

External Pressure Loading. The maximum external
pressure loading occurs at the Mach 5.2 thermal
choke condition when the aerodynamic flow in the
passage between the sidewall and a side strut
unstarts and the flow in the other three passages
remains started. The net side loading due to
pressure on the strut is approximately 0.7 MPa.

Analytical results(4:9) indicate that the com-
bined thermal and pressure stresses exceed the
allowable stress (0,). The thermal stress (0.8 0g)
is caused by the nonlinear chordwise temperature
gradient and wall in-depth temperature gradient
shown in figure lla for a coolant outlet tempera-
ture equivalent to the superalloy temperature
limit of 890 K. The temperature gradients are
significantly reduced, as shown in figure 1la, by
increasing the coolant flow to obtain an outlet
temperature equal to the fuel temperature (430 K).
Attendant thermal stresses are reduced to 0.3 o,
and the combined stresses are reduced approxi-~
mately 50 percent to acceptable levels as shown in
figure 11b. This technique adds no complexity to
design or fabrication and even though the strut
coolant flow rate is doubled, the overall cooling
requirement is increased only 5 percent. As
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discussed later, excess coolant is available

at this flight condition. An alternate technique,
identified in reference 4, ties the three struts
together at midspan; however, the tie greatly
complicates cooling design and fabrication.

Vibration analysis of the strut indicates a
first mode (bending) frequency of 170 Hz, This
frequency is within the range of engine time
varying loads (e.g., combustion, shocks, tran-
sient unstart). A cursory look at the flutter
potential indicated a factor of safety of nine on
dynamic pressure., However, the dynamic response
of the strut to the time varying pressure loads
may be critical, consequently a detailed analysis
is planned.

Low-Cycle Fatigue Life

A program is in progress to develop and ex-
perimentally validate the fabrication and material
technology required to obtain reasonable thermal
fatigue life for the cooling jacket. The goal for
the airframe-integrated scramjet is 1000 hours and
10 000 cycles of hot operation which represents
an improvement of two orders of magnitude over the
HRE. Analytical predictions of the fatigue life
as a function of the temperature difference be-
tween the hot aerodynamic skin and the back surface
are presented in figure 12. The life goal appears
attainable through a number of factors such as

engine design, fabrication, and material selection.

The improvements attributable to these factors are
graphically illustrated in the figure. The bottom
curve indicates the anticipated 1life of the
Hastelloy X coolant jacket for the HRE. The solid
symbol at the right denotes the HRE design point
and the open symbols indicate experimental data.

A fundamental change in engine design to decrease
the heat flux intensity and thus the temperature
difference, as indicated by the horizontal arrow,
is the first factor to increase the life of the
airframe-integrated scramjet. An additional
increase, as indicated by the vertical arrow, is

obtained through an advanced fabrication technique.

In this technique the fin coolant passages are
photochemically etched into the aerodynamic skin
which eliminates the strain concentration caused
by local thickening of the skin by the fin and
eliminates the hot skin-to-fin braze joint present
in the HRE configuration. (The braze joint to the
cooler primary structure remains, however.) The
two candidate configurations fabricated by this
process are shown in the figure. Finally, another
increment in life is attained through the selec-
tion of a material with high thermal conductivity,
which decreases the temperature difference, and
with high ductility, which increases the fatigue
life directly., To date Nickel 201 and Inconel

617 appear to be the most attractive materials.
However, since these materials are not suited for
primary structure application because of low
strength, a new problem arises because high
strength materials required for the primary
structure generally have different coefficients

of thermal expansion than the Nickel 201 and
Inconel 617. Thus residual stresses may occur at
ambient conditions because of thermal growth
during the braze cycle. This problem is currently
being investigated.
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Cooling Requirements

The fraction of the stoichiometric fuel flow
required to cool the scramjet engine at two dyna-
mic pressures is shown in figure 13 as a function
of Mach number. (A value of 1.0 indicates that
all of the fuel flowing to the engine is required
for cooling). Preliminary, and somewhat more opti-
mistic, estimates of the cooling requirements have
been presented in other papers (2,3,11); however,
the present results are based on more detailed
analyses and are more realistic. The results are
presented inversely to the normal manner - with
cooling requirements increasing from top to
bottom ~ to highlight the impact of hydrogen
temperature indicated by the secondary scale on
the right. The curves are based on a hydrogen
supply temperature of 56 K and the assumption
that all cooling routes are balanced so that the
hydrogen exits from each at a temperature of 890 K,
a limit set by the superalloy material used in
the primary structure. Any reduction in the
average exit temperature, such as proposed for the
struts, would increase the coolant flow required
for cooling the engine. The fuel provides an
adequate heat sink for cooling the engine at Mach
numbers up to approximately 9 at a dynamic pressure
of 24 kPa and to even higher Mach numbers at a
dynamic pressure of 72 kPa. The cooling require-
ments are less severe at the higher dynamic pressure
because the heat load increases as the 0.8 power of
the dynamic pressure while the fuel requirement
increases linearly.. At lower Mach numbers there
is surplus hydrogen fuel heat sink for airframe
and/or additional engine cooling.

The curves presented in the figure can also
be interpreted as a good approximation of the
maximum hydrogen coolant supply temperature that
the engine could tolerate without exceeding the
prescribed outlet temperature if all of the fuel
passed through the engine cooling circuits. When
viewed from this perspective, it is more readily
apparent that all of the surplus fuel heat sink
is not available for airframe cooling. For
example, at Mach 6 and a dynamic pressure of 24 kPa
the engines require approximately 50 percent of
the fuel heat sink for cooling and the coolant
supply temperature could be approximately 450 K.
However, that is too hot for cooling an aluminum
airframe and, although 50 percent of the fuel heat
sink is not required for engine cooling, only about
32 percent is available for airframe cooling. The
other 18 percent would most likely be used to
reduce the engine operating temperature levels and
thereby increase the material strength and life,
provided the reduced operating temperature is not
detrimental to the engine propulsion performance.
As shown by the figure, the engine requirements
begin to reduce the fraction of heat sink
available for airframe cooling above a Mach number
of approximately 7.5.

Airframe Structures

Since Becker proposed the use of convectively
cooled airframe structures of conventional low
temperature materials (e.g., aluminum) at the 7th
ICAS Congress,(3) a major .portion of structures
research for high-speed cruise flight sponsored by



the Langley Research Center has involved such
structures. The basic concept, suggested by Becker,
(fig. 14) uses a closed-loop secondary cooling cir-
cuit with liquid coolant flowing through passages
in the surface structure to transport the absorbed
aerodynamic heating to a heat exchanger where the
heat is rejected to the cryogenic hydrogen fuel
flowing to the engine. The concept which uses a
high-~level cooling system (i.e., one that absorbs
virtually all of the incident heat load) with the
fuel as the ultimate heat sink evoked visions of
largely unshielded hypersonic cruise vehicles

with long~life, low-mass structures of conventional
low-temperature materials.,

Although early studies recognized problems in
matching the instantaneous aerodynamic heat load
with the heat sink capacity of the hydrogen fuel
flowing to the engines and proposed partial heat
shielding to reduce the absorbed heat load, both
system studies -1 and hardware studies(5’18’19),
following the lead of Becker, concentrated on bare
cooled structures with high-level cooling. Re-
cent studies(zo‘zz) have yielded a better
understanding of the significance of heat sink
matching and the mass penalties associated with
high-level cooling. From these studies a coherent
and consistent definition of the most attractive
convectively cooled structural approach is emerging,
an approach that combines both passive and active
thermal protection.

Recommended Application Regions

Recommended application regions for airframe
concepts that combine passive and convective cool-
ing are indicated in figure 15. The limits shown
are approximate, and precise definition depends on
the intended application. At the lower incident
heat fluxes an overcoated convectively cooled
structure is the favored concept. The overcoat,
which is a moderate-temperature elastomeric
material applied to the outer surface of the struc-
ture, is an outgrowth of the fail-safe abort studies
by Jones(23), At higher heat fluxes the overcoat
is replaced by high temperature insulation and
metallic heat shields. This approach represents a
marriage of convective active cooling with the
mature radiative heat shield technology developed
for entry vehicles{(24), Only at the highest heat
flux levels where heat shields reach excessive
temperatures would bare convectively cooled
structures be used. Fortunately, high heat flux
areas represent only a small fraction of the sur-
face of vehicles operating at Mach numbers up to
approximately 10. As discussed in subsequent sec-
tions the use of hot surface thermal protection
(overcoats or heat shields) with convectively cooled
structures reduces total mass and provides other
benefits including improved heat~load/heat-sink
compatibility, increased safety and reliability,
tolerance to off-design conditions, and ease of
fabrication.

Hot-Surface Thermal Protection

Before discussing the benefits of integrating
passive and convective cooling it is appropriate
to review the status of hot surface thermal
protection (heat shields and overcoats).

Heat Shields. Variods radiative metallic heat
shields have been considered for use with con-
vectively cooled structures (22) . tThe corrugation-

stiffened shield shown in figure 15 has been
extensively investigated analytically and experi-
mentally as part_of the NASA space transportation
system effore (24 Corrugated superalloy heat
shields have been shown to be suitable for reentry
applications up to 1260 K which corresponds to a
heat flux that is approximately 40 kW/mZ higher
than the upper use limit suggested in figure 15,
TD nickel chrome shields to 1480 K which corres-
ponds to an incident heat flux in excess of

400 kW/mZ, and refractory alloys to even more
severe conditions. As concluded in reference 24,
the basic technology for metallic heat shields

is "in hand." Increasing service life of heat
shields from the hundreds of mission cycles
required for space transportation systems to the
thousands required for hypersonic aircraft remains
a significant but hardly insurmountable task
since the heating environment for aircraft is

less severe.

Overcoats. The low-density silicone, elasto-
meric material recommended as an overcoat is
representative of a class of materials that also
has been extensively investigated as part of the
space effort - originally as an ablator(25) and
more recently as a surface insulator. (26)  When
maintained at temperatures below about 600 K, as
in the intended application, the material provides
a resiliant insulation surface; if inadvertently
overheated the material becomes a tenacious
charring ablator providing an additional
margin of safety. The overcoat concept
in contrast to metallic shields is not limited by
minimum gage restraints and can be sized to pro-
vide the optimum insulation thickness. Typically
the thickness, which would vary with heat flux
and overcoat material properties, would be less
than 1.0 cm. The life and durability of overcoats
have not been directly addressed and therefore
remain unproven. However, a coating of silicone
rubber (a probable base material for overcoats)
applied to an area on the bottom of a high speed
research aircraft (YF-12) to prevent impingement
damage from jettisoned covers for a heat-transfer
experiment showed no evidence of damage after
over two years of service. During the two years,
the material was exposed to temperatures up to
560 Kand foreign object damage from the experiment
and debris from landings including one on a dry
lake bed.

Safety and Reliability

Safety and reliability are critical concerns
for convectively cooled structures because such
structures depend on mechanical equipment and
contain liquid coolant under pressure. These
concerns have prompted studies of means of
permitting hypersonic aircraft to decelerate to a
less hostile flight environment without exceeding
the temperature limitations of the structure if
the cooling system malfunctions (20, These
studies involved methods of detecting malfunctions,
configuration modifications to extend or augment
the heat sink capacity of the structure, and
minimum total heat-load flight maneuvers. The
most recent of these "fail-safe abort' studies(20)
presents highly convincing évidence that fail-safe
abort systems are completely feasible throughout
the Mach 3-6 speed range (the limits of the study).
Additionally, results of the study indicate that
hypersonic cruise aircraft capable of safely
aborting flight from the cruise condition can be
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lighter than a bare convectively cooled configu-
ration without abort capability! Table I, which
contains information extracted from reference 20,
summarizes the structural mass and cooling
characteristics of three pairs of convectively
cooled aircraft designed for 200 passengers and

a range of 9.26 Mm at Mach numbers of 3.0, 4.5, and
6.0. At each Mach number one of the two
aircraft is a bare configuration with no abont
capability, the other is the configuration with the
best abort performance, as defined by the study, for
that Mach number. At Mach 3.0 the total mass of
the structural system for the configuration with
abort capability is only 57 percent of the mass
for the bare configuration; at Mach 4.5, 84
percent; and at Mach 6.0, 66 percent. The key to
the abort capability and lower mass is the hot
surface insulation (overcoat or heat shield).
Insulation provides a thermal response delay that
enables the aircraft to decelerate to a less
hostile flight enviromment if the system fails.
Insulation also reduces the instantaneous

heat load to the cooling system during normal
flight to or below the heat sink capability of

the hydrogen fuel flow thereby eliminating the
need for extra hydrogen solely for cooling.

The results of table I highlight the impor-
tance of matching heat load with available heat
sink. The penalty for not matching the heat sink,
as indicated by the additional hydrogen required
for cooling, is most pronounced at the lowest
Mach number. The severity of the penalty is the
consequence of the higher lift-to-~drag ratio
and lower specific fuel consumption postulated
for the Mach 3 vehicle and the duct burning
turbo fan engine. The trend is consistent with
early analytical work(3) which indicated increased
heat sink matching difficulty with higher aircraft
and engine performance.

Durability of the coolant passages is also an
important consideration; however, preliminary
ambient temperature fatigue tests of convéctively
cooled surface structural elements(5,18) indicate
that coolant passages can be designed and fabri-
cated with adequate life and noncatastrophic
failure characteristics. Test results showed
that even with surface flaws intentionally placed
in the external skins of the structure a design
life of 20 000 fully reversed cycles at limit load
was exceeded before leakage occurred, and failure
was always gradual rather than catastrophic with
leakage increasing slowly until final failure
occurred. In fact, tests of a honeycomb configu-
ration with discrete cooling tubes 18) indicated
that cracks in the structural skin would propagate
past the tubes.without penetrating them; further-
more the tubes retarded crack growth at tube-skin
intersections.

Off Design

In a study(Zl) which assumed an adequate fuel
heat sink was always available, shielded convective~
1y cooled structures were recommended for uniform
heat fluxes greater than about 85 kw/m2 and
nonuniform heat fluxes as low as 35 kW/m2.
recommendation was based on a merit parameter
which included mass, fabricability, inspectability,
and reliability. The study recommended bare
configurations with either plain tubes or tubes
with internal fins at low heating rates; however,
overcoated configurations were not considered.

This
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Unit masses for bare and shielded panels from
reference 21 and recently calculated unit masses
for overcoated panels are presented in figure 16
for two different heating distributions. The
results are shown as a function of the uniform
heat flux that would be absorbed by a bare cooled
structure with a surface temperature of 394 K.
For the nonuniformly heated panels an additional
heat load with a half cycle sine wave distribution
and a peak intensity five times the uniform
intensity was assumed to exist over 15 percent

of the panel surface; thus, the average heat flux
to the panel was 1.4 times the uniform flux,

Both the bare and overcoated configurations
employed coolant passages with internal fins
since experimental heat transfer data upon which
the study was based indicated that at Prandtl
numbers encountered with convective cooling
systems, fins augment heat transfer without
significantly increasing pressure losses and
thus yield the lowest mass configurations.
masses for the overcoated configuration were
calculated by the authors using structure and
system masses from reference 21 and overcoat
material properties from reference 27. The
overcoat had a maximum thickness of about 1.0 cm at
a heat flux of about 10 kW/m?. At higher fluxes
the thickness was reduced to avoid exceeding the
material maximum use temperature and at lower
fluxes the thickness was reduced to decrease
mass. As shown in figure 16, overcoated con-
figurations exhibit a clear mass advantage over
bare configurations for both uniform and
nonuniform heating. Figure 16 also illustrates
the low sensitivity of the heat-shielded con-
figurations to heat flux level and nonuniformity.
Slopes of the curves for heat shielded panels are
less than 10 percent of the minimum slopes for
bare configurations. Similarly, achange from
uniform to nonuniform heating which increases

the average heat flux by a factor of 1.4,
increases shielded panel mass by less than 8
percent and bare configuration mass by 16 to 50
percent.

Unit

Besides facilitating accommodation of heating
nonuniformities, insulation (both overcoats and
heat shields) decreases the sensitivity of
convectively cooled structures to transients as
indicated by figure 17. The figure shows the
structural temperature response to the transient
heat pulse for a 90° - 2g turn of bare and
heat-shielded convectively cooled panels designed
for an aerodynamic heating environment that would
produce a heat flux of 136 kW/m2 to a 422 K
surface. For the factor of two step increase in
aerodynamic heat transfer coefficient the tempera-
ture of the structure protected by the shield
slowly increases by an insignificant 10 K and the
shield temperature increases about 149 K to 1232 K.
(A temperature within the use range of superalloy
shields). In contrast, the bare structure
responds rapidly and increases about 57 K to 479 K
which is unacceptable for aluminum. The lower
sensitivity of shielded structures will certainly
simplify cooling system controls and may make it
possible to size insulated convectively cooled
structures for steady-state heat loads, whereas
bare configurations must be sized for the most
severe maneuver heat load.



Fabrication

Reference 5, which surveys several design and
fabrication studies, indicates the feasibility of
designing, optimizing, and fabricating bare
convectively cooled structures for a heat flux of
136 kW/mz. However, the report cites several
problems that were encountered during the fabrica-
tion of small fatigue specimens and larger
(0.61 by 1.22 m) convectively cooled structural
panels for experimental verification and perfor-
mance testing. These problems are more tractable
for shielded configurations.

For example, the conductance of the bond-line
between cooling tubes and the structural skin is
a critical concern for bare convectively cooled
structures which absorb virtually all of the inci-
dent heat flux, but is a minor concern for shielded
configurations which absorb only a small fraction
of the incident flux. The importance of conduc-
tance is illustrated in figure 18 which presents
maximum skin temperatures for bare and shielded
convectively cooled configurations. Both configura-
tions were designed for the same aerodynamic heating
environment and employed similar construction with
discrete cooling tubes spaced 2.54 cm. As shown,
skin temperatures for the bare structure are
excessive at conductances representative of
available adhesives. Thus, bond-line conductance
was the controlling factor which dictated soldering
as the joining process for the bare structure and
ultimately was the achilles heel of the bare panel
design. Fabrication of this concept was abandoned
after two unsuccessful attempts to solder a large
panel(lg). At the lower heat flux adhesive bonding
yields acceptable temperatures and was used
successfully to attach cooling tubes to the struc-
ture of a shielded configuration(22).

Another problem that was more difficult for
bare than shielded structures was the bolted joints
at the end of a structural panel. As shown in
figure 19, for a bare panel (heat flux = 136.2 K /m?)
a single row of fasteners was used to avoid exces-
sive temperature at the joints which were cooled by
conduction to the manifold. However, this type of
joint permitted excessive motion and fretting in
tests of small fatigue Specimens(s’lg) and was re-
designed for the shielded structure(22) (heat
flux = 9.1 kW/m2). The redesign took advantage of
the lower temperature rise at the end of the panel
associated with the lower absorbed heat flux to add
an additional row of fasteners which alleviated the
motion problem.

System Trades

Collectively, previous studies have indicated
the inadequacies of bare convectively cooled
aluminum structures for hypersonic cruise aircraft
and identified the numerous benefits attainable by
combining passive thermal protection with
convective cooling. Once it is accepted that some
type of hot surface insulation is inevitable, and
in fact desirable, it is possible to consider
trades to establish the optimal use of convectively
cooled structures and the potential use of mixed
thermal/structural concepts.

Lowest total unit mass, which has been the
primary criterion for selecting a concept in the
preceding discussion, may not be the proper
criterion in an overall trade study. The composi-
tion of the masses and perhaps more importantly

the cooling requirements of different configurations
vary radically even when the unit masses are the
same because surface temperatures and hence absorbed
heat fluxes vary widely. For example, at a uniform
heat flux of 131 kWW/m? both the overcoated and heat-
shielded configurations (previously presented in
figure 16) have a unit mass of 18.5 kW/m2; however,
as shown in figure 20, the cooling system comprises
approximately 43 percent of the mass of the over-
coated configuration and less than 13 percent of the
mass of the shielded configuration. Furthermore,
the cooling requirement of the shielded configura-
tion, which absorbs only 7 percent of the incident
heat flux, is less than 10 percent of the require-
ment of the overcoated configuration. For compari-
son, a bare configuration, which must absorb the
total incident heat load, can accommodate less than
three-fourths the heat load (91 vs 131 kW/m2) of
protected configuration with the same total mass.

In fact, if cooling capacity is critical, it may be
advantageous even at low heat fluxes to select
shielded configurations, despite attendant mass
penalties (fig. 16), because of greatly reduced
cooling requirements.

There may be areas for which convectively
cooled structures are not desirable. For example,
a study of actively cooled structures(17) which
used overall vehicle performance as a merit para-
meter and assumed an unlimited fuel heat sink
concluded that improved performance could be
obtained by replacing the cooled engine nacelle
structure with a hot structure because the reduc-
tion in cooling system mass more than offset the
mass increase of the hot structure. In fact, the
fuselage tankage area, which was the focal point
of the study, may not be a desirable application
for convectively cooled structures. Preliminary
calculations by the authors based on the insulation
system of reference 28, heat shields of reference
20, and structure of the fuselage/tankage study(l7)
indicate a simple insulated and shielded config-
uration is lighter than a convectively cooled
configuration. Results of these calculations,
summarized in figure 21, indicate that in addition
to being 21 percent lighter, the insulated
configuration is 30 percent thinner thereby
increasing the volumetric efficiency; even though
the insulation was actually sized for a Mach 8
airframe whereas the cooled configuration was
designed for Mach 6. The shielded and insulated
configuration is less complex and avoids the iromic
situation of requiring thermal protection to pre-
vent freezing of the coolant in the feeder 1ines(29),

Finally, it appears desirable to consider
cooled structure temperature from a total system
standpoint. Generally, in system studies, the
temperature has been arbitrarily set near the limit
for the structural material to conserve the limited
heat sink. With the increased design flexibility
provided by insulated convectively cooled structures
it may be desirable to operate the structure in some
areas, such as the passenger compartment, at
temperatures nearer the desired interior environ-
ment. Additionally, thermal/structural optimiza-
tion studies of insulated structures(30,31) have
shown that minimum mass designs do not necessarily
coincide with the maximum use temperature for the
structural material. In fact, reference 30 states
that the structural operating temperature should
be included as a design variable.
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Experimental Program

To complement the system studies a series of
design and fabrication studies has produced three
0.61 m by 1.22 m structural panels for thermal
structural testing. The test structures, shown
in figure 22, include a shielded panel and two bare
panels of different construction. All panels were
designed for the same environment: a uniaxial
inplane limit load of + 210 kN/m, a uniform normal
pressure of + 6,89 kPa, and a thermal environment
that would produce a uniform heat flux of 136 kW/m2
to a 0.61 by 6.1 m full scale panel with a surface
temperature of 422 K. Additionally, each panel was
designed for a life of 10 000 hours and 20 000
fully reversed limit load cycles. The panels
differed in both structural and cooling concepts
but each used aluminum as the structural material
and a 60/40 glycol-water mixtute as a coolant.

The heat-shielded configuration features a corruga-
tion stiffened René 41 heat shield and an
adhesively bonded honeycomb sandwich structure with
half round coolant tubes. One of the bare config-
urations uses an adhesively bonded stiffened-skin
structure with redundant, counter-flow,
quarter—ellipse coolant tubes; the other uses a
brazed plate-fin sandwich with adhesively bonded
stiffeners for both the structure and cooling
passages. Additional characteristics and features
of the concepts are presented in reference 5 and
complete details of the shielded panel design and
fabrication are presented in reference 22.

A breakdown of the unit masses and absorbed
heat fluxes (i.e. cooling requirements) for the
three test panels and a fourth bare honeycomb
concept that was abandoned because of fabrication
difficulties(19) are presented in table II. As
indicated the cooling requirement (absorbed heat
flux) for the shielded configuration is over an
order of magnitude less than that for the bare
configurations. As a result, the mass of the
ancillary active-cooling system (pumps, heat
exchangers, distribution system, etc.) is reduced
sufficiently so that the total configuration mass
for the shielded configuration is 7 percent lighter
than the corresponding bare configuration even
though the mass of the shielded structure alone is
approximately 35 percent higher than the mass of
the bare panel. The bare stiffened sandwich and
stiffened-skin structures are lighter than the
honeycomb sandwich; therefore, since the mass
savings afforded by shielding is primarily in the
cooling system mass, it is apparent that shielding
could be applied to the other structural concepts
in table I to obtain configurations that are even
lighter,

To date the design and fabrication studies
have provided insight into some of the practical
problems of designing and fabricating low mass
convectively cooled structures(5,19,22) and a pre-
liminary appraisal of the fatigue characteristics
using small ambient temperature specimens(5»18).
Currently, the large (0.61 by 1.22 m) specimens
are being tested at the Langley Research Center,
All three of the convectively cooled panels will
be tested in a special test apparatus shown in
figure 23. The structure will be simultaneously
heated with the radiant lamp array, cooled with a
chilled glycol-water solution, and cyclically
loaded by the servo-controlled testing machine.
The shielded configuration will also be tested
at a Mach number of 7 in the Langley 8-foot high-
temperature structures tunnel to detect possible
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aerothermal problems and investigate possible

hot gas ingress problems which would seriously
degrade overall performance. In addition,
durability and thermal cycle tests of hot surface
insulations are planned. Data from the experi-
mental program will permit a quantitative assess-—
ment of the thermal and structural performance and
structural integrity of both shielded and bare
convectively cooled structures.

Concluding Remarks

Closely coordinated research over the past
decade has identified critical thermal/structural
design problems and has produced viable design
concepts for a second generation experimental
scramjet. The design concepts for the hydrogen-
fuel-cooled engine structure involve a variety
of innovative features to accommodate the harsh
aerothermal environment encountered within the
engine. The baseline concept that has evolved
has reasonable mass characteristics, and cooling
requirements that permit engine operation to Mach
numbers of 9~10 without additional hydrogen for
engine cooling. At lower Mach numbers significant
excess heat sink capacity is available for airframe
cooling or reduced engine structural temperatures.
Studies have identified fabrication techniques and
coolant passage configurations that increase fati-
gue life of the structure an order of magnitude
over previous configurations. Future research will
involve experimental verification of the selected
concepts.

Extensive studies of hypersonic airframe
structures provide a coherent and consistent
definition of the most attractive convectively
cooled structural approach. The studies indicate
that at the lower incident heat fluxes (lower Mach
numbers) an overcoated convectively cooled struc-
ture is the favored concept. (The overcoat is a
moderate temperature elastomeric insulation applied
to the exterior surface of the structure.). At
higher heat fluxes the overcoat is replaced by
high temperature insulation and metallic heat
shields, and only at the highest heat fluxes in
areas where the heat shield temperatures are
excessive would bare convectively cooled structures
be used. Overcoats or heat shields provide
numerous benefits including: improved heat-
load/heat-sink compatibility, increased safety
and reliability, tolerance to off-design conditions,
lower mass, and ease of fabrication. An experi-
mental program is presently underway to verify the
performance and life of bare and shielded
convectively cooled airframe structures in a
realistic heating, loading, and cooling enviromment.
The program includes heating and loading in a
special test apparatus and aerothermal testing at
a Mach 7 in the Langley 8-foot high-temperature
structures tunnel.
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TABLE I. FAIL-SAFE ABORT ACTIVELY COOLED ATIRCRAFT
[200 PASSENGER, 9.26-Mm RANGE (REF. 20)]
MACH NUMBER 3.0 4.5 6.0
ENGINE DUCT BURNING TURBO FAN TURBO RAMJET TURBO RAMJET
FATL SAFE ABORT NO YES NO YES NO YES
UPPER SURFACE BARE SILICONE BARE SILICONE BARE SILICONE
THERMAL OVERCOAT OVERCOAT OVERCOAT
IPROTECTION LOWER SURFACE BARE SILICONE BARE TITANIUM BARE RENE 41
OVERCOAT HEAT SHIELD HEAT SHIELD
MASS SUMMARY, Mg
Actively Cooled Structure 38.2 37.7 38.7 37.7 38.9 37.7
Thermal Protection System 0 1:b 0 S 2 0 8.4
Active Cooling System 3.3 2.3 5.6 2.6 7.7 32
Failure Detection System 0 0.5 0 0.5 0 0.6
SUBTOTAL 41.5 42.0 44.3 46.0 46.6 49.9
Addltl?nal Hydrogen for 3.1 0 10.7 0 29.4 0
Cooling
TOTAL 73.6 42.0 55.0 46.0 76.0 49.9
HEAT LOAD TO HEAT SINK RATIO
I 1.62 l 1.0 l 123 | 0.41 1.67 1 0.46
TABLE II. UNIT MASSES OF FOUR CONVECTIVELY COOLED STRUCTURAL CONCEPTS
SHIELDED UNSHIELDED
THERMAL CONCEPT DISCRETE TUBES DISCRETE TUBES PLATE~FIN SAND. REDUNDANT TUBES
HONEYCOMB HONEYCOMB STIFFENED STIFFENED
STRUCTURAL CONCEPT SANDWICH SANDWICH SANDWICH SKIN
*“ABSORBED HEAT FLUX, kW/m2 9.1 136.2
COMPONENT UNIT MASS, kg/m2
Optimized Mass
Dry
Skins 5.86 3.76 3. 95 3.66
Cooling Passages 0.78 2.3 0.64 993
Stiffening 1.42 1..32 1. 71 3.91
SUBTOTAL 8.06 7.81 6.30 8.50
Wet
Cooling Inventory 0.59 1.86 2.49 1.46
Pumping Penalty 0.01 0.34 0.53 0.29
SUBTOTAL 0.60 2.20 3102 1,15
Non Optimums
Manifolds 0.78 0.64 0.44 0.53
Closeouts 0.63 1.76 1.71 0.93
Adhesives 1.95 2,10 0.29 0.10
Fasteners, etc. 1.02 0.49 0.64 0.34
SUBTOTAL 4.38 4.99 3.08 1.90
Radiation System 127 - = =
Total Panel Mass 20,31 15.00 12.40 12,15
Distribution System 1.76 **% 8.64 *% 9,40 ** 8.6
Total Concept Mass 22.07 23.64 21.80 20.75

* All concepts designed for an incident heat flux of 136.2 kW/m2
%% Approximate values based on results from reference 22; distribution system mass was not included
in the original design of these concepts.
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DESIGN AND ANALYSIS OF A SCRAMJET ENGINE#*

By 0. A. Buchmann
AlResearch Manufacturlng Company, Los Angeles, California

INTRODUCTION

A preliminary design of a hydrogen-fueled, regeneratively cooled, airframe-
integrated Scramjet was accomplished at NASA Langley Research Center. The three-
dimensional, fixed-geometry Scramjet concept is designed to operate over a flight
Mach number range of 4 to 10. The concept was found to be viable from the stand-
points of both engine structural mass and coolant requirements. The overall
objectives of this program were to extend these studies and to define a practical
engine concept.

The work falls into four broad areas: (1) to develop and evaluate a design
concept for' the cooled-structures assembly of the engine; (2) to develop concepts
for engine subsystems in sufficient detail to show feasibility and to estimate mass,
volume, and operating requirements; (3) to establish design concepts for the
aircraft/engine interface; and (4) to identify problem areas requiring further R&D.

Conclusions from study are that: (1) excess-fuel heat sink is available at
all flight conditions; (2) a service life of 1000 cycles and 100 hr is feasible at
steady state temperatures and with temperature differences; (3) structure and thermal
protection system (TPS) masses are reasonable; (4) a modularized concept can pro-
vide accessibility and replaceability of components; and (5) thermal transients
during ascent and descent along typical mission trajectories will govern design
and operating procedures for the TPS and the engine. The resulting cooled-
structure design is feasible and can utilize current materials and manufacturing
technology. '

The presentation will show the design configurations evolved during the study
and the results of various analyses performed in support of the design. The discus-
sion emphasizes the engine structure and TPS, including the fuel injection struts.
These represent the main study areas during the program and the main issues with
respect to feasibility.

*This work is being performed under Contract NAS1-13984 with the NASA Langley
Research Center. The Project Manager for NASA is Mr. A. R. Wieting, Thermal
Structures Branch, Structures and Dynamics Division.
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PROGRAM OBJECTIVES

The program objectives were to define a cooled-structures assembly given the
engine geometry and engine operating conditions. Consideration was also given to

‘engine subsystems, in particular, the fuel subsystem associated with the operating

engine. The engine mounting and the interfacing with the airplane were evaluated,
and conceptual designs were defined. This presentation, however, emphasizes the
cooled-structures assembly. Most of the work was done in this area, and the basic
technology issues are in this area.

SCRAMJET CONCEPT
(Figure 1)

The concept of the three-dimensional Scramjet is a modular one. It uses a
rectangular configuration. Several of these modules are mounted to the compression
surface of the airplane. The reference configuration for the study used six mod-
ules for design purposes. Installation and removal of the engines are based om an
assenbly of modules rather than single modules.

This shows the main components of the engine. The inlet is defined by the
sidewalls and has a 48 deg sweep. It has fixed geometry. The three struts are
mechanically inserted and mounted between the topwall and the cowl. The combustion
area and nozzle are defined by the topwall, sidewalls, and cowl. All surfaces
exposed to the engine internal and external gas flows are regeneratively cooled
using the hydrogen fuel.
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COOLED SCRAMJET STRUCTURE

(Figure 2)

The selected configuration consists of the thermal protection system (TPS),
which is a regeneratively cooled hydrogen heat exchanger, mounted to the primary
support structure. The primary support structure is all honeycomb. Beam—-stiffened
configurations were studied and honeycomb was selected as the most desirable.
Results of the analysis leading to this selection will be shown.

Beams are used in two locations, at the forward and aft mounts, to distribute
the loads. The assembly of the panels is by a bolted connection. Brazed or welded
assemblies were also considered. Bolted assembly, although heavier and potentially
with more design and manufacturing difficulty, is the only practical one if disas-
sembly and reassembly of components is a design requirement. The outside of the
cowl is removable to permit access for engine assembly and installation.

The fuel injection struts represent one of the most critical design areas of
the engine. Design of the load carrying structure, the TPS, the fuel and coolant
manifolding, and the mounting in the topwall and cowl are all constrained by the
envelope imposed by aerodynamic requirements.
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DESIGN CONDITIONS_
(Figure 3)

The most important constraint on design is the need to achieve a 100-hour life
with 1,000 cycles of operation for any operating condition. The design approach was
to evaluate and define the structure and the materials combinations at steady state
conditions, that is, at AT's corresponding to steady state. The resulting design
was then evaluated under conditions of transient thermal and pressure loads.

The metal temperature limit for the TPS was set at 1140 K (1600°F). This was
deemed the maximum practicable temperature for the nickel-base superalloys which are
available for use in the engine. Specifically, Hastelloy X and Nickel 200 are the
TPS face sheet materials.

The hydrogen outlet pressure was set at 5.3 MPa (750 psia), which is the fuel
injection pressure; the inlet pressure is consistent with hydrogen pump technology.
The 890 K (1600°R) maximum coolant temperature was selected to avoid creep in the
primary structure. Coolant equivalence ratio was to be less than one in all cases
to avoid dumping of hydrogen. 1In addition, the desirability of having hydrogen
cooling capacity available for aircraft cooling provides further incentive for
limiting coolant equivalence ratio.
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CANDIDATE CONFIGURATIONS

(Figure 4)

The candidate configurations for the TPS heat exchangers are-.summarized here.
A plate-fin configuration was used on the hypersonic research engine (HRE). In this
application, it will not have the required cycle life and creep life. The reason
it does not is the braze joints next to the hot face sheet. These result in stress
concentrations and degraded material at the hottest point in the heat exchanger.

All of the machined configurations shown have the braze joint at the cold side
of the heat exchanger. They also provide an opportunity to reduce the stress con-
centration at the hot face sheet by appropriate contouring, with a minimum obtained
for the circular configuration. In fact, when a photochemically milled channel is
used, the geometry tends to a full radius at the hot face sheet.

The pin-fin configuration has high heat transfer coefficients and high pressure
drop. It is used in localized areas which require high heat transfer for short
flow lengths.

Of these, the plate-fin configuration has the best heat transfer performance.
noted, it will not satisfy the structural criteria. The pin fins are used in the
struts to get the necessary heat transfer coefficients. The pressure drop is avail-
able to use there, since the flow lengths are short. In all other areas, plain
channel configurations are used.



€L

CANDIDATE CONFIGURATIONS
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TPS PASSAGE SELECTION
(Figure 5)

The height of the channels is indicated. It ranges from 0.63 to 1.27 mm (0.025
to 0.050 in.). At the leading edges of the sidewalls and cowl, pure nickel is:
used — Nickel 200 or Nickel 201. Pure nickel is also used as the hot face sheet
of the strut TPS. All other areas in the engine use Hastelloy X as the face sheet

material.
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ENGINE COOLING PERFORMANCE

(Figure 6)

Using the selected heat exchangers, the engine cooling performance was derived
in terms of the coolant equivalence ratio for each of the operating conditioms.
(Coolant equivalence ratio is the ratio of the required coolant flow to engine fuel
flow.) In all cases, the ratio is below the design limit of 1.0.

The design condition has a high fuel equivalence ratio. Consequently, the
coolant equivalence ratio appears to be low. The adverse effect here is that a
high coolant flow must be accommodated within the allowable pressure drop limits.
This represents an area for trade-off with respect to other operating conditionms.
Generally, the high fuel equivalence ratios are associated with off-design operation
and, as such, need not govern the design.
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TPS CYCLE LIFE--STEADY STATE

(Figure 7

Published data for parent metals (Hastelloy X for the panels and nickel for
the struts) was used to assess the cycle life at AT's corresponding to steady state
operation. Maximum steady state AT is about 220 K (400°F) for any of the operating
conditions, including design condition H. Results for both the forward and aft flow
routes of the cowl and sidewall are shown; the top panel has a single flow route;
the center struts were individually considered.  Based on the published data, the
1,000-cycle design requirement is achievable for all components at steady state
conditions. The design is, therefore, governed by engine tramnsient operations, as
shown subsequently. '
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TPS CYCLE LIFE - STEADY STATE
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LEADING EDGE CYCLE LIFE

(Figure 8)

Leading edge cycle life was separately considered. In each case, the leading
edges are nickel. Hastelloy X meets the requirements of the sidewall, but offers
no particular advantage. . Nickel is required to achieve a 1,000-cycle life in all
other locatiomns.

The strut and panel leading edges use direct impingement cooling. The cowl
apex is a hemispherical point on the cowl and is also cooled by impingement. Its
heat flux is the highest of any of the leadlng edge areas, 4600 W/ em? (4040 Btu/
sec—ft ) vs 2030 W/cm2 (1790 Btu/sec-ft ) for the center strut and 1060 W/cm (935
Btu/sec—ftz) for the sidewall. A leading edge radius of 1.27 mm is used in all areas.
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LEADING EDGE CYCLE LIFE
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FINITE ELEMENT MODELS

(Figure 9)

Three basic engine structural concepts were studied: swept frame, in which
a set of 7 beams was used to support a relativley shallow-depth, honeycomb panel
structure; vertical frame, which used the same 7 beams, but ran these beams normal
to the engine axis; and all honeycomb, in which only 2 beams were used at the mount

points. The models were symmetrical about the centerline and were evaluated using
the ANSYS computer program.
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FINITE ELEMENT MODELS

Figure 9
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SIDEWALL DISPLACEMENTS

(Figure 10)

This shows the performance of the sidewall as obtained from the finite element
models for each of the configurations. Its design is critical at the maximum pres-—
sure load, which occurs during the Mach 5.1 unstart condition. Maximum displacement
occurs at the bottom corner of the leading edge. The maximum stress for all of the
structures occurs in an area near the nozzle, in the relative position shown here.
The honeycomb shows both the lowest displacement and lowest comparative stress. These
comparative stresses are not absolute values. A separate analysis of the topwall
was run to assess the quantitative validity of these stress. The conclusion drawn
was that they do permit a general evaluation of structural performance. Since these
results are for a transient, nonoperating condition, limitation of stress is the
primary concern.

The results shown here were the main reasons for selecting the all-honeycomb
configuration as the most desirable. Other components similarly favored the all-
honeycomb structure, although not as strongly as in the case of the sidewall.
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SIDEWALL DISPLACEMENTS

MAXIMUM PRESSURE LOAD |

3

/

STRUCTURE

DISPLACEMENT,

COMPARATIVE

cm (IN.) STRESS, MPa (KS!)
SWEPT BEAM 5.81 (2.29) 469 (68)
VERTICAL BEAM 2.74 (1.08) 594 (86)
HONEYCOMB
(SHOWN) 0.58 (0.23) 400 (58)
Figure 10
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SIDEWALL DISTORTED GEOMETRY

(Figure 11)

The vertical displacement of the sidewall, plus and minus, is shown for each of
the three configurations. The honeycomb shows the maximum displacement at the top
of the leading edge of the sidewall. In other areas, it is equivalent to or better
than any of the other configurations.

The distorted geometry shown here is indicative of conditions at the panel
corner joints. Initial engine design concepts used sliding seals at all of the
corners. These are difficult to achieve in the thermal environment of a Scramjet.
The distortion results obtained suggested the use of rigid connections at the
corners. Results from finite element models showed that the stresses associated
with rigid connections are acceptable.



SIDEWALL DISTORTED GEOMETRY

MAXIMUM PRESSURE LOAD

VERTICAL DISPLACEMENT, mm

STRUCTURE

LE LE MID MID TE TE
_ TOP BOTTOM | TOPWALL| COWL TOP BOTTOM
SWEPT BEAM 10127 | +7.61 | +279 0 -2.34 -2.74
VERTICAL BEAM | - 3.91 +3.70 | +3.81 +4.16 0 +0.127
HONEYCOMB | -4.36 +1.29 +3.21 +2.31 0 +0.913
|  (sHowN)
Figure 11
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STRUT LOADS-kN (LB)

(Figure 12)

The Mach 5.1 unstart condition that is critical for design of the engine panels
is also the most severe loading condition for the struts. The most severe assump-
tion that can be made is that it is possible for the engine to remain started on one
side of a strut and be unstarted on the other side. There is not sufficient experi-
mental data to say whether or not this is in fact possible.

These are the net loads that go with the conditions shown. They are quite
substantial in relation to the strut geometry, which is that of a long, slender
body. Both the deformations and stresses produced by these loads make strut struc-
tural design one of the most critical areas of the engine.
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STRUT STRUCTURAL DESIGN

(Figure 13)

The materials used in the strut are Inconel 718 for the primary structure and
Nickel-200 for the face sheet of the TPS. A 3-D model was used at the Mach 5.1 unstart
condition to evaluate stress and deformation. The design that evolved used 2.03-mm
(0.080-in.) walls with 3.17-mm (0.125-in.) ribs and webs. The goal was to keep all
the stresses elastic. In fact, localized stresses, for the model used, exceed the
elastic limit and deformations exceed 3.81 mm (0.150 in.). These result from the
assumptions made with respect to mounting the strut in the top panel. TImposition of
constraints representative of the actual design is expected to reduce both stresses
and deformations to the desired levels.
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STRUT STRUCTURAL DESIGN
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STRUT DISPLACEMENTS

(Figure 14)

The calculated displacements range to 7.6 mm (0.3 in.), twice the value set as
a goal. The stresses near the top center of the strut, in the shaded region, exceed
the elastic limit. The model used, however, allows for no constraint by the strut
mounts in the topwall. In fact, these mounts restrict the motion of the strut to
essentially zero. As a result, deflections are expected to decrease by 50 percent.
Stresses would be similarly reduced. Preparation of an extensive new model will be
required for a more precise, quantitative assessment of the mount effects. Based
on qualitative estimates, successful operation of the strut without a midspan support
tie appears feasible.
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SIDE STRUT

(Figure 15)

This is a wet-wall stru.. Configurations in which the coolant flowed in sepa-
rate tubes were also studied. There is not enough cross—sectional area in the strut
to use this type of configuration within the pressure drop design limits.

The main features of the strut thermal design appear in the enlarged view.
The strut manifolds incorporate a plate—fin heat shield around the wall. This heat
shield isolates the strut structure during transients and limits the temperature
differences to acceptable values. The thermal protection system heat exchanger is
a pin-fin configuration throughout. Pin fins can be used in the strut because the
flow lengths are relatively short and the relatively high pressure drops become
acceptable. The high heat transfer performance of pin fins is required, in
turn, because of the high heat flux loadings on the strut.
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STRUT COOLANT MANIFOLDS
(Figure 165

Coolant inlet and outlet occurs from the same (top) end of the strut. This
results in a relatively long manifold flow length. Because of the relatively
limited space available in the struts, Mach numbers are also fairly high. Flow
distribution in the coolant manifolds was therefore investigated. The conclu-~
sions, however, were the same for all of the manfiolds, i.e. that acceptable design
solutions are available within the existing constraints.

The chart shows the static pressure distribution in the inlet and outlet
coolant manifolds. The coolant temperature in the inlet manifold is 55 K (100°R)
and the Mach number fairly low. As a result, the pressure in the inlet manifold
is essentially constant.

The temperature in the outlet manifold is about 550 K (1,000°R), the density
is much reduced, and the Mach number considerably higher. Nevertheless, the static
pressure variation in the manifold is fairly small. The resulting maldistribution,
therefore, was smaller than anticipated, ranging from 11 percent in a side strut to
6 percent in the center strut. These values are associated with condition H (Mach
10, 2g turn, fuel equivalence ratio 1.5). Since this is an off-design operating
point, these maldistributions appear acceptable. At other conditions, the flow
maldistributions would be even less.

Because of the pressure gradient in the outlet manifold, there is a tendency
for the flow in the strut sides to skew. To control this skewing and assure con-
trolled flow in the strut sides, flow dividers are incorporated in the pin-fin
surface.
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HONEYCOMB TRANSIENT ANALYSIS CASES
(Figure 17)

After the various steady state analyses and designs were completed, the
selected all-honeycomb structure was modeled on a thermal analyzer program.
Sections of the structure that were analyzed are identified by the numbered
paths. Since the corner of a module was expected to be critical, all cross—
sections analyzed were taken in this area.
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COOLANT OUTLET TRANSIENT

(Figure 18)

The coolant transient response was evaluated in the area of the outlet manifold
for a trajectory that combines acceleration by rocket (typical of a research air-
plane) with extended cruise at Mach 6. In addition, it was assumed that fuel and
coolant flow control was on a step basis. This is an unusually severe combination
and represents an extreme condition.

The first 80 seconds involve acceleration to Mach 3. At Mach 3, the coolant is
turned on, on a step basis. Acceleration continues to Mach 6, at which point the
fuel is turned on and combustion starts. Following deceleration to Mach 3, coolant
is turned off, again on a step basis. Alternative coolant and fuel scheduling is
certainly possible and even likely, but was not analyzed. Most trajectories consid-
ered for cruise applications have used slow acceleration (0.2g), with durations of
around fifteen minutes to attain Mach 6.
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TPS/HONEYCOMB TEMPERATURE HISTORY @

(Figure 19)

This temperature history goes with the trajectory, fuel schedule assumptions,
and coolant response discussed above. It was obtained with the thermal analyzer
model. The 'front' is the hot face sheet of the TPS; the 'back' is the unheated
face sheet of the honeycomb, as much as 5 e¢m (2 in.) from the hot face sheet.
Hastelloy X and nickel were investigated for the honeycomb core. For the face
sheet, whether the core be nickel or Hastelloy, the response is extremely fast.

At the startup, the front sheet very quickly goes to 890 K (1600°R) resulting in
. a AT of 670 K (1200°R). The resulting low-cycle fatigue life is too short. At

shutdown, the temperature relationships of the front of the TPS and the back of
the honeycomb are reversed. The AT developed is somewhat less than at startup, on

the order of 550 K (1,000°R), but still higher than desired.

These results point up the need to find a way to limit AT. Xt cannot be done

-with change of materials. A combination of a material change combined with changes

in the mission trajectory and with coolant and fuel scheduling, however, can reduce

" temperature differences to acceptable values. Design solutions that produce such
‘reduced AT's are also available, but add complexity to the engine.
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TRANSIENT STRESS ANALYSIS MODEL

(Figure 20)

A short axial section of the engine was structurally modeled to permit
evaluation of the transient stresses at selected times along the trajectory.
This shows how the various elements of the structure were modeled and what
elements were modeled. The temperatures used in the analysis were obtained
from the thermal analyzer program.
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PEAK THERMAL STRESSES (ELASTIC)

(Figure 21)

These are the peak thermal stresses that result from the transient AT's
discussed above. They were calculated as elastic stresses and are of magnitudes
that will result in plastic flow of the material. At start-up, 1520 MPa (220 RSI),
the yield for the material, 900 MPa (130 KSI), is greatly exceeded. At shutdown,
the calculated stress is lower because of the somewhat reduced AT, but still well
above the yield. As indicated previously, these high stresses must be reduced (to
about half the values shown) by reduction of the AT's, by changes in engine operation,

-mission trajectory, or by TPS design.
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. TYPICAL HONEYCOMB TEMPERATURES
(Figure 22)

This chart considers the structural transient response along the engine axis.
(The assumptions were slightly different than those used for the previous analysis,
resulting in somewhat different values.) At 125 sec into startup, the AT is 500 K
(900°F). It falls off fairly sharply with distance from the outlet manifold. At
about 46 cm (18 in.) from the outlet manifold, AT's are at steady state values
Design solutions aimed at reducing AT are only required over an

and acceptable.
The rest of the engine will be controlled by steady

approximately one meter length.
state AT's, which have been found compatible with the design goals.
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TYPICAL HONEYCOMB TEMPERATURES
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ENGINE WEIGHT--6 MODULES @ 37 X 46 cm

(Figure 23)

Looking at the swept-beam, vertical-beam, and all-honeycomb structures, the
conclusion is that there is really not much to choose between them. Other con-
siderations than weight will select the configuration. Some of these considerations
have been discussed. Deflection, ease of fabrication, and ease of assembly favor
the all-honeycomb configuration. The transient AT's and the associated problems
would have to be accommodated in each one of the designs. In addition, the beams
in the beam-supported configurations have a very slow thermal response. So in those
configurations, means are needed to accommodate the AT between the beams and the
panels, an additional complexity. Given the transient problem, the honeycomb there-
fore remains the favored configuration. The core of the honeycomb used here has a
quarter—inch cell size.

The weight for the mounting is based on an Inconel 718 mounting frame accom—
modating the six modules. The weight of a fuel system was estimated based on
controlling two groups of three modules each. Plumbing and instrumentation weight
were based on a typical Scramjet installatiom. :
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ENGINE WEIGHT
6 MODULES @ 37 x 46 cm

N (LB)
SWEPT VERT HONEY-
ITEM BEAM BEAM COMB
STRUCTURE 135790(3050) 13430(3020) | 13080 (2940)
TPS & MANIFOLDS 6230{1400) 6230(1400) 6230 (1400)
HONEYCOMB 2850 (640) 2850 (640) 3700 (830)
BEAMS & CLIPS 1690_ {380) 1510 (340) 310 (70)
L.E.,T.E.,.STRUTS 2850 (640) 2850 (640) 2850 (640)
MOUNTING __ |\ 620 (140)
FUEL SYSTEM _ _ __ | __ __ __ _ 2410 (540)
PLUMBING _ _ __ _ | _ _ _ _
1330 (300)
INSTRUMENTATION __  _ . . __
4360 (980)

TOTAL

17930 (4030)

17800 (4000)

17440 (3920)

Figure 23
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SUMMARY~—THERMAL-STRUCTURAL DESIGN

(Figure 24)

A thermal-structural design has been defined in terms of the required flow
routing. That flow routing is based on minimizing temperature discontinuities in the
axial direction. Specific configurations have been defined both as regards the heat

exchanger passage geometry and the layout of the heat exchanger, and material selectiomns

have been made. Hastelloy X, nickel, and Inconel 718 are the three materials used in
the engine. TFabrication of the TPS/structure is considered to be within current
technology.

In case of the structure, beam-supported and all-honeycomb configurations were
considered, the latter using beams at the mounts only. The all-honeycomb configura-
tion has been selected because of its good deflection and stress performance and its
favorable manufacturing aspects. :

In the case of the strut, various structural and manifolding arrangements were
considered. The configuration that has been evolved is believed to satisfy deflec-
tion and stress limits. Verification of this will require additional, fairly exten-
sive computer remodeling. The manifold design has been analytically verified for
the wet-wall configuration, with the pressure loads carried by the strut structural
shell.
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DESIGN DATA REQUIREMENTS

(Figure 25)

Design of the engine will benefit from additional data in critical areas.
Better definition of the engine unstart pressures is of particular interest because
of their effect on the structure and controls requirements. The unstart loads that
are being used are generally considered unrealistically severe. The vertical and
horizontal pressure distributions are unknown. The possibility of an unsymmetrical
unstart within a module (strut to strut) was assumed, but needs evaluation.

No data exists on aerodynamic interaction of one module with the next module.
Is a single module unstart equivalent to unstarting the whole group of six modules?
How does the unstart propagate, if at all. The dynamics associated with propagation
of the unstart through a module and from module to module are similarly unknown, as
is the possible existence of a buzz problem with the inlet. These data will be
needed to support a final detailed design for the engine.

In the case of the thermal-structural design, a better definition of the
distribution of heat flux in the combustor is needed. The shock pattern needs
0 be defined. Corner heating is a problem peculiar to a 3-D engine. The data
used predict no problem in the corners from the heating point of view. That needs
to be verified, because test configurations from which the data were derived were
not the same as the 3-D Scramjet configurations.

The basic aerodynamic data used in'the study assumed sharp leading edges.
Instead, blunting to 1.27 mm (0.05 in.) was required for pressure drop, heat
transfer, and structural reasons. The aerodynamic interaction of the aircraft and
the engine is clearly important to thermal-structural design of the engine itself
and of the interfaces with an airplane.
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CONCLUSIONS
(Figure 26)

The transient performance of the TPS/structure during engine start-up and
shutdown governs the design. For the most severe assumptions concerning mission
trajectory and engine operating procedures, AT's can range to 670 K (1200°R).
Reduction of AT's to acceptable levels is possible by changes in operating proce-
dures and, if required, in design of the TPS.

Specific structural design solutions have been identified for the engine.
These have been incorporated in layout drawings of the engine. Analyses have
verified that there are no basic structural problems once the transient operation
is accommodated. '

The design objectives for the engine, given control of the temperatures during
transients, are feasible: 1000 cycles and 100 hours of engine operation. TPS tem~
peratures are being limited to 1140 K (1600°F) on the surface and 890 K (1600°R) at
the prime structure. Deflections during normal engine operation can be limited to
the specified values and .remain acceptable during the severe loadings assumed for
engine unstart.
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INTRODUCTION
AIRFRAME-INTEGRATED SCRAMJET
(Figure 1)

Studies of airframe-integrated scramjets with high potential performance led to the sweptback,
fixed-geometry, hydrogen-fueled, rectangular scramjet module shown in figure 1. Two inner scramjet
modules are shown; the sidewall of one module is removed to reveal the internal engine surfaces.
The scramjet modules are integrated with the airframe and use the entire undersurface of the
aircraft to process engine airflow. The aircraft forebody serves as an extension of the engine
inlet, and the afterbody serves as an extension of the engine nozzle. Discussion of the propulsion
aspects of this scramjet concept can be found in the paper by Jones (ref. 1).

A preliminary thermal/structural design analysis study (ref. 2) based on Hypersonic Research
Engine (HRE) technology (ref. 3) indicated viability from both an engine structural mass and coolant
requirement standpoint. This study revealed a number of critical areas (e.g., panel-to-panel
seals, fuel injection struts) and reemphasized the need for advances in fabrication and materials
technology to obtain reasonable structural life.

Recently, a more detailed study (ref. 4) of this scramjet concept was undertaken by a major
engine manufacturer while the effort at Langley concentrated on the fuel-injection struts. The
primary function of the three fuel-injection struts is to provide the mechanism for multiplanar
fuel injection into the supersonic airstream. Salient features from the thermal/structural design and
analysis of the struts are presented in this paper.



. o

.
S
- 7
o o
.

e
e
e

e
e

o

o

1

]
~
j=]
o0
-

F

.




[44}

STRUT GEOMETRY AND AEROTHERMAL ENVIRONMENT
(Figure 2)

The struts, which are shown in figure 2, have a slender wing-like configuration. The struts
are swept back 48° and span the distance between the engine top wall and cowl. An axial
cross section at any spanwise location along the sweep line is shown in the upper right figure.
The center strut is symmetric and the two side struts are asymmetric. The side strut thickness
is approximately 7 percent of the chord; the chord is approximately 45 percent of the span.
The struts are immersed in the supersonic flow, partially in the inlet and partially in the
combustor and therefore are exposed to a hostile environment.

The thermal environment is characterized by the chordwise heat flux ¢§ distribution along both
sides of the strut shown in the lower left figure. The heating is highly nonuniform because of
stagnation, shock boundary-layer interaction, and combustion. The heat flux which varies
by an order of magnitude is also asymmetric.
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STRUT CONSTRUCTION
(Figure 3)

The struts must simultaneously support a large side load, contain high-pressure hydrogen at
two temperature extremes, and withstand high thermal stresses resulting from complex aerodynamic
heating as well as convective heating from the hot hydrogen in the internal manifolds. To compound
the design problem, the cross-sectional area and contour cannot be altered without significantly
changing the engine propulsion performance.

Each strut is subdivided internally into four longitudinal compartments by three major
bulkheads as shown in the figure. The fore and aft compartments serve as coolant inlet and
outlet manifolds, respectively, and the central compartments serve as fuel manifolds for the strut
trailing edge (parallel to airflow) and wall (perpendicular to airflow) fuel injectors. Coolant
in the inlet manifold is injected through a slot, impinges on the leading edge, and splits
(unequally) to flow along each wall to the trailing edge, where it is collected in the outlet
manifold. This quadrilateral manifold configuration was selected over a more structurally
efficient (high pressure containment) tubular configuration because the former has a greater
volumetric efficiency which results in larger fuel and coolant flow areas and thus lower pressure
losses. Structural details are shown in the lower figure. The primary structure is basically a
2.5mm (.1 in.) thick wall. Normally, internal convective heating from the hot hydrogen in the
manifolds would be negligible compared to the aerodynamic heating. However, because of the higher
velocities caused by the still restricted flow area, internal convective heating is significant. A
metallic plate-fin thermal buffer, with the fins oriented transverse to the fuel flow direction
to restrict flow and provide essentially stagnant hydrogen in the passages between the shield
and the strut wall, eliminates direct convective heating to the strut wall. A pin fin coolant
passage is used on the external surfaces. . Hydrogen coolant routed through the passage absorbs
the aerodynamic heat load. '
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DESIGN TEMPERATURE LOADS
(Figure 4)

The design temperatures are characterized by the chordwise temperature (T) distributions shown
in the figure for the starboard structural wall of the strut. The temperature distributions along
the port wall are similar. The solid line indicates the wall temperature adjacent to the coolant
passage, and the dashed line indicates the wall temperature adjacent to the manifold. The solid
symbols denote the average temperature of the major bulkheads. During operation the forward
section is below ambient, and the aft section is above ambient. Significant thermostructural
loads result from the nonlinear chordwise temperature gradient and the tramsverse temperature
gradients through the walls and bulkheads. The chordwise temperature gradient is caused by the
highly non-uniform aerothermal heating (fig. 2), and the transverse gradients by the internal
convective heating.
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ATTACHMENT SCHEME AND DEFORMATIONS DUE TO CHORDWISE TEMPERATURE GRADIENT
(Figure 5)

Overall thermal expansions of the strut are accommodated by the mounting system shown
schematically in the left figure. The strut top wall and cowl mounts are approximately at mid-
chord. At the top the strut has rotational freedom about the pin axis and translational freedom
fore and aft from the pin. At theé cowl the strut ‘has rotational freedom about all axes and
translational freedom along the 48° sweep line.

The deformations due to the nonlinear chordwise temperature gradient are primarily in the
spanwise plane as shown schematically in the right figure. The leading edge shrinks and the
trailing edge expands, causing bending about the spanwise axes. The maximum deflection in the
chordwise direction is 3.0 mm (0.12 in.) and is the result of bending caused primarily by the
chordwise temperature gradient. The bending of the strut causes local changes in the sweep
angle. The local sweep angle change along the leading and trailing edge is between 1 to -2
degrees. The radius of curvature which defines the local angle change, can be approximately
by r = w/oAT where. w 1is the perpendicular distance between leading and trailing edge,
is the coefficient of thermal expansion, and /T 1is the chordwise temperature difference.

The maximum deflection in the spanwise direction (4.3 mm (0.17 in.)) is at the trailing edge
at the cowl plane-and is caused primarily by the increase in the trailing edge temperature
above ambient (AT = 550 K (AT = 1000°F)). These deformations are critical to the seal

design at the top wall and the cowl. The cowl seal is particularly critical because the

strut leading edge overhangs the cowl leading edge and the aft section of the strut penetrates
the cowl.
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STRESSES DUE TO CHORDWISE TEMPERATURE GRADIENT
(Figure 6)

As shown in the left figure, the stresses due to the nonlinear chordwise temperature gradient
concentrate primarily in the rectangular midsection of the strut, leaving the ends relatively lowly
stressed, which simplifies the attachment design. The principal stresses are basically aligned with
the sweep which is indicative of the overall bending action in the spanwise plane. A chordwise
distribution of the principal stress in the spanwise direction normalized by the allowable stress
is shown in the right figure. As expected, the leading and trailing edges are in compression - with
a maximum stress approximately 50 percent of the allowable - and the midsection is in temsion - with
a maximum stress of approximately 30 percent of the allowable. The results are typical for both

walls.
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DEFORMATIONS AND STRESSES DUE TO TRANSVERSE TEMPERATURE GRADIENTS
(Figure 7)

The transverse temperature gradients primarily result from the internal convective heat transfer
from the hydrogen in the manifolds although the asymmetric aerodynamic heating is also a contributor.
The result of these heat loads is a wall gradient ATy and a bulkhead gradient AT_,. These gradients
resuit in local wall bending and the out of plane deformation illustrated in the left figure. The two
solid lines are nodal lines (zero deflection) and the two shaded areas indicate the areas of maximum
positive and negative deflection which are negligible at approximately 0.0076 mm (0.0003 in.).

The chordwise stress distribution (in extreme fiber) resulting from the transverse gradients is
shown normalized to the allowable stress in the figure on the right. The solid line illustrates the
stress distribution due to the overall transverse gradient (/g + ATy). The maximum stress is about
50 percent of the allowable. The bulkhead gradient (AT_) primarily causes local bending in the wall
in the vicinity of the bulkhead. The dashed line illus%rates the stress distribution due to the wall
gradient (AT ) only. The maximum stress due to AT _ occurs near midchord and is approximately 30 per-
cent of the allowable. This gradient (AT ) results in a biaxial stress through the wall and therefore
the spanwise component will add to the stress from the chordwise temperature gradient.

The combined thermal stresses (not shown), which dominate the design, are approximately 60 to 80
percent of the allowable. The stresses due to the pressure load for normal engine operating
conditions are approximately 20 percent of the allowable, yielding a combined stress of 80 to 100
percent of the allowable and therefore-a thermal/structural concept that is feasible under normal
operating loads. However, the maximum. external pressure loads do not occur during normal engine
operation. '
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CRITICAL PRESSURE LOADS
(Figure 8)

The maximum external pressure loads occur during an engine unstart (i.e., transition from
supersonic to subsonic flow) which results if thermal choking occurs in the combustor. When the
initial design study (ref. 2) was undertaken, the operational flow system was well understood;
however, the unstarting process was not. Consequently, the basic unstart phenomena and loading
were characterized experimentally (ref. 5). The maximum external pressure loading occurs
at approximately Mach 5, when the aerodynamic flow in the passage between the sidewall and the
side strut unstarts and the flow in the other three passages remains started as depicted in
the upper left figure.

The unstarting process is highly transient as indicated by the shaded area on the typical
pressure history shown in the right figure. The pressure is normalized to the steady state
started pressure. The peak pressure occurs during the unstart and is an order of magnitude higher
than the normal operating pressure and may be 2 to 7 times higher than the steady state unstarted
pressure levels, which have typically been used in prior engine designs such as the HRE. These
peak levels are conservatively predicted by normal shock wave theory. Since the complete dynamic
characteristics of the transient pulse are not known, the envelove of the peaks along the strut
currently serves as the basis for the structural design. The design pressure load isobars are
shown schematically in the lower figure. Peak pressures are beiween 4.8 and 5.7 kFa (100 and 120
psi) over the majority of the strut.
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COMBINED STRESSES
UNSTART
(Figure 9)

Analytical results (refs. 2 and 4) indicate that the combined thermal and unstart pressure
stresses exceed the allowable stress. As stated earlier the thermal stresses (60 to 80 percent of
the allowable) are caused by the nonlinear chordwise temperature gradient and transverse temperature
gradient shown in the left figure for a coolant outlet temperature (T,) equivalent to the superalloy
temperature limit of 890 K (1600°R). The temperature gradients are significantly reduced, as shown
in the figure, by increasing the coolant flow to obtain an outlet temperature of 430 K (770°R)
Attendant thermal stresses are reduced to approximately 30 percent of “the allowable and the combined
stresses are reduced approximately 50 percent to acceptable levels as shown in the right figure.
Reducing the coolant outlet temperature yields a feasible strut concept and adds no complexity
to the design or fabrication, and even though the strut coolant flow rate is doubled, the overall
engine cooling requirement is increased only 5 percent. As discussed in reference 6, excess
coolant is available at this flight condition. An alternate technique, identified in references
2 and 4, ties the three struts together at mid span; however, the tie greatly complicates cooling
design and fabrication.
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DEFORMATIONS DUE TO THE UNSTART PRESSURE
(Figure 10)

The out of/plane deformations due to the unstart pressure load only are indicated by the contour
plot shown in the figure. Overall deformation indicates a twisting action with the maximum chordwise
deformations at mid span and a maximum deflection of approximately 1.5 cm (0.6 in.) at the trailing
edge. Maximum displacements at the top wall and cowl planes are between 0.5 and 0.8 cm (0.2 and
0.3 in.) These deformations are considered a maximum as no constraint at the top wall and cowl
planes was assumed in the analysis. A schematic of the side strut displacement at midspan is shown
in the right hand figure. The large deflection of the side strut greatly constricts the flow passage
between the struts. The constriction will alter the aerodynamic flow characteristics, most likely
resulting in coupled~interaction between the flow and the strut.
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DEFORMATIONS DUE TO UNSTART PRESSURE
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DYNAMICS
(Figure 11)

A feasible thermal/structural strut concept has been identified based on static loads; however,
the response of this concept to potential dynamic loads has not been investigated. A cursory look
at flutter indicated a factor of safety of three on flutter speed. The dynamic response of the
strut to time varying pressure loads such as inlet/combustor instabilities, shock boundary-layer
interactions, and the unstart transients needs to be determined; however, the dynamic characteristics
of these loads have not been sufficiently defined. A preliminary vibration analysis of the strut
indicates a first mode (bending) frequency of 170 Hz which is potentially within the range of
engine time varying loads and indicates the possibility of large dynamic deformations and stresses.
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DYNAMICS

® FLUTTER - FACTOR OF SAFETY OF 3 ON FLUTTER SPEED

® TIME VARYING LOAD CHARACTERISTICS UNDEFINED
e [NLET/COMBUSTOR INSTABILITIES
e SHOCK BOUNDARY-LAYER INTERACTIONS
e UNSTART TRANSIENT

® V/IBRATION ANALYSIS SHOWS FUNDAMENTAL FREQUENCY
OF 170 Hz

‘® KNOWLEDGE OF DYNAMIC RESPONSE REQUIRED

Figure 11
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CONCLUDING REMARKS
(Figure 12)

Results of a thermal-structural design analysis study of a fuel-injection strut for a NASA
concept of an airframe integrated hydrogen-cooled scramjet indicate a feasible thermal/structural
concept has been identified for the static load conditions. Thermal stresses dominate the static
response. Potentially critical dynamic loads exist and consequently a knowledge of the dynamic
response is required to finalize the design. However, the basic design has progressed sufficiently
to warrant development of fabrication processes and testing of flight hardware to verify the
thermal /structural performance.
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CONCLUDING REMARKS

® FEASIBLE THERMAL/ STRUCTURAL CONCEPT IDENTIFIED
FOR STATIC LOADS

® THERMAL STRESS DOMINATES STATIC RESPONSE
e KNOWLEDGE OF DYNAMIC RESPONSE REQUIRED

® NEED HARDWARE AND TESTS TO VERIFY FABRICATION
AND PERFORMANCE

Figure 12
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ADVANCED FABRICATION TECHNIQUES FOR COOLED ENGINE STRUCTURES*

0. A. Buchmann
AiResearch Manufacturing Company

INTRODUCTION

Past studies of hydrogen—cooled hypersonic propulsion systems led to the use
of rectangular-offset-fin, plate-fin coolant passages, culminating in the successful
design, fabrication, and test of the structural assembly model of the hypersonic
research engine (HRE). The design life of the HRE cooled structures was 100 cycles
and 10 hr and was limited by creep and low-cycle fatigue.

The purpose of this program is to develop coolant passage geometries, material
systems, and joining processes that will produce long-life hydrogen-cooled struc-—
tures. The goal is to produce structures with a fatigue life that is one order of
magnitude greater than that of the HRE. The selected panel must yield adequate heat
transfer with an acceptable pressure drop, and suitable structural properties with
reasonable weight and fabrication complexity. ’

During the initial phase of the contract, studies have been conducted to
finalize the configuration design, material selection, and fabrication process.
Tensile and fatigue tests were performed to establish basic material properties.
Small samples were constructed to substantiate the fabrication process and inspec-
tion techniques. Development tests, including burst and creep rupture, were
performed to validate structural performance.

The program has produced configuration, design, and materials selections for
the application. Panel fatigue tests are required to determine the capability of
these selections to meet the goal set for the program. The presentation will show
the configuration and materials that were studied and summarize the test data, as
well as present preliminary conclusions regarding the potential of the selections.

*The work was performed under Contract NAS1-14180 with the NASA Langley Research
Center. The Project Manager for NASA is Mr. H. N. Kelly, Thermal Structures Branch,
Structures and Dynamics Division.
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PROGRAM APPROACH
(Figure 1)

Following concept selection, the performance of different configurations and
materials was evaluated at the operating conditions. The program then proceeded
along two branches. One was aimed at evaluating the material properties from a
structural and envirommental point of view. The tests were tensile and low-cycle
fatigue. The tensile tests were run on sheet specimens. Low-cycle fatigue testing
was done on hollow bar specimens to simulate the sheet properties. Evaluation of
fabrication processes considered different configurations and different materials
for face sheet, back panel, and the braze filler alloy. Butt-braze tensile tests
were run on bars and panel creep-rupture tests were run using the selected configur-
ations and materials. All panels were non-destructively evaluated using holography
prior to tests. That was an important part of the program.
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PROGRAM GOAL
(Figure 2)

The goal is a design with a life of 10,000 cycles and 1,000 hours at Scramjet
operating conditions. The delta-T plotted here is the delta-T through the thermal
protection system of the structure. Parent metal performance is predicted from
published literature properties. The design condition used and the data obtained
on the HRE Program are shown, along with an extrapolation to lower delta~T's. The
NASA 3-D Scramjet study operates near 200°K delta-T, approximately half the delta-T
of the HRE. It has a design goal of 1,000 cycles for 100 hours. The reduction
in severity of the operating condition was achieved by aerodynamic design. The
improvement in life being sought on this program is based on a change in materials
or fabrication techniques rather than a reduction in operating parameters.
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PANEL THERMAIL DESIGN
(Figure 3)

The heat fluxes imposed are typical of the maximums and averages encountered
in the 3-D Scramjet design. The inlet temperatures are consistent with the use
of liquid hydrogen as a fuel; the outlet temperature is consistent with elastic
operation in the primary structure of the engine. OQOutlet pressure is set to be
compatible with the required fuel injection pressure; inlet pressure is compatible

with high-pressure, liquid hydrogen pumps.
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PANEL THERMAL DESIGN

PANEL LENGTH _ - . __ _ 0.6m (2 FT)

HEAT FLUX - MAXIMUM - 565 X 10% W/m2 (500 BTU/SEC-FT2)
AVERAGE - 340 X 104 wW/m2 (300 BTU/SEC-FT2)

TEMPERATURE - INLET — — 55-280°K (100 - 500 °R)
OUTLET - — 900 °K (1600°R)

PRESSURE - INLET — — 6.9 MPa (1000 PSIA)
OUTLET —— 5.2 MPa (750 PSIA)

Figure 3



TST.

CANDIDATE CONFIGURATIONS
(Figure 4)

These configurations are the ones that were considered as candidates on the
program. The plate—fin configuration was used on the Hypersonic Research Engine
(HRE). It uses a thin, formed sheet metal fin and has a braze joint next to the
hot face sheet. This results in relatively high stress concentrations and in high
joint temperatures. Consequently, low-cycle fatigue and creep-rupture life are
too limited at the selected operating conditions.

The other configurations shown use machined coolant passages and have their
braze joints remote from the face sheet. This is an important feature. They also
have a certain amount of flexibility in shaping of the coolant passage. This allows
stress concentrations near the hot face sheet to be minimized. On the other hand,
the applicable machining processes tend to limit the proportions that can be achieved
in terms of passage height and width and of land thickness.
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CANDIDATE CONFIGURATIONS
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LOW CYCLE FATIGUE LIFE--CONFIGURATION EFFECTS
(Figure 5)

This comparison of the candidate configurations is based on published
properties. The objective here was to select configuration rather than material.
Hastelloy X was used for all configurations. The best of these is the one having
a circular passage. It shows 60 percent longer life than any of the other machined
configurations and four times longer life than plate-fin. The trapezoidal configur-—
ation is nominally a rectangular passage. It was selected as the baseline for the
program because of its simplicity. Data obtained with it can be used to predict
the performance of the other machined passages. In addition, a staggered pin-fin
configuration was selected for evaluation because of its applicability in engine
design to localized regions of high flux.

To summarize, the remote (cool) braze joint and the low stress concentrations
are desirable features of the machined coolant passages. The two configurations
that were selected for evaluation evolved from the Scramjet design studies. The
plain channel is the most generally applicable. It has low pressure drop, but it
also is limited as to the heat transfer coefficients that are obtainable. The
pin—-fin is used where high heat transfer coefficients are needed and the higher
pressure drop can be tolerated.
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LOW CYCLE FATIGUE LIFE--MATERIAL EFFECTS
(Figure 6)

Nickel 201 and Inconel 617 were selected for the program, based on this
comparison. Published properties were used, with emphasis on sheet properties
where available. The effects of aging, which have been determined to be important
for many of the nickel-base superalloys, were not included because they were not
generally available. Inconel 617 is limited by low-cycle fatigue; its creep-rupture
properties are excellent and are not expected to pose a constraint. Nickel 201 is
creep~rupture and oxidation limited.

Narloy-Z, although it looks excellent from the standpoint of low-cycle fatigue,
overages during extended exposure (time greater than 100 hours) above 920°K (1200°F).
The properties then revert to those of amnealed material.

TZM was rejected because of the lack of an oxidation—-protection coating and
because of its relatively high ductile-to-brittle transition temperature (in the
range of 200°K).
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‘FABRICATION DEVELOPMENT
(Figure 7)

Given a configuration and a material, selection of the method of fabrication
becomes the next consideration. The Scramjet engine is 2.4 m (8 ft) long and has large,
multiplanar surfaces. Any fabrication process has to lend itself to that kind of
configuration. When various processes are considered, photochemical machining (PCM)
appears most applicable and was selected.

At program start, limited data was available on PCM of Nickel 201 in the
fequired:configurations;‘ There was no data on PCM of Inconel 617 and, again,
only limited data for Hastelloy X. Hastelloy X was tested to establish general
applicability. It is the material about which most is known at the program condi-
tions. For brazing, there is a good deal of data on Hastelloy X that can be useéed
as a reference. For Inconel 617, no data was available, while for Nickel 201,
there was a limited amount of data applicable to the selected configurations.
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FABRICATION DEVELOPMENT
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PCM FACE SHEETS~~CREEP-RUPTURE PANELS
‘ (Figure 8)

These face sheets were made to evaluate the photochemical milling and for use
in creep-rupture test panels. The plain channels are approximately 0.5 mm (0.02
in.) deep, the lands are 0.5 mm (0.02 in.) wide with grooves that are 1.5 mm (0.06
in.) wide. Pin-fin panels have a pin height of 0.65 to 1.55 mm (0.025 to 0.06 in.)

’and§0.75 mm (0.03 in.) diameter pins on 2.0 mm (0.08 in.) centers. The spaced chan~-
-nel specimen eliminated a channel and replaced it with solid material. This was done

to provide a large braze surface area and to be able to apply high pressures, as a

‘test of the face sheet in creep-rupture.
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PANEL HOLOGRAPHY
(Figure 9)

As mentioned previously, non-destructive testing was important on this program
for establishing the quality of the test panels. It also would certainly be impor-
tant on an engine development program. This shows Inconel 617 pin-fin and channel
specimens tested at 13.8 MPa (2,000 psig). At 13.8 MPa, the quality of the braze
is such that the channel looks like a solid piece of material. There is no print-
through. In the case of the pin-fins, a slight print-through appears at 13.8 MPa.
The Nickel 201 panels show print-through in all cases. For both materials, it was
possible to detect a void of a single pin.
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PANEL HOLOGRAPHY
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CREEP-RUPTURE LIFE~-NICKEL 201 PANELS
(Figure 10)

In the case of the Nickel 201 panels, the concern is more with the face sheet
than with the braze joint. The