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Abstract

Currently there is a renewal of interest in

the utilization of air breathing engines for
hypersonic flight. The use of such engines in
accelerative missions 1is discussed, and the

nature of the trade-off between engine thrust-
to-welght ratio and specific impulse 1is
highlighted. It is also pointed out that the use
of a cryogenic fuel such as 1liquid hydrogen
offers the opportunity to develop both precooled
derivatives of turboaccelerator engines and new
cryogenic engine cycles, where the heat exchange
process plays a significant role in the engine
concept. The continuing challenges of developing
high speed supersonic combustion ramjet engines
are discussed. The paper concludes with a brief
review of the difficult discipline of vehicle
integration, and the challenges of both ground
and flight testing.

Introduction

The early decades of aviation were
characterized by the pursuit of speed, of range,
and of extended range at high flight speeds. The
push for higher speed was characterized in the
1950's and 1960's by the X-serles of aircraft
which pushed into the supersonic regime with Mach
2 (X~1) and Mach 3 (X~2) vehicles. It culminated
in the X-15 research aircraft, which flew almost
200 flights and pushed man to his highest-yet
speed in an airplane -~ Mach 6.7. The energy
built up by these endeavors was re-directed in
the 1960's into the space program and into
practical systems for both military and civil
application. It is significant that in the last
decade the maximum speed of the commercial
airliner (Concorde) has remained in the Mach 2
region, and for high speed military aircraft
(SR-71), in the Mach 3 region.

This plateau in the pursuit of traditional
aviation goals has been recognized in the USA by
the Office of Science and Technology Policy
(OSTP) which has responded with a firm statement
of National Aeronautical R&D goalsl. Three
national goals have been enumerated: a Subsonics
goal to renew the technology for a fuel-
efficient, modern national airspace system; a
Supersonics goal to attain long distance, fast,
efficient transportation with particular emphasis
on the Pacific Rim; and a Transatmospheric goal
to pursue research to achieve routine operations
both in and out of the atmosphere, with
conventional runway operation. The last two
goals encompass high speed flight from supersonic
to orbital speeds.
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The potential of high speed commercial
flight is currently being evaluated in the USA
under NASA's High Speed Civil Transport (HSCT)
program. No final recommendations have yet
evolved from this program, but it may be
anticipated that a second generation SST and/or
Hypersonic  Transport (HST) will  receive
endorsement. It should also be noted that both
France and the USSR have recently shown interest
in high speed commercial airliners. In addition
to such long range crulse aircraft, there has
been a proliferation of studies of aircraft-like
vehicles as first stage launch vehicles or indeed
as single stage-to-orbit (SSTO) vehicles. Such
studies, at various leyels of investment, include
effortsu 2? the USAZ% the United Kingdomg,
Germany °’ France 8> 7, Japan®, and the USSR”.
Although these ongoing studies can arbitrarily be
divided into cruising vehicles and accelerator
vehicles this is not a hard and fast distinction.
Thus the acceleration phase of a predominately

cruising hypersonic vehicle is a significant
phase of the total flight, and similarly a
dedicated accelerator vehicle may require

substantial cruise capability to obtaln access to
desired orbit planes.

A general discussion of the probable
evolution of high speed commercial transportsis
difficult to structure because the foundational
technologies change markedly with increasing
flight speed. Kuchemann!Ohas classified the
aerodynamic progression of cruising aircraft in
order of ascending Mach No as: classical
straight wing alrcraft, swept wings and waverider
ailrcraft - as shown in TFigure 1, Also shown in
the figure 1s the associated variation in
conventional engine cycle; also both fuel type
and structural concept vary with Mach number. It
is apparent that a Mach 4 aircraft will be quite
different from, say, a Mach 6 aircraft. It is
also apparent that such high speed vehicles will
have to perform effectively at subsonic speeds.
In the last major U.S. effort to build an SST the
need to accommodate both low speed and high speed
flight requirements led to the evolution of a
significantly new engine technology, namely that
of variable cycle engines., With even higher
maximum flight speeds it is to be expected that
advanced variable-cycle engines'® and new engine
cycles will emerge to bridge the wide speed
range.

The choice of the next high speed civil

aircraft will of <course be dominated by
commercial, operational, and environmental
considerations., The speed/range choice(s) to

satisfy passenger demand in the next century
typically encompasses maximum speeds from Mach 3
to Mach 6, and cruise ranges from 6500 to 9000
nm. Compatibility with existing airport and ATC
infrastructure is desired, and cost comparability
with current large subsonic jets is sought. And,



of course, the conventional environmental
requirements concerning noise, shock
overpressures, emissions, and atmospheric hazards
(ozone, radiation) must be observed. A
stimulating discussion of the challenges of
introducing a  next-generation High Speed
Transport is available in Reference 13.

The ultimate aeronautical challenge however
is the achievement of orbital conditions with a
single-stage vehicle using primarily airbreathing
propulsion. This elegant but elusive approach to
space transportation is a classical aeronautical
concept. For this vehicle the flight spectrum
from horizontal take-off to orbital speed is
encompassed and the propulsion system(s) is
required to operate efficiently over this wide
speed range. The aerodynamic configuration will
presumably not incorporate variable geometry in
the interest of light weight, and it should be
possible to restrict operation to a single fuel,
namely hydrogen, unless significant advantages
accrue from the use of additional propellants.

A?h f?eviously discussed in earlier
papers” * 7, 1liquid hydrogen offers the
opportunity to synthesize new aero propulsion
systems because of its high cooling capacity and
also because of the high specific work potential
of hot hydrogen. Thus liquid hydrogen may be
used to precool, or even liquify the engine
airflow. Also when used to cool internal or
external flow surfaces the resulting hot hydrogen
may be used to generate significant mechanical
work or thrust. It is also apparent that by
cooling the external surface it is possible to
change vehicle drag and significantly affect the
vehicle aerodynamic characteristics. Thus the
introduction of liquid hydrogen can affect the
vehicle aerodynamics, the propulsion cycle, and
the structural design. The creation of such
totally integrated systems is a major challenge
to the parent technical organizations which are,
conventionally, separated into airframe and
engine teams. Also the conventional accounting
for thrust and drag forces, and energy balances,
must be carefully handled to avoid confusion in
such totally  integrated vehicle systems.
Furthermore the overall enmergy utilization of the
vehicle can only be rationally handled by an
Exergy based approachl$, 17,

From this point the discussion will
primarily apply to the accelerator class of
vehicle. There is of course much which is also

applicable to hypersonic cruising vehicles,

Overall Propulsion Considerations

The potential performance of conventional

engine cycles, using hydrogen fuel, is
approximately shown in Figure 2. It is apparent
that as flight speed increases the

turboaccelerator class of engine is supplanted

first by the subsonic combustion ramjet and
second by the supersonic combustion Tramjet.
Consequently, for a hypersonic flight vehicle

operating at a maximum speed above Mach 7.0 a
multi-mode propulsion system will be required.
Bearing in mind the limitations of materials,
such an engine system might operate as a
turboaccelerator to speeds of the order of Mach
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4.0, then transition to subsonic ramjet operation
to say Mach 6.0, and then be operating totally as
a supersonic combustion engine for speeds above
about Mach 7.0. Now Figure 2 affords a simple
comparison of various engine cycles based on fuel
specific impulse (Isp) and therefore appropriate
to cruise flight performance where the Breguet
equation is used to compare ranges. However for
acceleration missions the performance of an
engine must be compared on the basis of both its
specific impulse and its corresponding thrust—to-
weight ratio.

Low Speed Propulsion Trade-Offs

For maximum payload capability it {is
desirable for a candidate engine to possess high
specific impulse, a high installed thrust-to-
weight ratio and the capabllity to function over
a broad Mach number range. For an acceleration
mission the typical trade-off between specific

impulse and thrust-to-weight ratio 1is, as
previously noted"’, of the form shown in Figure
3.

For each class of engine the thrust loading
of the vehicle must be chosen to optimize the
appropriate payload fraction. Different aircraft
thrust loadings are required for each engine
class and consequently the corresponding initial
vehicle accelerations are different. Thus the
rocket class of engine requires a higher initial
acceleration for optimum payload fraction than
the turboaccelerator class. It is unfortunately
true, however, that for propulsion systems there

is no class of engine which simultaneously
possesses high specific impulse and  Thigh
installed thrust-to-weight ratio. Typically,

high specific impulse engines such as turbojets
are mechanically complex, and therefore heavy,
whereas lightweight engines such as rockets
generate relatively low specific impulses.
Barrere has recently drawn attention to the
relationship between engine thrust-to-weight
ratio and basic specific impulse: a similar
functional relationship was also noted by Builder
and Cuadral® in evaluating candidate transonic
acceleration engines.

In order to improve the acceleration
capability of engines three basic approaches can
be outlined.

a. For the turboaccelerator class of engine
the appropriate approach i1s to increase the
engine thrust-to-weight ratio

b. For the rocket class of engine attention
should be focused on improving the specific
impulse.

c. It would be expected that an engine type
intermediate between the turboaccelerator and the
rocket engine, for example the air turborocket,
may offer a performance superior to its
progenitors.

Candidate Low Speed Engines

The speed capability of the basic turbojet
engine has evolved steadily from the basic
afterburning engine to current turboramjet



designs. These latter engines have typically
been configured in tandem, wrap-around, and
over-under  geometries: more recently the

variable cycle turbofan ramjet and the turbine
bypass engine” " have been of interest. However,
with conventional technclogy these engines are
relatively heavy as candidate accelerators.

In regard to improving the thrust-to-weight
ratio of turboaccelerator engines a major
initiative is underway in the U.S.A. to double
the thrust-to-weight ratio of advanced turbine
engines by the year 2000. This initiative is
known by the acronym IHPTET -~ Integrated High
Performance Turbine Engine Technology.

The basic engine performance can be improved
by increasing turbine inlet temperature and by
improved internal aerodynamic effilciencies.
There are however even more significant gains
available by reducing engine weight by the use of
new. or improved materials, utilized in simpler,
innovative engine structures. An example of a
typical weight saving in a rotating assembly is
shown in Figure 4.

Although dramatic improvements in core
engine thrust—-to-weight ratio can be confidently
anticipated there remains the question of
reducing the installed weight of the engine.
Typically, for a pod-mounted installationm, the
core engine weight is only a fraction of the
total pod weight. With increasing flight Mach
numbers the length of the inlet supersonic and
subsonic diffuser ducts increase and the pressure
and thermal loads become very high. Thus high
Mach number inlets, and for that matter, exhaust
nozzles, are heavy components of the propulsion
system, and there is a major need to devise
compact lightweight inlets and nozzles with
minimal variable geometry. In this regard there
is currently a resurgence of interest in
supersonic throughflow engines which may pay
useful dividends.

In regard to the rocket class of engine
there has been a continuing drive to improve
specific impulse as discussed in Reference la
One approach has been to improve the propulsive
efficiency of the rocket by extracting work from
the thrust chamber to drive a propeller or fan:
This approach has led to the concept of the air
turborocket engine: new versions of this concept
have been devised"®. Another approach is to
replace, either completely or partially, the
conventional liquid oxidizer by atmospheric air.
The problem here is to pump the captured airflow
from the intake pressure to combustion chamber
pressure levels without incurring the penalty of

heavy and complex turbomachinery systems - see
the schematic arrangement in Figure 5. The
compression penalty  may be reduced by

substantially cooling the intake flow prior to
the compressor entry. In the extreme case the
intake air can be condensed and subsequently
pumped compactly and efficiently in the 1liquid

phase. This approach has led to the concept of
the simple liquid air cycle engineZI. The
cooling process is carried out using either
cryogenic fuel or cryogenic propellants?? as

illustrated in Figure 6. In the case of liquid
hydrogen fuel the cooling capability is
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sufficient to directly condense air, but the
corresponding equivalence ratios vary from about
6 to 10. Thus compared to a rocket engine the
simplest liquid air cycle engine yilelds an
improvement in specific impulse (Isp~ 1000) with
some increase in weight due to the heat exchanger
and the air handling systems. The operating
equivalence ratio of the basic liquid air cycle
engine can be considerably reduced by adding
additional compression and cooling stages. Such
variations of the basic cycle leads to a family
of engines usually referred to as "cryojets ¥,
Once again specific impulse can be considerably
improved but only at the cost of decreased
thrust-to-weight ratio.

Precooling has also received attention iIn
regard to conventional turboaccelerator designs,
initially from the point of view of extending the
flight Mach number capability of such engines.
In cases where the maximum Mach number of the
engine is limited by the compressor exit
temperature then precooling of the air can permit
significant increases in flight speed. However,
it was soon realized that additional potential
performance advantages exist and that the
preccooled turboaccelerator can be a significant
contender for high speed flight. Xunkler®, 23
and Hewitt24 have extended the precooling concept
to include both air~hydrogen and air-air heat
exchangers in the air cooling system - see Figure
7. Hewitt?" has also pointed out that modulation
of the degree of precocling with flight Mach
number can result In constant compressor imnlet
temperature operation, and possibly constant
inlet  pressure, resulting in running the
compressor with a simplified flow function. Thus
in an overall sense the introduction of
precooling can potentially improve engine thrust
performance, and reduce engine size:
nevertheless, flow matching with minimal variable
geometry is a challenge. Also, because of the
increased flight Mach number capability it may be
possible to defer transition to other engine
modes to much higher speeds. TFurthermore the
ground test problem is simplified in that the
core engine, which experiences temperaturee less
severe than those corresponding to the flight
Mach number, can be developed in available test

facilities. The outstanding potential
performance advantages are however tempered by
the practical difficulties of fabricating
lightweight, reliable Theat exchangers and
avoiding the fouling problems of flight
operations.

The thermodynamic spectrum of candidate
precooled engines is illustrated in Figure 8 and
the trade-off  between  engine  performance
parameters is broadly indicated in Figure 9. The
potential performance - advantages of alr

precooling have led to a re—emphasis on the role
of heat exchanger processes and components in jet
engine technology. Of course, heat exchangers

have been previously considered 2 for
conventionally fueled engines but are now
receiving renewed emphasis with cryogenically

fueled sytems.

The above discussion does not exhaust the
innovative uses of cryogenic fuels. In regard to
internal engine flows the potential to radically



improve hot-section cooling may permit
significant increases in maximum combustion
temperature. Similarly the use of hydrogen as an

engine/airframe coolant produces a source of hot
hydrogen which can be used to do work in the
overall propulsion system. Although it is not
always possible to separate rigorously the
airflow associated with a hypersonic vehicle into

external and internal airflows, it is still
conventional to treat such flows as separate
aerothermodynamic systenms. Such an approach

cannot continue since the efficient production of
the overall aero—propulsion forces on an actively
cooled vehicle is inextricably linked through the
cryogenic fuel circuits and many other coupling

mechanisms. The overall energy bookkeeping of
the total aerothermodynamic system  which
constitutes the wvehicle can be rationally

addressed by the explicit use of Exergy methods
which have been successfully applied to many
complex thermodynamic systems in recent
years'’.

High Speed Propulsion

For speeds In excess of Mach 4 it is
generally necessary to transition from the
turboaccelerator to the conventional ramjet mode.
However, as outlined in the previous sectiomn, it
may be possible 1In the future to extend the
capability of the turboaccelerator class to
speeds in excess of Mach 4.0. In this case
direct transition to a scramjet mode may become
possible. The characteristics of the
conventional subsonic combustion hydrogen burning
ramjet are well understood and have been verified
in ground tests to speeds in excess of Mach 6.
As is well known the performance of the
subsonic-combustion ramjet deteriorates at
hypersonic speeds due to real gas effects and
internal losses; and the structural design of the
engine becomes very difficult due to the high
internal temperatures and pressures.

Thus for really high speeds it is necessary
to wutilize the supersonic combustion engine
(scramjet). The scramjet engine potentially
offers outstanding specific impulse performance
to high hypersonic Mach numbers as pointed out by
several authors26, 27 Such performance
estimates are, of course, theoretical and the
upper practical speed limits of such engines have
not been established on an engineering basis.

The speed range between the conventional
ramjet and the scramjet can be bridged by the
dual mode engine - see Figure 10. The dual mode
engine 1s one in which, initially, subsonic
combustion is employed at lower speeds (typically

Mach 3-6) with transition to the supersonic
combustion mode at speeds in excess of about Mach
6 28, This class of engine has undergone
extensive analysis and_ ground test _in the
U.5.A4.2%9> 80 45 France , and the USSR32.  The
demonstration of dual mode operation by
Harper in the U.K. is also of interest. It is

probable that this class of engine will be the

next workhorse engine for future hypersonic
vehicles.
As shown 1n Figure 10 the supersonic

combustion ramjet englne offers progressively
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higher performance than the conventional engine
at speeds in excess of about Mach 6. It is
difficult to be precise about the point of
transition to supersonic combustion because mixed
flow conditions can exist in the combustor until
substantially higher Mach numbers are attained,
and in any event one-dimensional flow concepts
and criteria are difficuit to apply. The
phenomenon of supersonic flow through the engine
introduces totally new technology challenges
compared to the conventional ramjet. These
challenges are principally associated with the
wave interaction phenomena generated by the basic
engine processes of diffusion, fuel injection,
nixing, combustion, and expansion®®.

Regarding diffusion, at a given flight Mach
number the amoynt of diffusion, in terms of
velocity ratio (2/_ ) or enthalpy ratio ( /h ),

is a significant® determinant of enggne
performance as illustrated in Figure 11.
In one-dimensional analysis an optimum

amount of diffusion is required to maximize
engine performance. Simplistically, this optimum
may be said to determine the engine capture area
ratic and associated compression ratio, and it of
course determines the level of temperature and
pressure at entry to the combustor. However this
is not the end of compression effects in the
engine because, for a glven combustor
configuration, the processes of fuel injection,
mixing and heat release, will all exert an
influence on the overall evolution of the flow.
Thus the presence of fuel injector struts or
other protrusions into the combustor will
generate shock/expansion fields. In general,
complex wave patterns will be transmitted through

multiple interactions downstream through the
engine from their point of origin., The art of
scramjet design thus lies in the effective

utilization of these wave processes, to enhance
combustion and thrust generation, while avoiding
critical phenomena such as ma jor flow
separations, excessive thermal loading, and
unstart of the combustor or inlet.

The degree of diffusion also falls between
certain bounds®® as illustrated in Figure 12. A
minimum diffusion is required primarily to ensure
appropriate pressure and temperature levels for
efficient combustion, However, too  much
diffusion 7results 1in excessive thermal and
mechanical loads, and can produce dissociation
and non-equilibrium effects in the combustor,
leading to severe thrust losses in the nozzle.
It is also appropriate to note that because of -
the accumulation of losses associated with shock

wave propagation, skin friction, and heat
transfer that engine length 1is always at a
premium., Opposing this requirement is the need

for adequate length for the processes of fuel
injection, mixing and combustion. Also opposing
this requirement 1s the possibility, dependent on
inlet and combustor design details, that a
significant 1isolator length may be necessary
between the inlet and combustor to avoid
unfavorable interactions35,

As noted earlier the degree of diffusion is
a significant performance parameter., The overall
diffusion process is carried out partially by the



aircraft forebody (precompression), or in some
installations by a wing surface 6, and partially
by the engine module intake.

These precompression and post-compression
processes may be non-adiabatic and possess large
wall Dboundary layers. Therefore the usual
one-dimensional parameters for assessing intake
losses and starting criterid are not rigorously
applicable at the higher speeds, and new
performance parameters have to be derived to
embrace this situation - see, for example, the
definition of "compression efficiency” introduced
by Billig and Van Wie®’. Once again the engine
compression process and the vehicle aerodynamics
are inextricably coupled, not only through the
flow turning processes”"’ but also through the
forebody flow fileld, potentially involving
shock/boundary layer interactions with laminar,
transitional or turbulent boundary layer flows.
In the case of an actively cooled forebody there
is a further coupling through the
aerothermodynamics of the cooling process. Once
again the challenge 1is to use all such flow
couplings to overall vehicle advantage.

The supersonic combustor represents a major
technological challenge in engine development.
Once again the existence of supersonic
throughflow presents the problem of adding
energy, usually in a fixed geometry
configuration, while avoiding the pitfalls of
undesired thermal choking at lowspeeds and
excessive loss mechanisms, or thermal loadings,
at any speed. Early efforts at demonstrating
supersonic combustion have addressed geometries
such as; the constant area cylinder, the
cylinder-cone and step-cylinder configurations,
and have also included many two~dimensional
geometries. Injection techniques have included
both wall and strut elements with injection at
normal, tangential, and angled directions to the
airflow. In addition to the problem of adequate
fuel penetration to give the required transverse
fuel distribution, the fuel injection must of

course be tailored to give appropriate
longltudinal coverage. Following ignition and
stabilization, spatial control of the heat

release, as a function of flight speed, has to be
maintained by means of the fuel injection system
and its control mechanism. A comsiderable data
base on the mixing and heat release
characteristic of various injector arrangements
has been developed at NASA Langley and the
modeling strategy for such complex flows has been
well documented in the pioneering efforts of
Anderson’”, and B:lll:lg"IL2 and his associates at
Johns Hopkins University. As a result of such
efforts, together with many international
contributions such as those of Baev'3 and
Swithenbankl"’, a good understanding of the
generic behavior of supersonic combustion systems
exists, at least to Mach 7-8 flight conditions.
However the establishment of a mature technology
base 1s dependent on the detailed understanding
and enhancement, (e.g., Marble™5, Dimotakis*6) of
the component processes of fuel injection, flow

interaction, mixing, heat release and final
production of translational gas energy.
Fortunatele} the emergence of powerful CFD
techniques has permitted a more structured

approach to modeling the elemental combustor
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processes: the CFD approach, combined with
complementary experiments, should pernit
relatively confident synthesis of candidate

combustor designs.

The exhaust nozzle 1s a critical component
of the engine in that the final stream thrust
increment is generated by the nozzle flow, and
the net thrust of the engine is very sensitive to
the level of nozzle  performance. This
performance is closely coupled to conditions at
the combustor exit flow surface {(not usually
planar in the one-dimensional sense) and the
initial expansion segment of the nozzle may be
developed as part of the combustor-nozzle
combination. The development problem of the
nozzle is well understood from an internal flow
viewpoint; the effects of entry flow
nonuniformity, chemical nonequilibrium, wall
friction and heat losses, and nonaxial exit flow
vectors must be addressed. However, the coverall
aerodynamic effects of two—dimensional asymmetric
nozzle flow on force generation and moments, and
the effects of mismatched expansion and
external~internal flow interactions have
unprecedented importance and are largely unknown.
The pioneering effort of lLewls, et al*® is of
interest.

The scramjet engine is currently the most
promising engine for hypersonic flight. However,
the application of both steady and nonsteady
detonation waves to high speed propulsion schemes
has had a long history and recently there has
been a renewal of interest in the Oblique
Detonation Vave Engineso’ The problems
traditionally associated with this engine
include: the uniqueness and stability of such
detonation waves; the mechanism of premixing the
fuel with the inlet airstream; and the prevention

of "flashback" through the mixing zone. It is
hoped that the application of numerical
simulation and modeling will resolve some of

these issues. Up to this point, heat addition to
the internal flow- has been considered. Heat
addition to the external flow is of considerable
relevance primarily to relieve base drag in the
transonic speed range. It is also possible to
modify the basic lifting and propulsive forces
associated with a high speed vehicle by selective
external heat addition. Thus the approach used
in dinternal flows, namely to synthesize a
multi-dimensjonal flow where the basic wave
structures constructively interact with regions
of heat addition may also be applied to external

flow fields, See for example the works of
Broadbent 53, This arena of diabatic flow
aerodynamics was discussed in a prior paper* and

the reader 1s referred to this paper and its
References.

Integration
For optimum flight performance the

aerodynamic, structural, and propulsion elements
of the vehicle have to be integrated into a

cohesive whole taking every opportunity to
synergistically = enhance performance. For a
cruising vehicle such integration can Dbe

simplistically discussed using the Breguet Range
equation as shown in Figure 13. The constraints
of the Breguet equation can cf course be avoided



by staging or refueling. The comparable equation
for an accelerating vehicle is also shown. For a
single stage vehicle some similar relief could be
obtained by refueling or air collections*., In
the acceleration case it should be noted that the
overall propulsive parameter is the "effective"
specific impulse, which couples the basic impulse
of the flight engine to the overall vehicle
thrust/drag characteristics. For an airbreathing
engine such characteristics are of course
dependent of the flight trajectory. There are
conflicting flight path requirements: to
maintain high engine thrust, a high dynamic
pressure trajectory is desirable, however, the
converse 1s true in regard to heating and
pressure loads. Thus, trajectory optimization is
also an integration issue. In regimes of minimum
thrust margin a sharp loss in effective impulse
can occur, This can be relieved by thrust
augmentation typically by simple mass addition.
Thus the use of water injection to augment
turbojet and ramjet thrust is well documented.
Similarly, augmentation by simple fuel and/or
oxidant injection can be an effective way to
provide excess thrust and enhance overall
performance. The overall spectrum of such air
breathing elements utilizing thrust augmentation
or rocket-assist 1s well covered covered in an
early foundational paper by Lindley35, Such
techniques may be an attractive alternative to
over-sizing an acceleration engine simply to
overcome regimes of minimum thrust margin,

As flight speed increases the engine size
also grows and soon dominates the vehicle
configuration. The only efficient way to
accommodate this reality is by total integration
of the vehicle and propulsion systems.
Essentially, the entire undersurfaces of the
forebody and aftbody provide propulsion
functions, and their contributions to the thrust,
drag, and control of the vehicle are of paramount
importance. Considerable ingenuity is required
to tailor the vehicle configuration and its
associated flow fields, to the engine
installation and its mass flow characteristics.
Typically, matching of the engine punmping
characteristics and the available airflow over a
wide speed range requires variable geometry.
Such complexities may be alleviated by the
judicious use of precooling in cryogenic engine
systems.

In addition to the basic engine
installation, the thermodynamics of both the
overall active cooling circuits and the engine
fuel utilization system must be such as to avoid
unnecessary losses of available energy. The
energy of the basic hydrogen-air system 1is
marginal for the single stage to orbit mission.
Thus energy must be conserved, and utilized in
the most effective manner. Once again, an exergy
based approach can be used to
vehicle thermodynamics.

Regarding minimization of the structural
welght fraction the design problems are severe.
The vehicle will be subject externally to both
high dynamic pressures and high temperature
levels during ascent, while internally, low
temperature cryogenic storage must be maintained.
The engine structure is also subject to even

address total -
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higher internal pressures and temperatures,
possibly in box-like actively cooled structures.
Integration of the basic engine and airframe
structures is essential to avoid duplicative
weight elements. Fortunately new  high-
temperature materials are emerging to alleviate
the design problem; nevertheless the achievement
of a reusable high temperature structure of
minimum structural fraction is a major challenge.
As in the case of the engine, ground test
validation of candidate structural approaches and
assemblies is a demanding requirement.

A similar challenge is the development of a

comprehensive vehicle control system., This is a
significant architectural and engineering
problem.

Finally, it is apparent that the eventual

success of such a closely integrated wvehicle
demands a technological organization which
possesses a broad yet unified view of the parent
technologies and which approaches its task with a
very high degree of teamwork. An enormous number
of variables enter the evolutionary process: of
arriving at a near optimum configuration, and
efficient management of such a process will
require powerful management tools. Of course the
process of vehicle development is not ended when
fabrication and early flight demonstration is
attained. The demonstration of full flight
capability will, as noted earlier, only be
completed by incremental flight development over
an extended period.

Test Facilities

In previous years the testing of high speed
flight engines has evolved to a disciplined
sequential ground test process leading to flight
qualification and flight demonstration. Full
simulation of supersonic flight conditions has
involved large scale plant, handling substantial
mass flows at high enthalpy and high pressure
conditions. The process of producing a large
supersonic stream tube at the correct simulated
flight Mach number is not trivial. Correctly
designed axisymmetric nozzles can be used for
discrete Mach number simulation. Such
conventional facilities can currently simulate
conditions which approximately correspond to
typical Mach 7/8 flight speeds. Traditional
criteria for both tunnel starting, with various
blockages, and the avoidance of excessive
transient loads can be applied. One new
requirement for multi-mode engines will be the
convincing demonstration of stable mode
transitions. Such transitions will generally
occur at Mach numbers below about 8 and thus such
tests can be undertaken in suitably modified
conventional facilities.

For significantly higher speeds, ultra-high
enthalpies (and of course correspondingly high

pressures) are vrequired, and although many
schemes have been postulated to achieve such
enthalpies, the currently available test
facilities are limited to relatively short

duration systems.

The use of short—duration facilities to test
scramjet engine components has been well \



established over the last twenty five years in
the U.S.A.ss, the USSRY3 and other locatioms.

Such facilities, supported by increasingly
sophisticated instrumentation and diagnostics
have been invaluable in estimating the potential
aerothermodynamic performance of inlets,
combustors, and nozzles through tests Jlasting
only a few milliseconds. The application of the
supercomputer to the analysis of both
aerothermodynamic flows 37 and structural design,
can make maximum use of such short-duration test
data. However the process of wvalidating the
performance and durability of a full scale flight
engine is somewhat removed Jfrom the elemental
tests performed in short-duration facilities,
although these latter tests are essential.
Currently an incremental flight test procedure
appears to be the only logical course to proceed
safely with engine certification.

In the future, extended duration ground
tests at high speeds will require new facilities.
Such facilities must avoid generating the
simulated stagnation (or reservoir) conditions in
the facility bhoth because of engineering
limitations and because the test gas may often be
in a dissociated state. Consequently one must
look to generating the required test enthalpy by
progressive acceleration of the test gas by MHD
or other energy transfer processes.

In any event a fundamental need exists for
the incremental flight testing of hypersonic
engine systems.

Conclusions

The current vrenewal of interest in
hypersonic flight, and in low-cost access to
space has emphasized the accelerative aspects of
aircraft performance, in contrast to the previous
emphasis on cruising flight. The necessity to
use cryogenic fuels at the higher speeds has also
introduced many avenues of opportunity in
creating new engine designs and vehicle concepts.
From a propulsion viewpoint it has been shown
that multi-cycle propulsion is essential for high
speed flight. For propulsion at lower speeds it
should be noted that the trade-off between
specific impulse and engine thrust-to-weight
ratio generates interest in a wlde variety of
existing and "new" engine cycles. Evaluating
the overall merits of such cyeles requires
comprehensive analysis; many of these “new”
cycles require heat exchange elements; and
finally the integration of these engine concepts
into a cohesive vehlcle design is of key
importance.

At the higher speeds we conclude that the
hydrogen burning supersonic combustion engine
offers outstanding potential for hypersonic
missions. However, the  technologies for
realizing such potential will require extensive
computer analysis, and experimental test, to
yield comprehensive engine design data. It is
also noted that external heat-addition around
lifting-propulsive bodiesS?, 80 may play a
significant role in emerging designs.

The challenge of test validation of high

speed engines is real, requiring the evolution of
a comprehensive ground test and incremental
flight test strategy.

Currently we stand at a crucial point in
aeronautical history. Aeronautics has steadily
advanced along the traditional flight corridor to
achieve relatively conventional flight to speeds
approaching Mach 4.0. Such cruising flight may
be regarded as an established stable boundary
condition at the lower speed end of the flight
corridor. At higher speeds another established
steady condition exists namely orbital "flight."
Between these established stable states a whole
range of transatmospheric flight regimes exist.
Currently, passage through the transatmospheric
region 1is of a transient nature involving
insertion to, and re-entry from, orbital
conditions, or transient “"zoom" operations.
However, in the longer term, ability to operate
in the transatmospheric region may be of
considerable interest  as the fields of
aeronautics and space continue to merge.

It is clear that entry into the hypersonic
flight regime means that long term commitments
must be made to embark on new areas of technology
in engines, fuels, aerothermodynamics, materiale
and structures. Similarly the whole
infrastructure supporting operation of hypersonic
cryogenically-fuelled vehicles must be addressed,
Such changes will tend to be more revolutionary
than evolutionary and should be recognized as a
ma jor shift in traditional aeronautical
development. As previously noted we stand at
an exciting point in aeronautical, or rather
aerospace, history: new vehicle configurations
and engine concepts are emerging, and these
opportunities need to be addressed in a cohesive,
imaginative fashion. Fortunately, the
supercomputer is now available to gddress both
engineering and management problems ~. Fowever,
the overall strategy for evolving such efficient
high-speed vehicles 1is a complex and major
challenge10 - a point first stressed by
Kuchemann and recently reemphasized by
Dorringtonsz. Although such major changes in
aeronautical development have been latent for
some decades, the current emphasis in hypersonics
now requires dedicated attention so that the
required engineering disciplines and
methodologies can be brought together in
appropriate management structures.

In the United States, the National
Aero~Space Plane (NASP) program is providing the
avenue for this dedicated attention. NASP is a
technology program with the goal to develop and
demonstrate the advanced technologies; the
demonstration is to be in an experimental flight
vehicle designated the X-30. Unlike the X-15,
the X~30 will take off under its own power. The
concept centers on a manned, hydrogen-powered,
single~stage-to—-orbit vehicle capable of
horizontal takeoff and landing, reaching orbital
speeds, and cruiging for sustained periods at
hypersonic speeds“. Obviously, this program is a
tremendous challenge; however, with appropriate
attention, dedication, and support, the way can
be paved for a mnew generation of aerospace
vehicles for the twenty-first century.
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