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what earlier transition than for the isolated wing (Fig. 15). The turbulence
spreads gradually over the entire wing. Only the central area of the body
remains Jaminar. It is clear that hypersonic vehicle designers will have to
deal with heat-transfer problems aggravated by the complexities of
transitional flows. The prediction of hypersonic heating rates for fully
developed turbulent flow is presently uncertain even for the flat plate case
because of the semiempirical nature of the available extrapolation formulas.

Closer examination of Fig. 19 and other results at angles of attack near
aopt Teveal the juncture flow phenomena to be extremely complex, under
some circumstances producing hot spots on the wing as contrasted to the
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Figure 17. Comparison of distribution of heat-transfer correlating parameter at
a =~ 0° with laminar-strip theory. M = 9.6, R = 1.1 X 105 7,/Ts = 6.

Figure 18. Ink-flow photograph showing type of disturbance on side of cone giving
rise to peak heat transfer shown on Fig. 17. « = 0°, M = 20, helium. (Pressures on
Fig. 8a.)
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reduced heating at zero angle of attack (Fig. 18). An interesting illustration
of this at Mach 20 is shown in oil-flow photographs obtained by Henderson
for a flat-top configuration at o ~ a,p (Iig. 20). The flow on the body is
seen to be deflected downward onto the wing creating a region just out-
board of the juncture where mixing with the wing flow produces the region
of high shear and high heating. It was thought at first that the outboard
boundary of this region was perhaps determined by the body shock.
However, failure to find any evidence of the body shock in the Mach-20
pressure data, together with the fact that the width of the high-shear
region does not change appreciably with angle of attack, leads us to believe
that the phenomenon is essentially independent of body-shock interference
effects.

Thus we see that location of the body on the lower side of the wing
aggravates the heat protection problem in two ways. Basically this is a
region of high heating requiring external heat protection for the body
comparable to that of the high-pressure side of the wing. Second, the
presence of the body increases the heat load both through its adverse effect
on transition and through flow interactions of the type shown in Fig. 20.
If the body contains passengers or equipment requiring a low temperature
environment the provision of adequate internal insulation will prove to be
an additional difficult problem [38]. These difficulties can be alleviated by
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Figure 19.  Spanwise distribution of heat transfer on delta-wing half-cone
combination at &« =~ 11°. M = 6.8, 1',/Tw =~ 5.
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location of the body on the top or low-pressure side of the wing. Figure 21
indicates the large reductions in heating on the exposed surface of the body
that are possible, even at low angles of attack appropriate to high L/D.
(The part of the top-mounted body that is buried in the wing may be
subject to the high heating rates of the under surface of the wing, but the
surface area involved is always less than the exposed cone surface subject
to high heating in the underslung configuration.) Furthermore, the upper
body location is compatible with the requirements for high L/D at the
higher hypersonic speeds as discussed previously.

M= 20, Qopt.

M=20, aopt,

Figure 20. Flow on body side of flat-top configuration for shock-on-wing condition,
a = 4.5°. M = 20, helium. (Corresponding pressures on Fig. 8b.) (a) Bottom view.
(b) Side view.



902 FOURTH COUNCIL — AERONAUTICAL SCIENCES

Consideration of heat protection techniques in any detail is beyond the
scope of this paper. However, it is in order to consider whether the con-
figurations required for high L/D indicated by these aerodynamic studies
are within reach or totally impractical. It is readily apparent from the
enormous total heat loads generated in long-range high-L/D gliding flight
that there is no hope of absorbing the total heat load in a coolant system
or in an ablation material. Radiation of a major fraction of the total heat
load from high-temperature external surfaces offers the only presently
workable technique for high-L/D vehicles. This technique unfortunately
is not adequate for the wing leading-edge regions of the high-L/D con-
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Figure 21. Comparison of heating on body side of flat-top and flat-bottom configura-
tions at angles of attack near aopt, M = 9.6, R, = 0.5 X 105, T',/Tw = 6.
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Figure 22. Effect of leading-edge diameter on L/ Dpax, delta-wing power-law
half-body, A = 78°% n = 1/2. M = 6.8, R = 3.6 X 10°.
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figurations discussed previously. Excessive temperatures will develop in
this region with radiative cooling alone. The technique of enlarging the
leading edge to reduce its heat rate cannot be employed successfully in this
problem because leading edges for highly swept wings of the order of 1 ft
in diameter are required. The disastrous effect of such dimensions on the
L/ D is indicated on Fig. 22.

The only possibilities for heat protection of high-L/D forms thus lie
either in the development of vastly improved materials, or in the use of
general radiative cooling plus local internal cooling in hot-spot areas such
as the leading edge. We have analyzed the latter case in some detail to
determine the coolant requirements and will now review briefly our more
pertinent results.

We consider the leading-edge region of a glide vehicle of fixed geometry
using variable internal coolant flow over a variable chordwise distance as
necessary to hold the temperature of the wing leading-edge region to the
design value permitted by the material used. For a specified speed at the
start of the glide, we obtain the following approximate relations for the
coolant weight fraction:

Laminar heating of leading edge:

W. L r &
%o 2 (e (1)
w  D\(W/S)C.L
Laminar heating downstream of “sharp” leading edge:
W. L 1 .
W D <eTw4> @)

Turbulent heating downstream of “sharp” leading edge:

W. L (W/S) &
W D (eT.Y* ’
From Eq. (1) we note that least leading-edge coolant-weight fraction is
obtained for the “sharpest’ possible leading edge and the highest possible
wing loading, conditions conveniently compatible with high L/D require-
ments. For laminar surface heating downstream of a “sharp’ leading edge,
Eq. (2), the coolant-weight fraction is independent of wing loading and
inversely proportional to the heat-radiation rate, 7',% (If viscous inter-
action effects are included, wing loading also appears as a factor.) For the
turbulent case the result is strongly dependent on both wing loading and
heat radiation rate, according to the third power of W /S and the sixteenth
power of 7',
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In Fig. 23 we show typical results for a 75-ft-long vehicle with L/D = 4,
r=14in., A = 78° in an equilibrium glide starting at vm.. = 18,000 ft/sec.
The coolant is presumed to be water which is vaporized, producing a nom-
inal heat capacity of 1,000 Btu/Ib. The strong dependence of the heat load
on wall temperature is evident. Totally impractical values are indicated for
wall temperatures below about 1500°F. However, for the higher tempera-
tures which now appear feasible through the use of properly coated refrac-
tory metals, molybdenum or columbium (38), the requirements are quite
modest. At 3000°F the total requirement for 40 1b/ft? wing loading for
instance is less than 2 percent of the all-up weight. If a more effective
coolant were assumed, for example, liquid nitrogen or hydrogen, the weight
penalty becomes still smaller. And if the hydrogen were later to be used
for air-breathing propulsion obviously no weight should be charged to the
coolant itself—only the weight of the distribution and pumping systems
would have to be considered.

Both laminar and turbulent coolant levels are shown on Fig. 23 but for
wall temperatures of 2500°F or higher there is little likelihood of turbulent
flow. The local Reynolds number based on the streamwise length of cooled
surface for the case illustrated is only about 100,000 for 7', = 2,500, a value
well below transition Reynolds numbers, and it would be less for higher 7',
and higher vm.x. The maximum surface lengths requiring cooling are
generally less than 1 ft.
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Figure 23. Percent weight increment required to cool leading edge and adjacent
undersurface of glide-vehicle wing by internal evaporation of water. Viyax = 18,000
ft/sec, L/D = 4,1 = 75ft, A = 78°.
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The mechanical problems of a leading-edge coolant system with its
requirement for near-perfect reliability are difficult but certainly no more
so than the problems of the cooling system that will be required by air-
breathing hypersonic propulsion systems. In fact for airbreathers it is
rather obvious that the leading-edge and engine systems can be one and
the same. We conclude therefore that sharp-edged high-L/ D configurations
should not be viewed as structurally impractical;; they are in fact attainable
through straightforward technological development.

CONCLUSION

Further improvement in hypersonic lift/drag ratios will be difficult to
achieve because of the fundamental nature of the obstacles involved. A
fruitful area for further research with basic shapes is the little-understood
region of low pressure flow on the lee side. Contrary to early assumptions
of near-vacuum conditions we find relatively high pressures on the lee side
which exert a marked influence on the lift/drag ratio. A knowledge of these
real flow details will permit intelligent tailoring of the body shapes to
achieve best performance for both the underslung and top-mounted body
positions. In the heat-transfer problem special attention should be directed
toward improving and validating the semiempirical methods for predicting
hypersonic turbulent heating. Transition and heat transfer in transitional
hypersonic flows also require high priority research. Finally, a whole new
set of problems, together with some interesting new opportunities, arise
when an air-ingesting propulsion system is added to the hypersonic
configuration problem.

APPENDIX

SYMBOLS

AR aspect ratio

width or span

chord length

mean aerodynamic chord

CyL lift coefficient

Cu linear viscosity coefficient (Ref. 4)
d diameter of leading edge

D drag

l overall length, or afterbody length
L lift

L/Dmax  maximum value of lift/drag ratio
M flight or free-stream Mach number



FOURTH CONGRESS — AERONAUTICAL SCIENCES

Stanton number based on free-stream conditions

local pressure

free-stream pressure

leading-edge radius

Reynolds number based on free-stream conditions and overall
length [ or ¢

Reynolds number based on free-stream conditions and length x

Reynolds number based on local conditions and length

distance along curved surface

reference distance along curved surface

planform area of wing or body

maximum thickness

wall temperature

free-stream temperature

maximum velocity of boost-glide vehicle

total internal volume

gross weight

total coolant weight

streamwise distance

angle of attack

angle of attack for L/ Dyax

angle of attack for leading-edge shock detachment

emissivity coefficient of surface

half-angle of cone

leading-edge sweepback angle

angle between ray from wing apex and wing centerline

M*VC,

V Bes

Note: Subscripts FT and FB refer, respectively, to “flat-top” and “flat-bottom”

wing-body combinations.
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COMMENTARY

H. H. PEARCEY (National Physical Laboratory, Teddington, England): 1 was
extremely interested in the results for the caret wing that Mr. Becker included with
the wealth of his other results. I have not been directly concerned with the work on
these configurations in the United Kingdom and it is a pity that the people who
have been so concerned are not here, because I feel sure that they would have some
interesting comments to make. In their absence, here are some that occur to me.
Would Mr. Becker agree that he tried the simplest possible form of this concept of
using the pressure field of an entirely attached oblique shock, and that this form is
not necessarily the optimum application of the concept to give high L/D for a
given value of the volume parameter? Also, the advocates of this principle have
perhaps been more concerned with optimising the whole vehicle and not just its
L/D. For example, if one considers the desirability of flying it as an aircraft with
conventional takeoff and landing, it is possible to design these ‘“caret” or “wave-
rider” configurations to achieve good airfield performance without the variable
geometry that would, one suspects, be needed for the low aspect-ratio slabs or for
the increasingly slender deltas that are based on sonic-leading-edge concepts. Again,
I wonder whether Mr. Becker has analysed his excellent and revealing heat-transfer
measurements with a view to optimising between good L/D and low total heat
intake, or low coolant weight. Here the wave-riders may show up to advantage
because one feature of the principle on which they are based is that a given lift is
obtained with a uniform pressure over the whole lower surface. Hence they avoid
the relatively high local pressures—and the relatively high local heating-rates that
go with them—that occur on other configurations which obtain the same lift with
a nonuniform distribution of pressure. It is furthermore significant that these
relatively high local heating rates tend, embarrassingly, to occur near the leading
edge.

REPLY

I would like to thank Dr. Pearcey for calling attention to the fact that our
experimental comparisons considered only the simple conceptual form of the caret
wing. We have not yet examined any of the more sophisticated forms, nor have we
attempted any “trade-off” studies between L/D and structural heat-protection
weights. A quick comparison of the Mach 4 pressure distributions of caret wings
shows a real advantage over the pressure diagrams for a comparable flat delta. Of
course, at hypersonic speeds viscous effects which are present for all wings will tend
to reduce this advantage of the caret wing.

COMMENTARY
DR. C. A. LINDLEY (Aerospace Corporation, El Segundo, Calif.): The heat

transfer data you have shown for the turbulent boundary layer of very efficient
aerodynamic configurations should be of great interest to the structural and design
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engineer, and others. However, there appears to be a reasonable chance that the
boundary layer may be laminar to a very high Reynolds number in the higher speed
regimes discussed, unless transition is induced by shock-boundary layer interaction,
or other effects of a complex shape. Since the aerodynamic benefits of complex
shapes seem to be so small and so equivocal, might it not be wise to concentrate
future effort on simple shapes and those conducive to delayed transition?

(The author replied to the effect that the experimental evidence at Mach 6-10
[see Fig. 15] indicated transition at relatively low Reynolds numbers.)

Later Question: In the subsonic regime, we found that wind-tunnel results pre-
dicted transition at lower Reynolds numbers than experienced in free flight, unless
extreme attention was given to wind-tunnel design. Should we not expect the same
in the supersonic regime?

REPLY

One cannot argue with Dr. Lindley’s suggestion to choose the simpler shapes
which have a better chance of achieving laminar flows, other factors being equal.
We must remember, however, that the Reynolds numbers of the Mach 5-8 cruise
vehicles will be very high, 100 million or greater. Of greater importance is the
extremely irregular nature of the high-temperature heat-protective exterior surface
that will exist on these aircraft if their construction follows the methods which now
appear most likely. For these reasons, we regard the attainment of extensive
laminar flows highly unlikely even for the most favorable shapes. This situation
parallels experience with operational subsonic aircraft of the past 30 years which
has shown that the extensive laminar flows known to be achievable with ideally
smooth surfaces do not occur in the presence of surface manufacturing irregularities
or ordinary dirt accretions.

High-L/D reentry vehicles, primarily by virtue of the much lower Reynolds
numbers at which they will operate, may derive substantial advantages from lami-
nar flow. In any event, research attention must be directed to the question of
hypersonic transition and the effects of surface irregularities because the leading
edges of both classes of vehicle will hopefully enjoy laminar flow, and the critical
heating regions immediately downstream of the leading edges will be importantly
affected by transitional heating phenomena which at present are largely unknown
both in character and extent at hypersonic speeds.





