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ABSTRACT

The strong interactions between the aerodynamic,
structural, and propulsive systems of hypersonic air
breathers offer important opportunities for achleving
improved vehicles. One of the most promising 1s the
use of the hydrogen fuel heat sink to provide cooling
¢!’ major areas of the airframe. This possibility is
explored in some detall, with considerations of the
theoretical possibilities, engine designs for mini-
mum cooling, comparative analysis of candidate high-
level cooling systems, recent fluid-mechanical
studies of slot cooling, structural designs compat-
ible with practical cooling systems, and aerodynamic
features made possible in actively cooled vehicles.
The results suggest that hypersonic cruise vehicles
constructed of largely unshielded aluminum or
titanium alloys are feasible and offer a number of
advantages. Further studies of the problems and
possibilities of this category of hypersonic vehicles
are suggested.

INTRODUCTION

The hypersonic crulse vehicles we are looking
toward today will represent the ultimate achievement
of aeronautics. Operationally, they will have the
fastest atmospheric flight speeds useful to man in
the limited confines of our planet, and technologil-
cally they will employ the ultimate in fuels, mate-
rials, and aircraft systems. It is safe to say that
our present early concepts and technology levels for
these vehicles fall far short of the final achieve-
ment. We are thus faced with long-term research and
development before operationally justifilable systems
are likely to emerge.

At this early stage 1t is appropriate to ask
how we can most effectively work toward these
ultimate vehicles. TIf past aeronautical develop-
ments provide a valid index to the next 20 years,
we can not only count on contlnuing evolutionary
technological growth but also we can confidently
anticipate a number of those pivotal advances in
technical thinking - the breakthroughs - which open
new avenues for progress. A prime objective of all
R and D programs should be the creation of a research
environment which gives maximum encouragement to the
generation of these breakthroughs. This reasoning
might seem to be so virtuous that there could hardly
be any argument about 1t, but actually there is
considerable disagreement. A sizable group in the
hypersonic area believes that the correct general
approaches and the most promlsing cemcepts have
already been identified and that all that remains is
the detailed disciplinary R and D on the existing
concepts to achieve thelr ultimate refinement. At
best, they expect only secondar; breakthroughs in the
disciplines and they believe that we are already
approaching with diminishing returns the final
plateau of high-speed flight technology.
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At the opposite extreme there 1s another
prevalent view. This group considers that hyper-
sonic vehicle concept development at this time 1s
premature and should be deferred pending the estab-
lishment of "sound technology bases" in the
separate supporting disciplines. This is a conven-
ient philosophy for times of limited R and D
funding, but there i1s little justificatlon for it
in previous aeronautical experience. Past vehicle
developments 1n almost all cases were undertsken
with large inadequacles in the supporting discip-
lines; and there is every reason 1o belleve progress
generally would have been retarded if these develop-
ments had been deferred untll all was in good order
in the disciplines. In our view, progress in
hypersonic ailrcraft can best be served at the
present point in history by imeginative flexible
exploration of a variety of conceptual approaches.
This requires equal imaginative flexibility in the
pursuit of the related disciplines. A good case
can be made for programs in which early concept
R and D goes hand-in-hand with research in the
supporting disciplines. This tends to bring into
focus the real problems as opposed to the purely
academic problems with which the disciplines other-
wise sometimes get sidetracked. And it provides
the elements of need and stimulation which glve
maximum encouragement to innovation and breakthrough.

Aircraft configurations based on the dictates
of a single dipcipline such as aerodynamics are
likely to be naive and impractical. In the early
days of hypersonic research, the aerodynamics
discipline was pursued very vigorously without
benefit of equal effort in the propulsive and
structure areas. As & consequence, the attainment
of very high lift/drag ratios became an exaggerated
goal attended by aerodynamic configurations having
very large wings. 1,2} As more realistic structures,
propulsion, and weight Iinputs became available, the
wings began tec shrink and the bodies became
relatively larger and elliptical or flattened in
cross section, until at this point in time we see
the Mach 8 to 12 cruise vehicles of the future as
1ifting bodies with only rudimen?ur{ w%ngs (Fig. 1)
or perhaps with no wings at all. 3,5 Clearly,
meaningful configurations are achileved only through
a balanced pursuit of all of the relevant disciplines
with free interplay of the varying pressures they
generate.

In the course of this configuration work it
became increasingly apparent that these inter-
disciplinary interactions play a far more dominant
role in hypersonic aircraft than in previous air-
craft developments. While it is true that they
introduce new constraints and addzd problems, it
is also true that they offer the designer a number
of new opportunities. In fact, w2 see 1n these
interactions a probable source of the hoped for
improyements and innovations needed to achieve
successful deslgns. Previous alrcraft developments



have, in the main, left it to the special genius and
intuition of the "Chief Designer’” and his team to
pursue these complex problems of systems integration
and optimization. We believe, however, that certain
of the more fundamental interactions between struc-
tures, propulsion, and aerothermodynamics are so
important to progress in hypersonic aircraft that
they must be accepted as legitlmate subjJects for
general research investigation in addition to con-
tinuing work in the disciplines. '

About 3 years ago, following the general phi-
losophy outlined above, we dlverted a small part of
our research group at langley to explore & new
vehicle concept exploiting one of these interdiscip-
linary interactions. We had noted with interest the
coexlstence in current designe of very hot airframes
housing some 2 pounds of very cold hydrogen fuel for
every pound of structure, with the designers doing
their best to keep these elements entirely separated
except in the engine itself. Our aim was to explore
the possibllities of permitting the propulsive heat
sink and the aerodynamic heat load to interact
directly. Previous studles of heat-absorbing struc-
tures for cruise vehicles in which the heat sink was
supplied by a fluld or gas carried as an added part
of the structural system wigg no other useful func-
tion showed 1little promise.i®) Here, however, we
propose to utilize the heat sink available in
another aircraft system to that there 1s no weight
penalty for the fluild itself, but there are, of
course, possible welght penalties and other problems
associated with tying the two systems together. This
paper 1s a progress report on a continuing study of
the problems and potentialities of these fuel-cooled
aircraft.

The Problems of Uncooled Hypersonic Vehicle
Structures

The incentive to study cooled vehicles stems
from the many problems and restrictive features of
the so-called "hot" structure, the approach which
has so far received the principal attentions of the
structures community. The basic virtue of this
approach is that it disposes of the heat load
largely by radiation, eliminating, for the most
part, the necessity of absorbing the heat internally
in a gas or fluld carried for cooling purposes.
Farly comparative studies ) of the hot radiative
structure showed it to be lighter than heat-
absorblng systems for lengthy heating periods,
hence the attention 1t has received. The feasibllity
of the "hot" structure rests on the happenstance
that the radiation equilibrium temperatvces of cruise
vehicles tend to fall within the possible working
temperature ranges of the so-called superalloys and
the refractory metals. Figure 2 illustrates typlcal
Mach 8 design surface temperatures calculated with
maximim benefit from internal radiation between

upper and lower surfaccs, conduction, and so forth. (7)

Virtually the entire structure exhiblts varying
degrees of red heat. Obviously, the development of
long-lived lightweight structures f?§ these condi-
tions presents formidable problems. ) Much ingenu-
i1ty has been brought to bear in hot structures
research in recent years and important progress has

*The term "actively cooled structure” in virtually all

insulated systems of this kind.

been made, resulting in the features illustrated in
Flgure 3 for the wing. The major problems of
thermal stress are partially solved by deliberate
design for thermal warpage through nonredundancy,
corrugated shear webs, segmentation, and simllar
devices.' In order to achieve lower operating tem-
peratures and longer life for the Mach 8 primary
structure visualized, 7) 1t must be largely covered
by metal heat shields, reducing 1ts temperature to
about 16000 F. These shields, which are typically
constructed of very thin (0.012 to 0.020 inch)
superalloy metals and separated by slip joiats,
present difficult problems of thelr own. The
principal questions relate to hot spot development
and hot-air leakage at the Joints, meintenance,
inspection, rain leakage, icing, hail damage, and
so forth. Much more work is necessary on thermal
cycling, high-dynamic-pressure hot-air oxidation
testing, and other problems, to determine whether
long lifetimes and reusability in the sense of
current commercial ajircraft can be achieved with the
hot structure. Raturally at this state, the struc-
tural weight fractions ultimately achlevable fog
hypersonic aircraft are also quite uncertain. 8

A basic problem of the hot structure which is
not generally recognized in its full proportions is
the need for special iunsulation of virtuslly every
item of internal mechanical and electrical equip-
ment, fuel, crew, passengers, and baggage from the
hot environment surrounding them. Perhaps the most
critical of these problems 1s protection of the
liquid hydrogen fuel system which r?guires the
special measures shown in Figure 4. ) A purge gas
mist be employed to prevent cryo-pumping of air in
the space between the bulk insulation and the hot
structure. Several of the other critical subsystems
can be adequately protected only by circulation of
1liquid coolants over large areas. Among these are
the propulsion system, pilot and passenger cabins,
avionics bays, landing gear bays, and so forth.

Actively Cooled Structures

Many of the problems of the hot structure
could be greatly alleviated or eliminated “ltogether
if the primary structure could be kept at the low
temperatures of Mach 2 aluminum alloy or Mach 3
titanium alloy aircraft, and major new subsystem
developments for the hot environment could be
avoided. ILet us now look at two schemes by which
this might be accomplished. On the lower left of
Figure 5 an aluminum alloy structure is kept within
its temperature limit of 200° F by elaborate insu-
lation. In general, three layers are required:
the external metal heat shield, the thick bulk insu-
lation, and, finally, the low-level coolant system
to supplement the bulk insulation. The coolant
system design may be elther a passive water-wick
&ppr?%ch or a low-level water circulation sys-
tem, ;16:11) Typically, only 2 or 3 percent of the
total heat load 1s absorbed by the coolant in this
design. This is the type of "couvled" system™ one
is 1imited to in practice when tlie coolant weight
must be charged against the system. Optimization
studies suggest that 1t may find application in
space reentry vehicles where the heat pulse is of

of the previous literature refers to low-level



short duration. However, for the crulse vehicle
application, 1t tends to be heavier than other
approaches; and because of 1ts bulk, cannot be used
on the tall surfaces, controls, or on thin regions
of the wing.

The active high-level cooling system utilizi g
the fuel heat slnk which we are proposing 1s shown
in the upper sketch on the right of Figure 5. Here
the cooclant flow is in the exposed structure where
1t absorbs virtually the entire heat load. The
nature of the cooling problem here is obviously
quite different from the insulated case. Coolant
capacities of the order of 20 to 100 times greater
are involved. However, the structure and, as we
shall see later, some of the fabricatjion technology
developed for the Insulated system loﬁ appear to bhe
applicable to the high-level cooling case. In the
sketch on the lower right, the local coolant heat.
load rate is reduced by simple heat shields to about
15 percent of the total, in a combination of the
radiative and heat-absorbing concepts.

The working temperatures for the actively cooled
structure are the same as for current Mach 2 alumi-
num alloy qr Mach 3 titanium alloy aircraft. Thus
all of the extemsive avallable structural and
materials technology for such aircraft would be
directly applicable. Equally long service life-
times could be obtained and much of the subsystem
technology for the lower speed alrcraft could be
used without further development. The problems of
cooling the cabin and other critical volumes would
be identical to the Mach 2 or 3 aircraft. In short,
nearly all of the undesirable features and opera-
tional questions surrounding the hot structure
could be avolded.

On the negative side, direct structural cooling
involves the addition of a complex new mechanical
system with major questions of welght, reliability,
and fabrication., Structures specialists have a
natural distaste for a structure which becomes
intimately involved with and dependent upon a
mechanical system. And the propulsion special-
ists are not happy with our interdisciplinary
tampering either. It was thus lnevitable that we
should recelve discouraging advices from our friends
in these quarters when we began our study. They had
three main arguments:

1. Hypersonic engines would require virtually
all of the fuel heat sink for engine cooling.

2. Alrframe heat loads would prove to be
excessive, probably greater than the total fuel-
flow heat sink.

3. Active cooling systems for large structural
areas would prove excessively heavy and otherwise
impractical and unreliable.

As has often happened in past aeronautical develop-
ments, these Intultive early viewpolnts, which
seemed reasonable enough at flrst, have been shown
to be unfounded as they were analyzed in wore
detall. We will now discuss each of these three
problems, beginning with the rropulslon system
question.

Propulsion System Coolant Requirements

In conformance with traditional aeronautical
practice, the hypersonic ramjet engine is regarded
as a periodically refurbishable and replaceable
system, It is not required to have the same life-
tiue as the airframe, 1t has much higher typical
design temperatures, and 1t uses appropriate super-
alloy materials. Early estimates of engine coolant
requirements centered on annular designs similar to
the engine of Figure 6é(a). The results were
generally discouraging, especially with subsonic
combustion, because these engines appeared to
require more coglant than that obtainable from the
normal fuel flow for hypersonic cruise. It was
sometimes pointed out that the heat release in
hydrogen combustion was 10 to 20 times larger than
its heat capacity for cooling purposes, suggesting
great difficulty (or perhaps impossibllity) for the
engine-cooling problem. It is unfortunate that
these early assessments were interpreted in some
quarters as ruling out any hope of hypersonic air-
breathing propulsion with low coolant requirements
and with a residual heat sink remaining for struc-
tural cooling.

Although the design art for engines having low
coolant requirements with mininum sacrifice of per-
formance has not progressed very far, one can
readily ldentify many features which will reduce
the internal heat loads, in particular the
following:

Supersonic combustion

Nonannular ducts having low ratio of wetted
area to flow area

Short combustor lengths (efficient fuel
injectors)

Short cowl lengths

Large combustor area ratios

Reduced pressures and reduced fuel injection
near the duct walls(1l2

Insulation, film cooling, and so forth, in the
internal ducting(l5

Use of the aircraft body for major part of
inlet and nozzle functions

Using all of these features excep¢ insulation, we
have designed and analyzed the scramjet concept
shown in Figurs 6(b). TFor comparison, the require-
ments of the annular engine (Fig. 6(a)) were also
determined and the results are given in Figure 7,
which shows the large reductions in cooling made
possible 1n the three-dimensional design. These
reductions were realized without any significant
degradation of calculated specific impulse. It
should be admitted, however, that the great com-
plexity of the heat-transfer processes in the
presence of combustion phenomena preclude, for the
present at least, any really rigorous theoretical
treatment. Thus any heat-load estlmation method
must be validated by comparison with experimental
data. The boundary-layer method used here included
consideration of profile distortions due to the
large adverse pressure gradients associated with
combustion, and its results agree well with recent
supersonic combustor heating data obtained by
Billig and Grenleski.



Figure 7 clearly suggests that advanced engines
can be found which will require only & minor fraction
of the available fuel heat sink at Mach 6, leaving
a large potential for alrframe cooling. This find-
ing removed the first of the supposed obstacles to
structural cooling, and encouraged us to proceed
with a general analysis of the airframe problem.

Theoretical Prospects for High-Level Active Airframe
Cooling

The basic question here is whether the external
heat loads of a crulsing hypersonic alrcraft are of
such magnitude that they can be absorbed by the fuel
bect sink, leaving enough residual cooling capacity
ror the engine ducting. An approximate general
issessment of this problem is possible because the
ratio of the airframe heat-load rate to the fuel
heat-sink rate is a simple function of Eﬁ/CD, the
ratio of the average heat-transfer coefflcient to
the total drag coefficient. The external airframe
heat-load rate is proportional to Cy:

Qoirframe = CHSCPDgV(Trec - Twalﬁ
And the fuel-flow heat-sink rate is proportional
to Cp:

Qfyel = % pvecDSp AT'E‘uel/Isp

In these relatlons the coefflcients are both refer-
enced to the same area, and to free-stream condi-
tions. Comparisons with a detailed heat-load
assessment for a complete vehlcle has shown that
the above relation is a good approximation if the

Cy/Cp value is estimated correctly. The desired

ratio is

Q c_ VI T -T

-a%rframe - _H 8p |1 . ¥ i X 3.1 X 10-4
Qyel Cp &leyel 7 x 1077y

in which APlpye1 1s the fuel temperature rise
utilized in the structural cooling process, with
typical maximum permissible values indicated in
Table II for materials of interest. The Eﬁ/CD
ratio 1s configuration and L/D dependent, and can
be estimated readily wilithout elaborate calculations
of local heat transfer from the usually availlable
knowledge of the average skin-friction coefflcient

for the given configurations. That is,
S 1 Ef
— = = —= X Reynolds analogy factor
Cp 2°Cp
Ef
= 0.55 —, for cold-wall conditions

p
Pertinent data on the average heat/transfer drag
ratio are indicated in Figure 8(a), as functions
primarily of L/Dmax and configuration slape.
Because of their lower lifting efflciency, clrcular
bodies have much larger Cg/Cp factors then flat
wings. Typlcal aircraft, which are characterized

Fhe vehicle design used in this 1llustration is a conventional wing-body arrangement selected some
ago for our coolant system study program because it had been the subject of a previous design study. 15)

It is not a currently edvocated concept.

by features of both bodies and wings, fall between
the theoretical extremes for the simple shapes,
with the more bodylike configurations fallin
nearer to the bodies, and so forth. The C; Cp
ratlo for a given vehicle 1s strongly dependent on
its flight attitude, Figure 8(b). Clearly cooled
vehicle operatlons, in general, should favor the
hi; angle-of-attack side of the rlight polar for
conditions of reduced L/D.

_ We are, of course, interested in whether the -
CH/CD values for the configurations of interest
will produce §/Qpye1 values less then 1. The
limit values of EH7CD for §/Qpue1 =1 are

Cp 3.2 x 107 ATpye)
Cp
- T
VISp 1 - _E"__E?_
7 x 107v?

These limits are plotted as the shaded lines on
Figure 9 using the appropriate engine and fuel data
firom Tables T and II. The limits shown are perti-
nent to 200° F cooled aliminum alloy and to 500° F
cooled titanium alloy structures. These are the
maximum permissible values of EH/CD for which the
heat-load rate equals the fuel heat-sink rate.
Minimums are seen to occur near Mach 8, primarily
because the VIg product meximizes near this
speed for the scramjet.

For comparison with the Cg/Cp fuel-cooling
1imit lines we have plotted on Figure 9 CH/CD
values for typical winged configurations of various
L/D, obtained from a mean of the cross-hatched
reglon of Figure 8(a). We see at once that fully
exposed, unprotected configurations in the range of
main interest (L/D, 4 - 5) have the possibility of
absorption of their total airframs heat loads by
thn avallable fuel-flow heat sink with titanium
alloy. For aluminum alloy, an L/D of about 3.5
is the ideal 1imit for total absorption by the heat-
sink fractions available for aluminum (Table II).

On the right of Figure 9 a similar comparison
is made for the case where simple uninsulated metal
heat shields are used over 33 percent of thre surface
as indicated for the winged Mach 6 vehicle® in
Figure 10, reducing the total heat load to the air-
craft by about 50 percent. Two-thirds of the
vehicle surface including all of the leading edges
(10-foot streamwise lengthe) are campletely exposed
and about 92 percent of the vehicle struct ire is
conventional alloy in this "partially shielded"
case. We note from Figure 9, right side, very
large margins for both alloys, even for the highest
attainable L/D’'s. These margins are desirable
because they permlt simplifications in the design
of the cooling system which usually are accompanied
by overcooling in local areas and sbsorption of
more than the ideal minimum heat loads.

It is important to note here that even 100 per-
cent absorption of the heat sink available for 200°

enrs



or 5000 F airframe cooling leaves a very large
residual heat-sink capacity for engine cooling by
further temperature increase of the hydrogen coolant
up to the 1600° F value appropriabe to cooling
engine duct walls operating at 1800° F. (See

Table II,) A breakdown of the engine and airframe
requirements and comparisons with the various avail-
able coolant capacities at Mach 6 is shown in

Table IIT.

It is of interest now to compare the magnitudes
of typical engine and airframe cooling requirements
throughout the range of Mach numbers of principal
interest for cruise systems (Fig. 11). The engine
:ssumed here is the three-dimensional low heat-
transfer design of Figure 6(b), and it is seen to
have linearly increasing coolant requirements with
advancing speed in the range shown. The relative
airframe requirements, as we have seen previously,
peak near Mach 8 with values far below the engine
requirement, contrary to early unfounded speculations.
The Mach 12 airframe cocling problem is about the
same as for Mach 6 in terms of the minor percentage
of the fuel-flow heat capacity utilized. For this
particular engine and airframe, the sum of the
engine and partially shielded airframe values
remains less than unity to Mach numbers in excess
of 9, with comfortable margins for design purposes
up to at least Mach 7. It might also be noted that
there are excellent prospects for reducing the
engine coolant requirements still further by the
several measures previously mentioned. The engine
concept of Figure 6(b) and its requirements (Fig. 11)
are simply the fruits of a first attempt which did
not by any means exploit fully the many possibilities
for reducing the engine coolant demands. We believe
that future engine developments will extend the
flight speed for these cooled aircraft to at least
Mach 12,

Studies of Active High-Level Airframe Cooling
Systems

These promising theoretical possibilities for
advanced fuel-cooled scramjet-powered cruise vehi-
cles clearly justified preliminary engineering
studies of possible cooling systems. The primary
questions are:

Can a practical, reliable, lightweight means of
heat transfer be devised for cooling very large
surface areas?

Can the pumps, ducting, insulation, heat
exchangers, controls, and so forth, associated with
such a system have practical proportions, light-
weight, reliability, and ability to copy with real-
istic off-design and emergency situations?

To obtain first-order answers we have been
conducting a number of preliminary studies of pos-
sible airframe cooling systems, aided by personnel
of the Bell Aerospace Company. A large number of
cooling-s¥stem approaches have been assessed and
compared. 16) Dpirect circulation of hydrogen fuel
for purposes of regenerative cooling of engine
combustor and ducting has been the subject of cop-
siderable recent research and development 8,17,16)
but this approach was not found attractive for large
airframe structural areas. In addition to the major
concern for hydrogen leakage and safety, the pumping
and distribution system was found to be heavier than

for systems using secondary coolant liquids. The
most promising airframe system utilizes a secondary
coolant circulated internally to transfer heat from
the structural surfaces to a central hydrogen-fuel-
cooled heat exchanger (Fig. 12). A water-ethylene-
glycol solution for aluminum alloy or a silicone
base fluid such as Dow-Corning DC-331 for titanium
alloy are suitable liquids. By circulating these
liquids at moderate velocities and pressures, small
covlant passages and low coolant liquid weights are
achieved. Prevention of local freezing of these
coolants in the hydrogen heat exchanger presents
special design problems.

The application of internal fluid cooling to
the very large areas involved in a hypersonic air-
craft requires careful measures to minimize weight.
The concept developed by Bell Aerospace and used in
the study of reference 16 and for 2 number of sub-
sequent studies which are still in progress is
based on the use of conventional spar-stressed skin-
stinger construction (Fig. 13). The coolant passage
spacings indicated are typical of the design require-
ments for the pressure side of a Mach 6 cruise
vehicle wing. Diffusion-bonded double skins are
employed, with the coolant passages and he?de s die-
formed into the inner layer after bonding. 19§ The
passages usually run in a direction which permits
the passage walls to participate in the load-
carrying process. An exsmple of a small panel
produced in this way is shown in Figure 1l%. There
are no obvious obstacles to production of very
large panels perhaps as long as 30 feet and as wide
as 6 feet or more. These panels could readily be
subjected to exhaustive tests as necessary to insure
thelr integrity before installaticn in the aircraft
structure. A similar approach is possible for the
fuselage and, as shown on Figure 15, the typical
required passage spacings are alsc practical. The
close spacings for the top of the fuselage, which is
a relatively cool region, were dictated by the
special considerations of passenger cabin cooling.

An example of a large fuselage structural test
model fabricated with integral coolant passages is
shown in Figure 16, %t must be acknowledged at
once that this system 10,11) was designed only for
low-level coolant capacity at the base of complex
thermal insulation, ({See "Insulated" case, Fig. 5.)
Nevertheless, the fabrication problems and tech-
niques were similar to what is proposed here.

These cooled structures developments have so
far centered mainly around aluminum alloys. Corre-
sponding technology has not yet been developed for
titanium, but presumadly it could be. Titanium is,
of course, more difficult to work and has a dis-
advantage of lower thermal conductivity which leads
to closer tube spacings than for aluminum. On the
otr.er hand, its much better high-temperature prop-
erties might make it the better cnoice when all
factors are considered.

The wing leading edge is of particular interest
and importance because the use of active cooling
can eliminate the restrictions tc high sweep and
bluntness which have characterized previous "hot"
leading~edge designs. To realize this inherent
advantage and achieve a virtually sharp leading edge



requires design features such as those proposed in
Figure 17 where the forward section incorporates
small machined passages covered by an outer skin,
Radii as small as 0.06 inch appear practical. The
remainder of the leading edge is similar in con-
struction to the rest of the cooled wing. An
exposed length of about 60 inches normal to the
leading edge is desirable in most cases to extend
back to where the wing is thick enough for the
addition of heat shields.,

In regard to the other elements required in a
complete cooling system such as the hydrogen/glycol
heat exchanger, pump, controls, ducting, and the
like, Bell Aerospace personnel have conducted a pre-
“iminary design study with generally encouraging
results. Their estimates indicate that the total
weight of a cooled aluminum aireraft with its cooling
system included is somewhat less than the same con-
figuration with a current hot structure concept,
assuming that no added hydrogen fuel is required
specifically for cooling purposes. More will be
said about this later.

A study of the effect of the inclusion of
extertnl radiation shields on the all-up weight of
the cooling system revealed least weight for the
completely unshielded vehicies and a rapid increase
in weight when more thaa about 15 percent of the
surface was protected by simple metal shields. 1t
was assumed here that the fuel heat sink required
did not involve any added weight. OCf course, if
the absence of partial shielding resulted in a
requirement for an incremental supply of coolant,
the optimum condition would shift in the direction
of more extensive partial shielding. This is the
basis on which the 33-percent partial shielding
coverage was selected for the aluminum vehicle of
Figure 10 which has an L/D of about 4.2, and if
unshielded would have a coolant requirement somewhat
larger than the nominal fuel flow heat sink.

At this stage, naturally, these cooled aircraft
hardware concepts are defined only in broad outline
and many questions of detail remain unanswered. The
particular concepts so far developed are of inter-
est mainly as illustrations of the possibilities,

We believe the potential for actively cooled systems
justities more comprehensive systems studies and
developmental research in the areas of cooled struc-
tures, their heat-transfer problems, and their fab-
rication problems. Only a swall beginning has been
made so far.

We would also like to emphasize the need for
continued R and D to advance the hot structure for
the numerous vehicle applications where fuel cocling
cannot be considered. There are also possibilities
that the hot and the cooled approaches can be ccm-
bined to advantage in some cases. The possibilities
which should be examined range all the way from hot
airframes using only lzading-edge cooling to the
fully cooled case.

Slct-Cooled Systems
We will digress briefly at this point to review

our studies of an alternate system which is inher-
ently adaptable for cooling very large surflace
areas, The employment of a cooled gas either tran-
spired or ejected through slots is interesting
because, in addition to direct cooling, it provides
aerodynamic blockage of part of Lii.c heat load, a
skin-friction reugction, and a thrust force in the
case of slots.(20) Unfortunately, the fluid
mechanics of these coolant gas flows are not yet
firmly enough established to permit rigorous desiim
assessments. This situation has prompted seversl
recent fluid mechanics investigations of slst cocl-
ing designed to answer some of the outstanding
questions. We are concentrating on slot cooling
rather than transpiration because it rather clearly
seems to offer better overall performance for our
application.* An indication of the present status
can be given with the aid of Figure 18, 1In the
region ahead of the impingement point of the inner
mixing boundary the slot flow is perfectly effec-
tive, that is, the adiabatic wall temperature equals
the recovery temperature of the coolant gas. After
impingement, mixing with the hot external stream
causes a gradual deterioration in effectiveness as
shown. One of the recasons for interest is the
‘greater slot effectiveness achieved at hypersonic
conditions than at Mach 3, especially for multiple
slots, (20,21,22) The skin-friction level in the
zone before impingement is typically as little as
30 percent of the reference surface friction for
Mach 6 flight conditions. Starting with reasonable
a: ~umptions for the issuing slot flow, Bushnell and
Beckwith have applied their finit? d%fference
method cf boundary-alyer analysis 23} with some
success to predict the profile developments and the
cooling effectiveness parameter. Our continuing
program at Lengley includes extended experiments at
Mach 6 to assess the turbulent transport properties
and the mixing processes more accurately and tc
verify the effects of multiple slots. One of the
objects of the program is to determine the effects
of the slot mass flow parameter., This has a criti-
cal influence in the extrapolation of wind-tunnel
data, particularly in determining the slot spaciug
and mass flow requirements.

A current estimate of the net drag cost of slot
cooling the wing of the Mach 6 cruise vehicle of
Figure 10 is given in Figure 19. The prime diffi-
culty is the very large ram drag penalty associated
with taking the coolant air aboard the aircraft and
losses in the distribution system. This is only
partially offset by the thrust and friction reduc-
tion components. There seems to be little prospectl
for cooling at Mach 6 down to aluminum temperatures
with this approach, and even 800 F temperatures
would involve a 15-percent drag penalty (equivaleut
to some 36,000 pounds of added fuel and loss of
most of the payload for this vehicle)}. Thus at
this stage, slot cooling with the ram air/fuel tLeat-
sink /heat-exchanger system is not competitive with
the internal liquid convective system.

*The brief preliminary assessment of slot cooling given in reference 16 has been superseded by more ccnm-
prehensive unpublished studies in our program and by the recent work of Ferri, Zakkay, and Fox, and otlers
at New York University who are associated with the Langley program.
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There is an interesting possibility for making
the slot-cooling technique workable without a large
net drag penalty and without basic dependencf R?
the fuel heat sink. Ferri, Fox, and Hoydysh!Z
have proposed a "turbocooler device," Figure 20, in
which a supersonic impulse turbine 1s used to
extract enthalpy and reduce the temperature of the
cooling airflow. The turbine shaft power is
sbsorbed by & supersonic compressor which adds the
energy to the propulsive alrflow, thereby canceling
a significant part of the ram drag. Direct fuel
cooling is employed only for the turbocooler hard-
ware itsely and possibly for local areas such as
the leading edges which may be difficult tv handle

i1 slot cooling. Preliminary estimates of the
overall performance of the turbocooler system
appear promising, although, naturally, at this early
stage a truly rigorous systems analysis is not
possible.

It is intriguing to speculate on future direc-
tions in which the turbocooler might evolve. As
presently conceived, these devices would be carried
beneath the aircraft in addition to the propulsion
system, One can speculate, however, that ultimately
the turbocooler might be combined with rotating
elements of the propulsion system to provide in a
single device, teke-off, acceleration, and crulse
propulsion, and low-cost coolant air as well. 1In
essence, we are suggesting the ultimate fuel-cooled
turbo-ramjet with added cold-gas generation capa-
bility for the higher speeds. We offer this as an
example opportunity for the kind of "broad look" or
"far-out" probing of fresh approaches which are
needed at this point in hypersonic technology
development.

Operational Considerations for Actively Cooled
Aircraft

After we had satisfied ourselves with the
general feasibility of high-level active cooling
for the Mach 6 cruise conditiom, we turned our
attention to the flight maneuver situations whick
usually prove critical in aircraft design. Our
principal finding can be briefly stated: all pos-
sible stesdy powered flight conditions have fuel
flows greater than those reguired for airframe and
engine cooling. This implies an operating corridor
unrestricted by the type of thermal limitations
imposed on hot structures (see Table IV), except
for possible heat-shield limjits if partial shielding
is used. As the design operating altitude is
reduced the coolant flows will generally have to be
increased and the tube spacings decreased, and
eventually, of course, physical limits will be
reached. A cursory evaluation, however, suggests
that the limits will correspond to very high dynamic
pressures beyond the range of practical interest.

Conditions of thrust/drag ratio greater than
unity obviously also present no problem. However,
for thrust/drag below unity the fuel flow can be
reduced only to those values required for cooling,
purpcses. This latter condition is important oniy
in the final deceleration from cruising flight. 1In
one extreme type of descent the engine may be cut
off completely, in which case we find that the
excess hydrogen usage for deceleration to Mach 2 is

of the order of 1 percent of the gross weight, pro-
vided the descent is made at an optimum reduced
L/D rather than at L/D_ . for reasons that will
be apparent from inspection of Figure 8(b) and
Figure 9. If the descent is made with power on at
the fuel-flow levels necessary for cooling, no
extra hydrogen is required but the descent must be
started earlier than for an uncooled aircraft and
the average flight speed is, of course, slightly
reduced, However, only some 5 minutes is added to
the duration of a typical 5000-mile trip.

The reliability problem of actively cooled
vehicles is much more serious than for nominally
uncooled aircraft because a failure of the cooling
system could cause & structural failure. 1In this
area the radiation-cooled hot structure appears to
have an important inherent advantage. We tend to
forget, however, the fact that the so-called
"uncooled" vehicles will alsc have to have elaborate
circulating coolants over large areas. Considering
the extensive water-glycol (or similar) circulating
coolant required for the passenger and crew cabins,
avionics, landing gear, and so forth, and particu-
larly the direct use of circulating hydrogen over
tho large hot areas of the propulsion system duct-
ing, we find that.a total area as large as 20 per-
cent of the external surface area must be actively
cooled in any case. Thus a major commitment to
reliable active cooling must be made for all hyper-
sonic aircrafv regardless of structural philosophy.
On the positive side, an actively cooled Mach 7 to
8 aluminum elloy aircraft will generally require
less heat-shield coverage than an "uncooled"
vehicle, and with cooling the heat shields need not
extend into the most hazardous locations near the
leading edges. The use of dual pumps, controls,
cooling passages, and other devices will have to be
considered for the actively cooled systems, and
reliability will have to be accepted as a prime
problem for R and D for these vehicles.

Configuration Design for Aircraft With High-Level
Active Cooling

High-level active cooling frees the aircraft
designer from many of the hypersonic shape restric-
tions which have characterized previous vehicle
concepts {see Table IV). The wing loading limits
imposed by corridor thermal considerations are
eliminated for all practical purposes, and the
wing leading edge can be sharp and unswept if
desired. A vast complex of interrelated aero-
thermo-~structural-elastic and insulation problems
are either entirely or largely ellminated. The
exploitation of these freedoms is a large new
subject in itself and we will attempt here only a
few simple illustrations and comparisons.

We consider first the aerodyasamic improvements
accruing from the "sharp" leading edge which is
made possible by internal cooling. The improve-
ments here go beyond the drag saving, which is
typically 1000 pounds or more and which is, of
course, important in itself. The highly swept wing
depends on leading-edge sharpness to insure the
controlled separated vortex flow which is respon-
sible for most of its favorable low-speed charac-
teristics. As the radius is increased into the



range of values necessary for radiation-cooled long-
lived metallic leading =zdges, the desired controlled
flow separation and vortex formation is delayed to
higher angles of attack and the aerodynamic char-
acteristics deteriorate with erratic behavioi o§

the forces, moments, and load distributions. 25

Let us examine a particular case - the delta wing
of the Mach 6 transport analyzed in references 15
and 16. The uncooled, blunt-leading-edge (%/4-inch
radius) superalloy version of tg%s wing was esti-
mated to weigh 54,100 pounds.(l If a sharp-edged
aluminum alloy cooled wing together with its cooling
system is designed for equal lift at low speed it
can be smaller {Fig. 21) because its lift is
increased due to increased vortex action engendered
oy the sharp leading edge. This smaller aluminum
wing is estimated to be as much as one-third

lighter than the hot wing. A further reduction in
wing weight can be made by reducing the sweep of
the maximum thickness line to zero* (Fig. 21), and
this cooled wing, if the areas are held constant,
would produce an estimated 27-percent increase in
low-spesi lift-curve slope over the highly swept
blunt~edged hot wing., The low leading-edge sweep
for this wing places it in the category of designs
where speclal devices, such as leading-edge flaps,
must be employed to achieve acceptable low-speed
aerodynamic properties.,

Many other interacting factors, of course,
influence the final c¢hoice of a wing in a real
aircraft development?3l) and it remains to be seen
how the cooled and hot wings would compare if other
critical factors could be evaluated.

Our second illustration exploits the possibil-
ity of locating the vertical fins in a high dynamic
pressure region previously forbidden for hot struc-
tures, namely, the high-pressure, high-heating
envirorment beneath the wing. Using the weight
estimation metheds previously referred to, we see
in Figure 22 that small dual fins located under the
wing could be over 40 percent lighter than the

conventional hot fin for equal directional stability.

Finally, let us attempt a first-order overall
comparison of cooled and hot versions of the Maca 6
transport configuration of reference 1. For a
simple comparison we will not take advantage of any
configuration changes other than the substitution
of a sharp leading edge for the cooled aircraft.
The hot structure analyzed is based on the recent
recommendations of Plank, Sakata, Davis, and
Ritchie(T) rather than on the less ?dv ced earlier
assumptions in the original design. 15
system weights are based on the Bell Aerospace
work(16) for the wing, together with their current
cooling studies of the remainder of the aircraft.
The results of these comparisons are shown on
Table V. All of the items favor the actively
cooled approach except for the weight penalty of
the cooling system itself which is more than nulli-
fied by the other reductions.

The cooling-

It should be noted that many items of insula-
tion weight could not be evaluated meaningfully in
this first look, all of which would favor the
cooled structure, One very large potential item
noted by Bell Aerospace is the possibility of a
further reduction of as much as 10,000 pounds in
tarkage insulation through development of vacuum
insulation to replace the heavy system considered
here (Fig. 4), It seems probable that this devel-
opment can be realized more readily for the cooled
aluminum structure than for the hot structure.
Inclusion of *his item would bring the payload
advantage of the cooled airplane up from the 70-
percent shown in Table V to almost 100 percent.

It will also be noted that added weight savings
accruing from configurational changes such as those
of Figures 21 and 22 are not included in Table V
and would, in large measure, be additive.

While one cannot claim high accuracy “or this
kind of preliminary estimate, there is little doubt
that the cooled airplane offers potential weight
and performance improvements.

CONCLUSION

We have explored cne area of strong inter-
action between the propulsive, structural, and
aerodynamic systems of hypersonic cruise alrcraft,
and have found that the use of the fuel heat sink
for active high-level cooling of all or part of
the airframe is feasible and offers many potential
advantages. The spectrum of interesting possibili-
ties ranges from the completely cooled Mach 6 to 8
airframe, as we have considered it, to hot airframes
employing active zooling only in selected critical
areas such as the leading edge.

The hypersonic engine with minimal internal
caolant requirement is at the heart of these
cuoled aircraft. A number of possibilities for
achieving such engines exist, and this is a fertile
field for research. Progress here will benefit
propulsion systems installations even where active
airframe cooling is not involved.

The difficult questions of practicality and
reliability of cooled aircraft structures have
been given encouraging answers to the extent that
this is possible in an exploratory study. Natu-
rally, these questions cannot be answered with real
finality without a great deal of further research
and development. The skeptics will doubt? 2ss make
the most of these new problems. We would urge,
however, that they not lose sight of the enormcus
notential advantages offered by these cooled
vehicles, including major alleviations of the
insulation and subsystem design problems, reduced
thermal warpage and thermal stress, and new
freedom for improved aserodynamic design. These
important potentialities Justify more comprehensive
systems studies and developmental research for
these new vehicles.

*Obtained from methods outlined in an unpublished working document entitled, "Derivation of Structural

Weight Estimation Techniques."

Proceedings of Second Weight\Prediction Workshop for Aerospace Design

Projects at Wright-Patterson Air Force Base, Ohio, Oct. 31-Nov. 1966, pp. 126-150 {compiled by W. K.
Smith). Use was made of references 26 through 20 to estimate the aerodymamic properties of these wings.
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IMPULSE FQR ENGINE

CONCEPT OF FIGURE 6(b)

Ninlet, K.E. = 0-9%

> Mecombustion

= 0. 951

Tnozzle, K.E. = 0-98, qw = 350 1b/sq ft,

@ = 0.75
v, ft/sec Isp’ seconds
4000 3530
5000 3260
6000 2850
7000 24h0
8000 2005
9000 1710
10000 1410
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TABLE II.- HEAT CAPACITY AVATIABLE IN HYDROGEN FUEL FOR TYPICAL
COOLED MATERTALS AND ASSUMED WORKING TEMPERATURES

(Assumed H, Inlet Temperature to Heat Exchanger, -360° F)

Material Working temp., Tw He_outlet temp. Magi:zmczggiiisle firoznggzé 2Zgiiég
Aluminum alloy 200° F 150° F 1785 Btu/1b 26
Titanium alloy 500° F 4oo® F 2660 39
Rene '41 (engine . 1800° F 1600° F 6850 100

ducting)

TABLE IIT.- FUEL HEAT SINK UTTLIZATION FOR MACH 6 CRUISE, L/D = h.2

Vehicle of Figure 10

Titanium alloy

Aluminum alloy

(unshielded) (33 percent shielding)

Airframe

Required 21 percent 11 percent

Available 39 26
Engine

Required 32 32

Available 61 to 79 T4 to 89
Total

Required 53 43

Available 100 100

11



TABLE IV.- COMfARISON OF THERMAL RESTRICIIONS FOR COOLED AND UNCOOLED HYPERSONIC ATRCRAFT

Uncosied (hot structure)

Cooled (exposed structure)

Wing planform

Wing loading Corridor
Leading edges Blunt
Surface Thermal warpage

Heat shield joints and irregu-
larities over mejor fraction of
vehicle at Mach 8

Vertical tail locations

Maneuver restrictions

Highly swept delta

Low heating locations only
(e.g., upper surface wing tip
region)

Power on Radiation-cooled structural

temperature limits

Power off Ditto

Unrestricted
*
Unrestricted
Unrestricted, can be sharp
No warpage. Smoothness other-

wise coamparable to today's
alrcraft

Unrestricted

Unrestricted

Unrestricted if incremental
fuel consumption for cooling is
permitted

*
Partial heat shielding would impose some restrictions.

TABLE V.- WEIGHT, DRAG, AND PAYLOAD CHANGES FOR COOLED ATRCRAFT

(Config. of Fig. 10 with assumed gross weight = 600,000 1b,

peyload = 42,000 1b)

wcooled - whot Equivalent ?iﬁioad change
(1b)
Basic structure 22,270 22,270
Cooling system 16,100 -16,100
Heat shields -3,912 3,912
Insulation -10,532 10,532
Cabin, -5270
Landing gear, -2422
Tanks, -2840
Other items not
estimated, - 7
Peooted ™ Phot )
Leading-edge drag -1,000 2,000
Surface-irregularity drag -1,000 2,000
Specific impulse increase 4,800
due to regeneralive heat
(2 percent) -
Net increase 29,414 1b

(A 70-percent increase in payload)

12



Figure 1.- Cruise vehicle concept.
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Figure 2.- Typical temperature profilés for radiation-cooled hot structure without heat shields.
Internal radiation, external radiation, and leading-edge conduction and heat-sink effects are

included. Mach 8, altitude 90,000 ft.



BEADED STRUCTURAL
PANEL
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SEGMENTED LEADING EDGE HEAT SHIELD

Figure *.- Typical radiation-coocled hot wing structure.

STRUCTURE-UNSEALED
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SMALL PORE SIZE INSULATION OR 002 FROST

Figure L4.- Typical radiation-cooled hot fuselage structure with insulated liquid
hydrogen tankage.



- HOT_STRUCTURE ACTIVELY COOLED STRUCTURE

PRIMARY STRUCTURE

C
(SUPERALLOY, 1600 g - IOOOOF) PRIMARY STRUCTURE
WITH INTEGRAL COOLING TUBES
(ALUMINUM ALLOY, 200°F)

HEAT SHIELDS
(SUPERALLOY, 2200°F - 1600°F)

ACTIVELY COOLED STRUCTURE
INSULATEL STRUCTURE WITH HEAT SHIELDS

/ = z/i/ A

PRIMARY STRUCTURE
(ALUMINUM ALLOY, 2000F)

LOW LEVEL COOLING FOR
SUPPLEMENTAL INSULATION

HEAT SHIELDS
PLUS
BULK INSULATION

Figure 5.- Comparison of hot and cooled structural concepts.
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ENGINE COOLANT REQUIREMENT

FUEL FLOW HEAT CAPACITY ®
8 1.0
Fuel fiow
JdF : ¢, Stoichiomelric fuel flow
AXISYMMETRIC ENGINE
b (FIG.-6a)
5k
A __—. ,INCREMENT FOR
} FUEL [NJECTION
3 50 STRUTS
2
1 - 3 DIMENSIONAL ENGINE
| (FI|G,-6b)
Yo |
0 25 50 75 100

PERCENT ENGINE LENGTH

Figure 7.- Comparison of coolant flow requirements for engines of Figures 6(a) and 6(b).
Mach 6, capture area 39.1 sq ft, altitude 112,000 ft, supersonic combustion.

(a) Effect of shape and L/D.

Figure 8.- Heat-transfer/drag-ratio evaluations. Mach 6; Ry, 140 x 106; turbulen:
boundary layer.
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(v) Effect of vehicle attitude.

Figure 8.- Concluded.

FULLY EXPOSED COOLED SURFACES 33% SHIELDED
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CRUISE FUEL FLOW
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A CRUISE FUEL FLOW
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— AIRCRAFT o _L/D
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Figure 9.- Prospects for fuel-cooled alrcraft. Maximum permissible heat-transfer/drag
ratios compared with values for typlcal aircraft.



HEAT SHIELDING 33
L1 UNSHIELDED 67

Figure 10.- Cooled Mach 6 hypersonic transport used for study purposes.(l5) "Heat shielding"
case has simple shields on all areas where radiation equilibrium temperature exceeds 1000° F
except for § ft-wide exposed leading edges.

COOLANT REQUIREMENT
FUEL FLOW HEAT SINK
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8-
| 3-D ENGINE FIG. 6b
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Figure 11.- Comparison of engine and airfreme coolant requirements.



COOLANT STRUCTURAL PANEL
RETURN LINE

INTEGRAL HEADERS

~ COOLANT
SUPPLY LINE

|
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Figure 12.- Scheme of liquid convective cooling system.

INTEGRAL COOLING
PASSAGES

Figure 13.- Cooled wing structure.
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TANK WALL

CRYOGENIC INSULATION
COOLED PRIMARY STRUCTURE

HEAT SHIELD

Figure 15.- Cooled fuselage structure.
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COOLANT PASSAGES

Pigure 17.- Cooled leading-edge structure.
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Figure 18.- Comparison of slot-cooling effectiveness date and predictions.
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Figure 19.- Drag and thrust components associated with slot cooling. Fuel cooled heat exchanger
system. Mach 6, « = 7.4°, altitude 105,000 ft.
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Figure 20.- Scheme of turbocooler (ref. 24).
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Figure 21.- Comparison of blunt uncooled superalloy and sharp-edged cooled aluminum alloy wings.
(Wing weights include heat shields and wing cooling distribution system. )
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Figure 22.- Comparison of vertical tail designs for uncooled and cooled structures.





