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Abstract — It is known that linearized theory predicts very low values of drag due to lift
at supersonic speeds when proper planform and load distribution are used. Attempt
to obtain these predicted values experimentally have met with very limited success.

The failure of the linearized theory is shown to result from the attainment of a super-

critical flow over the wings, an effect which is beyond the scope of simple first-order

theory. By consideration of second-order terms in the pressure equation, analysis indi-
cates that it is extremely difficult to design a cambered and twisted sweptback wing that
would avoid supercritical flow at realistic lift coefficients. Nevertheless, a series of swept-
back wings has been designed and tested in order to verify the analysis, and results
of this investigation are described. Other approaches to the problem involve the use
of supersonic edged wings preceded by fuselage-like lifting bodies. An analysis of such
configurations is presented including the development of a new method for calculating
optimized loadines on wings of arbitrary planform. It is shown to be necessary to account
for combined lifting and volume effects in the design of such confieurations.

INTRODUCTION

THE present report is concerned with researches carried out over the past

few years to understand the complex flows about wings at supersonic

transport speeds and to utilize this understanding in an attempt to desi2n

wings and wing-body configurations of high aerodynamic efficiency. Basic
research over the past decade has been conducted in flieht, in hia-

speed wind tunnels, and by analysis, and the agglomeration of these
results has given us today the ability to design supersonic transports for

M  — 3 having lift-to-drag ratios in the range from 7 to 8. In the design

of sweptback wings, however, there is one frustrating area of research in
which the theoretical predictions of favorable drag-due-to-lift reductions

have not been experimentally confirmed(' ). There arises then the important

question of whether the gains predicted by linearized theory are attainable
in nature or are only manifestations of our mathematical imagination.
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Study of the problem through analysis is required since the unlimited

possibilities for cambered surface shapes makes the pure experimental

approach too costly. Some progress has been made on the nonlinear prob-
lem °" 1, 5); however, the basic equations of interest are of the mixed

elliptic and hyperbolic type (see Ferri, Vaglio-Laurin, and Ness(2)) and are
even more intractable than the unsolved problem of two-dimensional

transonic flow. In this paper some experimental results are given for wings

designed according to linear theory together with an analysis of the ex-
pected effects of the nonlinear aerodynamics.

DISCUSSION OF THE PROBLEM

A areat deal of research effort has been expended in attempts to realize

the favorable drag-due-to-lift characteristics predicted by linear theory

for flat arrow wings with subsonic leadina edges. The favorable charac-

teristics of this type of wing are predicated on the basis of a leading-edge

thrust force which is attributed to the infinite leading-edge suction assoc-

iated with the flat-plate loading. As pointed out in reference 1, this pre-

dicted leading-edge thrust has rarely been found to any reasonable extent

in experimental tests of flat wings. However, in recent years many inves-

tigators(6,  7' 8' ") have espoused the idea that an "optimum" loaded surface

can be obtained, within the framework of linear theory, which will effec-

tively attain or exceed the favorable drag-due-to-lift characteristics of

the flat wing without dependency on leading-edge thrust and with finite

pressures everywhere on the surface. Several experimental tests of these

optimum cambered wings have indicated fairly hiah levels of lift-to-drag
rat iono, ; however, the aood overall efficiency can be attributed to

the low minimum draas associated with highly swept arrow wings and,

in some cases, laminar flow rather than the attainment of the predicted

qualities of low draa due to lift.

In reference 1 several possible reasons were given for the failure of

the optimum cambered wings to produce the low values of drag due to

lift predicted by theory. First, the basic nature of the loading over the

optimum surface is such that the leading-edae pressures on the upper

surface, though finite, reach relatively high negative values. The apparent

effect of these high negative pressures is to induce a transonic or super-

critical flow regime perpendicular to the wing leading edge and thus alter

the pressure distribution from that expected. Second, since the optimum

camber surface requires a careful balance between wing slope and pressure,

the deViation due to transonic effects will certainly cause a rapid drag

rise similar to that found experimentally on two-dimensional cambered

airfoil sections as the critical speed was exceeded.
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The transonic nature of the cross flow over the upper surface of an
optimum wing was visible in an oil-film picture first presented in reference
1 and shown herein as Fig. 1. This photograph, taken in the Langley
Unitary Plan wind tunnel, shows the half-wing in the tunnel with flow
from left to rieht. It would appear that the shock-induced separation
at the first white line was largely responsible for the failure of the wing
to produce the low drag-due-to-lift performance predicted by theory.
The wine, in fact, was not as efficient as an uncambered wing of the same
planform and thickness distribution.

FIXED TRANSITION; CL_ 0.I ; M = 2.87

FIG. I. Oil film flow picture of arrow wing.

Because of the unpredicted drag rise that can reasonably be attributed
to a transonic or supercritical cross flow on the upper surface of highly
swept optimum wings, a theoretical and experimental research program
was instituted at the Langley Research Center of the National Aeronautics
and Space Administration in order to gain a better understandina of this
flow regime. The basic questions to be investigated were: In the desien
of highly swept wing surfaces, what restrictions are necessary to minimize
the possible adverse transonic cross flow effects? And, will the severity
of the required restriction negate the possible attainment of some of the
favorable drae-due-to-lift characteristics predicted by theory? The first
part of this paper will discuss the results of this combined research program
as they apply to these questions.

CRITICAL SPEED FOR SUPERSONIC SWEPTBACK WINGS

Since, from all appearances, the most critical region in the design of highly
swept optimum cambered wings is on the upper surface near the leading
edee, in the analysis primary attention has been eiven to this specific
region. For this reeion, an approximation of the restrictions necessary

27
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to delay the onset of induced critical cross flow can be obtained through
the use of simple swept theory.

From simple sweep considerations the pressure coefficient which w ill
induce sonic flow normal to the leading edge of a wing swept A degrees
and flying at a stream Mach number,  M,  is given by

2 1 [  2+(y-1)M2cos2A
— — ,‘,Al2 t 1

1



where is the ratio of specific heats and is taken as 1.4. Since the basic
purpose of the optimum design approach is to obtain minimum drag,

for a given lift, it is convenient in the analysis to relate the critical pressure
coefficient given by equation (1) to the lift coefficient. It is also convenient
to establish the critical lift coefficient for a uniformly loaded surface.
keeping in mind that the leading-edge pressures for optimum wings are
considerably greater than the average over the surface.

Again, using simple sweep theory for a uniformly loaded surface we
can obtain the approximate expressions

CL
u  -

4

and

—
c,
4-

tan .1

where  u  and T. are the ratios of the upper surface, streamwise and lateral
perturbation velocities to the freestream velocity, and  CL  is the lift coef-
ficient.

Since to first-order  Cp  — —2u = — -CL we can, with the use of equation
2

(1), determine a first-order critical lift coefficient for uniform loading
given by




4
C*—1., 1 ?AI=

I  l[  2=,-(-;.— 1) M2 cos' A 1.;
1+7

(3)

A rough approximation to the second-order effects can be secured from

[
CL CI -

the relation cp— —(2u+o) — — -2 +
16

tan2A which with equa-

tion (1) yields a second-order critical lift coefficient for uniform loading
given by

C, 2 = 4[cot 1 cot21-- _1 , 1
21111-t

2 [2-i-(y-1)M 2 cos2_ 	
1 ±^,,

—cot2.11

(4
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The variation of the critical lift coefficients CI„ and CI, with leading.-

edge sweep angle is shown in Fig. 2 for several Mach numbers of current
interest. From the simple considerations outlined above, it can bc seen

that even for the case of uniform loading rather high sweep angles are

necessary to avert the onset of critical cross flow if reasonable lift  coef-

ficients  are to be maintained. It is important to note that while the maxi-
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FIG. 2. Critical CL for swcptback wings with uniform loading.

mum critical lift coefficient is larger for the lower Mach number, the

optimum design lift coefficient of supersonic transport airplanes also

follows this trend and hence the critical speed problem is nearly as severe

at M = 2 as at M = 3. Since the loading near the leading edge of an

optimum wing is higher than the average over the surface, rather severe

restrictions in overall lift or in load distribution are necessary to avoid

supercritical flow and attendant flow-field distortion.

MODIFICATION OF OPTIMUM LOADINGS

Just how these restrictions apply to the camber of a specific planform

is presented in Fig. 3. Here the upper-surface pressures due to camber,

2
plotted as — --C 1', "or--, are shown for a highly swept planform. The

design Mach number is 3.0, the leading-edge sweep is 80, and the design

x
lift coefficient is 0.08. The local chord position ( —c = 0.l in combination

27'
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with the semi-span stations -- defines a region very near the leading edge

of the planform. Upper-surface pressures which lie above the line labeled
CL, indicate that the induced cross flow would be supercritical from
first-order considerations. Upper-surface pressures which lie above the
line labeled C  41: 2 indicate that the cross flow would be supercritical from
second-order considerations.
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SEMI -SPAN STATION,

FIG.  3. Upper surface pressures near leading edge of cambered wing.

It can be sccn from the figure that the optimum cambered surface,

hich has a theoretical drag rise factor, - - of 0.167 is in a supercritical

cross-flow regime from either first- or second-order considerations. On
the other hand, the same planform cambered for uniform loading is in
a subcritical flow regime, but has a relatively high drag rise factor of 0.223.
Similar analyses of other sweptback planforms and design conditions
indicated the same general trends. The optimum surface with low theore-
tical drag rise factors was in a supercritical cross flow, whereas uniformly
loaded wings, in general, produced relatively high drag rise factors. Because
of the probable adverse effects of supercritical cross flow pointed out
earlier, neither of these two extreme design conditions would offer much
hope for the attainment of favorable drag-due-to-lift characteristics without
sizable additional effects such as thickness or interference bodies placed
on the cambered surface. Consequently, an analysis was made to determine
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whether a camber loading could be obtained which would offer substantial
relief from the leading-edge critical-flow problem with only small loss
in theoretical drae-due-to-lift capability as compared with the optimum.
Using a pressure superposition method similar to those described in re-
ferences 12, 13, it was found that, for a number of planforms and design
conditions, the upper-surface pressures near the leadine edge could be
restricted to the first-order critical with only about a 10 per cent increase
in drag rise factor over that of the corresponding optimum surface. For
example, the restricted camber loading which has the leading-edge pres-
sure distribution shown on Fig. 3 has a theoretical drag rise factor or
0.l84 compared to OE167 tor the optimum camber loadine.

EXPERIMENTAL MODELS AND THICKNESS EFFECTS

In order to determine what favorable effects, if any, might result from
this restriction of the upper-surface pressures near the leading edge, a series
of models was constructed to investigate the restricted design approach.
In the design of the models an attempt was made to reduce further the
upper-surface pressures through thickness effects. It was anticipated that

—2 Cp,UPPER

I 75
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FIG. 4. Effect of thickness on upper surface pressures.

a profile with sharp leading edges would be most favorable from the stand-
point of producing a desired positive pressure increment on the upper
surface near the leading edge. With no further consideration a circular-arc
airfoil section was selected. Surprisingly, a search of the literature revealed
that no calculated pressure distributions were available for circular-arc
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profiles on fully tapered sweptback wings. Subsequently, the method of

Kainer" was used to calculate the desired circular-arc thickness pressures.
The results of these calculations as they might influence the critical-flow

region near the leading edge are shown in Fig. 4. The upper-surface pres-

-2C
sures plotted as P'""" are shown for a region near the leading

C*L,1

edge of the same highly swept planform consided in the previous figure.

It can be seen that a 2.5 per cent-thick circular-arc profile when applied

to the restricted cambered surface would theoretically bring the pressures

in the forward region of the leading edge to values below the second-order

critical. However, as the tip is approached the desired effect is lost and

there is an increase in negative pressure level. From leading-edge flow
coniderations it appears that a double-wedge profile of like thickness

ratio would have been a better choice of thickness profile, although there

might be adverse effects on the aft portion of the wing due to the ridge

lines. Unfortunately, from considerations of shop availability and con-

a 351

M 2.0 A = 700
CL.16DES.
ORCULAR ARC STREAMWISE4)=.030

x ASPECT RATIO = 3.88
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CL,DES 0,16
CIRCULARARC STREAMWISE,(-- )=.030

x ASPECT RATIO = 2.86

t
CIRCULAR ARC STREAMWISE,( T). .025

x ASPECT RATIO = 3.08

M = 3.0 A =80°

CL,DES."°, .08

FIG. 5. Planforms and design conditions for experimental tests.

struction time, the experimental models for investigation of the restricted

camber design philosophy were fabricated prior to the availability of
thickness calculations. Consequently, on the simple sweep basis used

in the analysis, only one of the cambered models had a completely sub-

critical leading edge at the design condition. The other cambered models
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had essentially the same leading-edge pressure distribution as that shown

on Fig. 4 for the restricted camber with circular-arc thickness distribution.

A summary of the planforms and design conditions considered in the

experimental investigation is shown in Fig. 5. All the wings were fully

tapered arrow wings with a notch ratio equal to 35 per cent of the overall

length as shown on the figure. For tests at  M =  2, wings with 70 and

75' leading-edge sweep were constructed, and for tests at  M == 3.0, 80'

of leading-edge sweep was used. The cambered surfaces were designed

by the restricted approach mentioned earlier to produce the design lift

coefficients shown on the figure. Circular-arc profiles of the indicated

strearnwise thickness ratio were then added symmetrically to the cambered

surfaces. For each planform, an uncamtm-ed wing with circular-arc sec-

tions was tested for comparison.

I XPERIMENTAL RESULTS AND DISCUSSION

The results of the experimental investigation of the drag-due-to-lift

characteristics of this family of highly swept arrow wings are shown in
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FIG. 6. Theoretical and experimental drag rise factors for arrow wings.

CD
Fig. 6. The experimental values of drag rise factor - -, represented by

fiC1

the symbols, were obtained from experimental drag polars by use of the

expression

[ CD 1,,xperimeot

C n  at CL, design—[C D,miffimudflat wing

design)2

(5)
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It can be seen from the figure that the flat-wing results represented

by the square symbols lie slightly under the theoretical curve for flat

wing neglecting the leading-edge suction force. The drag rise factors for

the cambered wings denoted by the circles, although well above the theo-

retical curves for optimum and restricted camber, do indicate a definite

improvement over the flat wings.

The cambered wings with 700 leading-edge sweep and design CL = 0-08

was the only wing which was theoretically subcritical at the design

condition, and as indicated on the figure, this wing produced the

lowest drag rise factor. It should be pointed out, however, that a design
lift coefficient as low as 0-08 is not consistent with optimum fliaht condi-

tions at M = 2 either in the wind-tunnel or full-scale fliaht at altitude.

There are, indeed, smaller differences in the numerator and denominator

of equation (5) and therefore considerably greater inaccuracies in the

determination of draa rise factor from the experimental results. It is
nevertheless significant that the most probable value of drag rise factor

for the subcritical wing is substantially lower than that for the flat wine,

but disappointing that there is still a rather large discrepancy indicated

between theory and experiment.

FIXED TRANSITION ; CL= .16 M = 2 .0

FIG. 7. Oil film flow picture of "restricted" arrow wing.

From flow pictures taken on the series of restricted cambered winas

there is no longer an indication that the discrepancy between theory and

experiment can be attributed to a breakaway in the flow over the upper

surface. Figure 7 is representative of the type of flow which occurred

on the family of wings under investigation. This oil-film picture taken

in the Langley 4-foot supersonic tunnel shows the flow over the upper

surface of the 70' restricted cambered wing at M = 2 and CL --;-; 0 16.
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For these conditions no leading-edge separation nor tip trailing-edge
separation was present. The flow separation visible in the photograph
can be attributed to surface irregularities on the wing or air bleeding
from the lower surface of the semi-span model through the root chord gap.

On the basis of the experimental results and the analysis of flow
fields required by linearized theory to produce a low-drag wing, it is
concluded that linear theory is not adequate for the design of highly
sweptback wings having optimum aerodynamic loading. It appears that
the assumptions of the linear theory are strongly violated and that
consideration of the nonlinear aerodynamics must be included in a w ing
design. R. T. Jones"°), commenting on the work of Kogan t1' , in which
the reversed Mach cone is used as a control surface for momentum inte-
grals, indicated that Kogan's general result for optimum loading should
be valid to second order. This result gives encouragement to the hope
that low values of drag due to lift are attainable. It is important to note

in this connection that Kogan's condition gives values of the potential
on the reversed Mach cone control surface which are then valid to second
order according to Jones; however, the aerodynamic loading on the
wing surface which produces the mentioned potential distribution is un-
doubtedly considerably affected by inclusion of second-order terms;
hence the attainment of the optimum linear loadings may not necessarily
produce the desired result. This problem is of considerable interest and
warrants additional attention.

CONSIDERATION OF LIFTING FOREBODIES

The foregoing discussion has concentrated primarily on highly swept
arrow wings to obtain low values of drag. An alternate approach tow ard
obtaining low drag under lifting conditions is to increase the effective
aspect ratio of the wing in both the chordwise and spanwise sense. The
so-called area rule as applied to lifting elements leads to this conclusion,
and some theoretical calculations provide further support to this idea.
The basic concept is to design the body or fuselage so that it will carry
lift and produce a favorable upwash field over the main wing. Licher""
has made a calculation of the drag due to lift of an elliptic planform wing
together with an idealized body which illustrates this concept. The body
was simply represented by a lift distribution along a line but which carried
no net lift. His calculations showed that the drag of this wing-body con-
figuration would be reduced by as much as 30 or 40 per cent below the
drag of the wing alone, provided the body could support the required
lift. Although it is unlikely that a body can be designed to carry sufficient
lift to obtain drag reductions of this magnitude, the concept appears to
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offer possibilities of sufficient drag reductions to warrant further study.

In order to explore this concept further it is necessary to make a more

realistic approximation to the lifting body. Since the forebody must carry

a substantial amount of lift to effect a sizable drag reduction over that

of the wing alone, the body would have to be, in effect, a low-aspect-

ratio wing. From the point of View of the lift distribution, then, the wing

and lifting body can be regarded as a wing of very general planform.

Of necessity, the calculation of the flow over wings of general plan-

form entails approximate methods even within the framework of line-

arized theory. Some work oriented in the direction of determining the

camber distribution to minimize the drag at a eiven lift has been presented

by Ginzel and Multhopp" and a numerical method for determining
the downwash corresponding to a given pressurc distribution has been

eiN en by Hancock". A method similar in concept but differing in detail

from that of Hancock has been developed independently at the Laneley

Research Center of NASA to optimize the camber and loadings for a

gi  en wine planform.
For this purpose the wing planform is divided into a finite numbcr

of elements each of which is uniformly loaded and the downwash over

a similar element within the region of influence of the first is obtained

in analytic form. The equations for the downwash assume the simplest

form by employing characteristic coordinates corresponding to a stream

Mach number of 1/2. The coordinates are then orthogonal and the finite

elements can be taken as squares whose edges are aligned in the two

characteristic coordinate directions. Figure 8 illustrates the mesh arrange-

ment employed in the analysis. The area which includes the wing surface

and is bounded by the intersection of the forward and reverse Mach lines

is divided into  "fi2  elements whose coordinates can be represented by the

 integers

i.j or m,n where 1 i,j,m,n For those elements which lie
alone the boundary of the wine planform it is necessary to make a further

subdivision of the basic mesh size in order to obtain a satisfactory ap-

proximation of the effect of the wing edges on the downwash.
The average value of downwash angle, a, on the arca m,n due to unit

pressure on the element i,j can be determined from the expression

	

-

1-- (w)Cei.i dS

S

w here S,, is the area of the element m,n and w is the local downwash
angle. The total downwash angle at a given element in,n can be obtained
by summing the contributions from all the elements of the wing which

lie Within the upstream Mach lines from the element.
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The criterion for minimum drag for a given lift as found by R. T.
Jones(6) is that the combined downwash due to forward and reverse flows
is a constant everywhere on the wing. This condition is approximated
by requiring that the average value of the combined downwash on each
rectilinear element of the wing have a constant value.

M

1,
rn, i n, j

j

m,n 1,T)

cp. .
r  1 ,J

a (vv)c  .1  ds
Sm,n Pij

a m,n 7 .7L 71-L. p
jrn ir m  I,J

am',n CONSTANT

FIG. 8. Mesh arrangement for calculation of arbitrary planform.

Such a procedure leads to a set of simultaneous equations given by

n
V V C. (e " ' " V V CPi. constantp 	 n

1 i=I j In

which can be solved for the unknown pressure coefficients. With these
values determined, the corresponding shape and drag coefficient can be

aluated.

Some calculations have been made on this basis wherein up to 100
simultaneous equations were solved on electronic computing equipment
to evaluate the pressure distributions. A comparison with the known
analytic solutions for the minimum-drag sonic-edge triangular wing shows
that this approximate analysis is satisfactory for evaluating the integral
spanwise and chordwise loadings and gives the correct theoretical value
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of the minimum value of ---  D . The local pressure and camber distri-
/3C2,

butions corresponding to the minimum drag value are somewhat less
satisfactory, since these distributions show some irregularity between
adjoining spanwise stations. This irregularity appears to be caused by
forcing the solution toward the condition which produces the minimum
theoretical value of the drag.

2

Bx ASPECT RATIO , 3 265

LIFTING / BCL2 z 0.213

FOREBODY
(CP,UPPER) FOREBODY

72

Cp
CONSTAN

/ /WING •.-MACH LINE

Cp , OPTIMUM

SPAN
LOAD
DIST

Fin. 9. Example of lifting forebody-wing arrangement.

A computation of the loading for the planform shown in Fig. 9 was

made to gain some insight into the possibilities of using the lifting fore-
body to create a favorable upwash field over the wing. The forebody
has a uniform loading and the camber of the remaining wing panel was
designed to give minimum drag. The highly swept forebody has subsonic
leading edges and the wing leading edge is sonic. The calculated drag
rise factor for this configuration is approximately 11 per cent lower than
that of a flat-plate wing of the same planform with leading-edge suctioe").
The constant surface loading on the forebody is 1.44C,. a value which
may be difficult to attain because of nonlinear aerodynamic effects. None-
theless, it is a hopeful result that even with an inefficient (uniformly loaded)
forebody the sonic after-portion of the wing was theoretically able to
recover a large amount of energy from the forebody upwash velocity
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field to effect a net I 1 per cent decrease in drag. A lifting forebody con-
figuration has, in addition to possible structural advantages, the definite
promise of reduced trim drag. These considerations together with the
calculated performance improvement indicate the desirability of further
experimental and analytical studies of such arrangements.

In conclusion the authors wish to acknowledge the contribution of
Mr. H. Carlson of the Langley 4-foot supersonic wind tunnel and the
staff of the Langley Unitary Plan wind tunnel in obtaining the experi-
mental results presented.
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DISCUSSIONS

A. B. HAINES: I would like to raise a question of experimental technique which
might help to explain the relatively high drag-due-to-lift obtained on even the wing
for which the flow picture shows no sign of a major shock or flow separation. The test
was apparently done by the half-model technique and the flow pattern in Fig. 7 shows
that there is a serious outflow through the gap between the model and the tunnel
floor. Our experience has been that such gap and also boundary-layer effects can have
a major influence on the measured drag-due-to-lift, usually in the sense of increasing it.
Empirical factors have to be derived to allow for these effects and I wondered if any
such factors had been applied to the results in this paper. If not, could this partly account
for the discrepancy between experiment and prediction?

Another point is that I doubt whether the low values of lift-dependent drag predicted
by linear theory can really be obtained without making some attempt to allow for the
thickness effects at the wing root. This really means that a specially shaped body has
to be designed. If the body shape is incorrect, relatively high suctions in the flow field
near the wing root can be propagated across the wing, increasing the suctions over the
outer wing. These effects will vary with C2 and may indeed be much more important
under lifting conditions than at zero lift, because the general level of the suctions over
the wing upper surface will increase with C2. Hence shaping the body to compensate
for the wing thickness effects at the root at zero lift should be thought of as an essential
part of designing not merely for low drag at zero lift but also for low lift-dependent
drag factors. This means that there is a weakness in the program of tests described
in this paper because apparently, the camber design methods were being judged from
results on simple wings with no body present.

REPLY BY AUTHORS: Concerning Mr. Haines' question as regards the employment
of semi-span models in the experimental investigation reported in the subject paper,
the authors make the following reply:

Three series of wings were tested in the experimental program reported. Two of
these series (70° and 75' leading-edge sweep) consisted of semi-span models and one
series (80' leading-edge sweep) employed full-span models. All of the series of wings
were of the same general family and would be expected to have fairly consistent aero-
dynamic characteristics. Therefore the consistency of the results shown in Fig. 6
would indicate that the effects of the gap flow on the semi-span models were minor.

Regarding Mr. Haines' second comment about the thickness effects at the root
and the weakness of the program in considering only simple wings, the authors make
the following reply.

It was pointed out in the subject paper that linear theory predicts very favorable
drag-dueto-lift qualities for certain wing planforms and also provides a way to calculate
the loading and shape which will theoretically produce these favorable qualities. As
stated, the primary purpose of the reported research was to investigate these theoretical
concepts both with and without some consideration of the real effects.
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We know that linear theory embodies simplifying assumptions, but in spite of its
possible shortcomings, this theory is still the basic tool that the aerodynamicist must
use at high Mach numbers to consider the complex low patterns and interferences related
to asymmetric bodies with cambered and twisted wings and attempt to design an efficient
configuration. The systematic investigation at high Mach numbers of the relatively
simple wing configuration reported in the subject paper is a worthwhile contribution
to efforts to solve the higher order problems involved.

The subject paper pointed out that it might be possible to obtain the low drag due
to lifts predicted by linear theory for cambered and twisted wings, but the reported
research indicates that linear theory will not properly describe the body or wing surface
shape which produces these favorable characteristic;.

R. C. LOCK : I would like to comment on the choice of the thickness distribution
and wing sections for the type of wings you have been talking about. I think that when
using swept back wings of this type one must always keep in mind the analogy with
the two-dimensional flow past a section of the actual wing normal to thc leading edge.
For such sections, in subsonic flow, a rounded leading edge is desirable so that suction
force can act on it and thus keep the drag low. This is the physical reality behind the
fictitious "leading edge thrust force"; and provided the section is properly designed—as
Mr. Pearcey has described this morning—so that the peak suction is not too high and
the adverse presence gradients behind arc not too strong, then these leading edge thrusts
can be realized in practice—and they must be included if a really efficient swept ssing
design is to be achieved. Thus for the design for cruise of swept wings, round-nosed sections
are definitely indicated; though admittedly for very high angles of sweep, sharp edged
sections may advantages when the active speed range is considered.

REPLY BY AUTHORS: In response to thc comments of Dr. Lock, the authors would
like to make the following reply concerning the choice of thickness distribution for the
highly swept cambered and twisted wings considered in the subject paper:

The authors grant that for wings or configurations designed for subsonic or low
supersonic speeds that with sufficiently high sweep angles some effective leading-edge
section may be obtained through the use of rounded leading-edges and/or leading-edge
camber. However in the Mach number 2-3 range consit:2red in the subject paper, the
Mach lines have very high sweep angles, and thus the low drag-due-to-lift requirement of
subsonic flow normal to the wing leading-edge is very difficult to obtain. For these
high Mach number cases, the expansions which a rounded leading-edge contribute
to the flow near the edge would almost invariably induce a supersonic normal flow
on the upper surface at cruise conditions. The shock losses and supersonic character
of the pressure distribution resulting from this induced supersonic flow would be contrary
to the theoretical requirements for low drag due to lift. Reference I to the subject
paper contains pressure distribution measurements obtained on a highly swept wing
with rounded leading edges which illustrate this point.

As indicated in the subject paper and reference 1 to the subject paper, the wing
surface design method employed does not rely on the leading-edge thrust force demanded
by flat wing theory to achieve the same level of theoretical low drag-due-to-lift capa-
bility. The removal of this suction force requirement opened the possibility that through
the use of sharp leading edges a positive pressure increment would result near the leading
edge which would help in reducing the severity of the transonic cross flow problem.
The flow pictures obtaincd on the models tested indicated very little evidence of shock
formation or flow separation.




