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SUMMARY

This paper reports on wind-tunnel studies of simple delta-like shapes which
might form the basis of future hypersonic aircraft. The tests ranged from low-
speed (150 ft/sec) through supersonic (/11 =2.47 and 4.30) to hypersonic speed
(M= 8.6), and in general attention was concentrated on wave-rider shapes,
including flat-bottomed delta wings.

The low-speed tests covered longitudinal and lateral stability, and all the
shapes tested showed satisfactory handling qualities for typical landing
conditions.

The supersonic tests concentrated on off-design performance of inverted-V
or caret wave-rider wings, and showed that a uniform under-surface flow can
be achieved over a wide range of off-design incidence and Mach number.

Finally, the tests at hypersonic speeds show that maximum lift-to-drag
ratios in cruise of over 4 (excluding base-drag) can be obtained, and some
simple calculations show that this enables global ranges to be achieved with
hydrogen ram-jet propulsion and cruise Mach numbers of the order of 8 to 10.

I. INTRODUCTION

Hypersonic aircraft show considerable promise of providing really long
ranges (over 8000 miles say) in the future. As a first step in understanding the
major aerodynamic problems involved in the design of such an aircraft a
series of wind-tunnel tests have been carried out over the complete speed
range on some simple idealised shapes, which may yet provide the basis of a
practical design.

Some of the shapes tested take advantage of one or other of the methods
that have been suggested over the past few years for designing the shapes of
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planform nose shape on wings of constant slenderness ratio  (s//=  0.4663,
corresponding to a 65 delta). The models are simplified forms of wave-
rider wings, having plane under surfaces and a triangular spanwise thickness
distribution. A single, fully representative, model of a wave-rider with the
camber and thickness distribution obtained from conical shock and expansion
theory(4) completed the series. Some of the models are rather extreme
(s//-=  0.47 for instance) just to see how far one could go. Incidentally, the
flat-bottom wings are also wave-riders in a sense, for they have an attached
shock over quite a range of incidence and Mach number.

The tests involved six-component force measurements as well as oil-flow
and smoke visualisation tests to try to establish the nature of the separated
flow field. Attempts were also made to study the velocity distribution through
the vortex cores on some of the wings, in particular to establish the nature of
an unusual vortex-breakdown', demonstrated by smoke on the more blunt-
nose planforms.

Figures 1 and 2 show the planform shapes and the thickness distribution
respectively of the wing. Models  A  and B were intended as reference models
to relate the results of the present tests with flat plate results, and are slender
deltas with leading-edge sweeps of 65' and 700. The remaining models have
the same slenderness ratio as the 65' delta. Models  C, D and E have zero
sweep at the nose, increasing to 67.5, 70' and 72.5' respectively at the
trailing-edge. Models H, G and F have a constant angle of sweepback at the
trailing-edge of 70- with sweeps at the nose of 20', 40 and 60" respectively.
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FIG. I — VVing planforms for low-speed tests
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FIG. 22(a) — Lift to drag ratios for delta wing (model  X)
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and a volume coefficient, T of 0.06. Details of the three modelst are given in
Fig. 20, and the tests will be fully reported in ref. 6. Typical spanwise pressure
distributions at x/c=  0.62 are shown in Fig. 21. The caret wing is seen to have
a reasonably uniform pressure over the lower surface for quite a wide range
of angles of incidence, but the two flat-bottomed deltas show a steep rise in
CI,towards the tips, particularly at the higher incidences.

10






Cf = O. Cpb =




8




ESTIMATED C1 , Cpb= 0




6




ESTIMATED Ct ,

0Cpb=

)
)

4






/*





2






+ 5°




10* Is°





LOWER SURFACEINCIDENCE




O





0 0.05 0.10 0.15 0.20 0.25

CL

FIG. 22(c) — Lift to drag ratios for caret wing (model Z)
/14., =8.6, (Re), 1.4 x 106

The pressure distributions have been integrated to give the LI D ratios
shown in Fig. 22. Skin friction drag has been estimated by methods given in
refs. 10 and 11, and a simple empirical relation (see ref. 1) has been used to
show the effect of base pressure. For cruise conditions the appropriate curves
are those for zero base pressure drag since the base will be effectively filled by
the propulsive jet. Fig. 22 shows that the caret wing model has a slightly
superior performance over the other two models and a maximum lift to drag
ratio of about 5 is achieved. It is worth noting that this occurs at a relatively
low value of CL,but the maximum is fairly flat.

It now remains to show the range performance that may be achieved with
D's of this order, and this is done in the next section.

t Further geometric details of model Z are given in Table 1.
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5. RANGE PERFORMANCE OF HYPERSONIC AIRCRAFT

It is not possible to optimise the design of long-range hypersonic aircraft
on cruise performance alone, since a considerable part of the total range may
be covered during the climb and final glide phases of the flight plan. This has
been taken into account in some recent calculations of the range performance
of hypersonic aircraft(7) using hydrogen fuel. Two different estimates of
specific fuel consumption were used in the calculations, one representing
perhaps the ultimate performance that may be achieved, the other being a
reasonable extrapolation of current values. Both estimates assume the use of a
supersonic combustion ramjet for cruise Mach numbers above 6. Some of the
results are given in Figs. 23 and 24. These show the ratio of fuel weight to
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take-off weight plotted against the cruise Mach number for various values of
total range. Fig. 23 assumes a constant value of the lift to drag ratio of 4
and the less optimistic assumption for s.f.c., whereas Fig. 24 assumes an  LI D
of 6 and the optimistic estimate of s.f.c. Even in the former case it appears that
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ranges of the order of 10,000 nm may be possible for values of  LI D  above
4 and a fuel weight of no more than 50 % of the take-off weight — this latter
being a typical fraction for present-day subsonic jet transports.

Naturally, the use of hydrogen fuel entails a possible penalty because of the
extra volume of fuel tankage required, which would lead to a reduction in
lift to drag ratio. However, the calculations showed that the penalty need not
be large for a large (say, 300,000-400,000 lb) aircraft, provided the wing
loading is not too high. This conclusion is illustrated in Fig. 25.
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DISCUSSION

J. Manee (N.L.R., Amsterdam, The Netherlands): Dr. Crabtree has men-
tioned in his section about the low speed characteristics that the pitch-up
following the early vortex breakdown as found for the delta wing  A  can be
reduced by blunting the apex. However, as indicated in Fig. 5 this reduction
has to be paid for by a rotation of the pitching moment curve in an unstable
sense. Will this effect not make it very difficult to cope with the centre of
gravity position with respect to longitudinal stability for a planform with a
blunt apex ?

L. F. Crabtree and D. A. Treadgold: One of our main outstanding problems is
to obtain a practical volume distribution, as is mentioned in the Introduction.
However, the shapes tested so far really represent only the front part of a
practical aircraft. When the combustion section and exhaust nozzle are
integrated with the intake section the problem may be very much easier.

P. G. Pugh  (N.P.L., Teddington, U.K.): I note that all the configurations
tested had sharp leading edges. These would, in practice, have to be blunted
in order to ameliorate kinetic heating. What the effects would this have on
maximum lift/drag ratio ?

Second, what are the particular advantages of the lower surface flow
uniformity which the authors have demonstrated can be obtained over a wide
range of test conditions?

I am very interested to learn that the former question will be the subject
of forthcoming tests at R.A.E.

L. F. Crabtree:  In my paper on boundary layer effects on hypersonic aircraft
published in Jahrbuch 1965  der W.G.L. I reported some work carried out by
Capey which showed that only a small amount of leading-edge blunting was
required, provided it was made from a solid slab of material of high thermal
conductivity. However, our programme of future work included a study of
the effects of leading-edge blunting since it is still an important problem.

The advantages of maintaining a constant under-surface pressure are given
in detail in the paper. I might just emphasise here that one example is the
possibility of maintaining large areas of laminar flow since with straight
streamlines there would be no secondary instability of the boundary layer
of the type discovered by Gray on conventional swept wings. In fact, the
hypersonic caret-wing aircraft may provide the first successful and natural
laminar flow aircraft.
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R. C. Lock (N.P.L., Teddington, U.K.): I should like to ask if any com-

parisons have been made for caret wings, in off-design conditions such that
the flow is conically elliptic, between the experiments described in this paper
and the recent theoretical work on this subject by Dr. L. C. Squire at Cam-
bridge University? He has developed an improved form of second-order
Newtonian theory which has shown remarkably good agreement with
experimental results on wings very similar to those tested by the authors, and

at Mach numbers as low as 4.

D. A. Treadgold: No comparisons have yet been made with Dr. L. C.
Squires' recent method, which I understand is to be published shortly in The
Aeronautical Quarterly (*Calculated pressure distributions and shock shapes
on thick conical wings at high supersonic speeds'). He has obtained numerical
solutions of the integral equation given by Messiter and Hida (ref. A.I.A.A.
Journal, Vol. 1, pp. 794-801 and Vol. 3, pp. 427-433) for a variety of conical
shapes, including an example of a caret wing. His results look very encourag-
ing and he has been approached to develop his method further, and to apply

it to the examples covered by the tests described in the paper.




