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Aerodynamic Design of Supersonic Cruise Wings with a
Calibrated Linearized Theory
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The design of supersonic cruise wings for minimum drag due to lift is examined in this study. The aerodynamic
design method is based on a supersonic linearized theory modified to include corrections for attainable leading-
edge thrust and vortex forces. A semiempirical design and estimation method has been developed to account
for the deficiencies of the linearized theory which tends to overestimate the required amount of twist and camber
and predicts an unattainable level of performance. Comparisons of theoretical and experimental results showed
that the semiempirical method provides for the selection of the amount of twist and camber required for maximum
performance at cruise and gives a good estimate of the level of performance.

Nomenclature
AR = aspect ratio, b%/S
b = span, in.
C, = axial force coefficient
Cy = drag coefficient
Coro = drag coefficient at zero lift for a configuration

with no twist or camber

lift coefficient

= cruise lift coefficient

design lift coefficient

o = theoretical lift curve slope at ¢ = 0, deg™?
= pitching moment coefficient
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Cy = normal force coefficient

K, = design lift coefficient factor

K = suction parameter factor

M = Mach number

R = Reynolds number based on mean aerodynamic
chord

S = reference area, in.?

S, = suction parameter

y = spanwise distance from centerline, in.

a = angle of attack, deg

g = angle of attack corresponding to design lift

coefficient, deg
a,, = angle of attack for zero thrust at a given span
station, deg

a, = theoretical angle of attack corresponding to
zero lift, deg

AC, = drag coefficient due to lift, C, — Cp,

Aay, = range of angle of attack for full theoretical

leading-edge thrust at a given span station, deg
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B = VM2 -1

Ay = leading-edge sweep, deg
Subscripts

des = design

exp = experiment

le = leading edge

max = maximum

opt = optimum

Introduction

RADITIONAL supersonic design and analysis methods

are based on linear theory.! Advanced computational
methods based on the Euler or Navier-Stokes equations are
currently under development and offer the promise of greater
accuracy than the linearized methods.? However, modified
linearized theory provides a simplified and rapid method for
the preliminary design of supersonic wings and slender super-
sonic aircraft. The modified linear theory method of Ref. 3
can be used for the design and analysis of supersonic wings.
This method includes corrections to the basic linearized theory
for attainable leading-edge thrust and the forces due to sep-
arated leading-edge vortex flow. Even with these corrections,
however, the drag predicted by this linear method at super-
sonic speeds is lower than the experimental values of drag,
and the amount of twist and camber called for by the theory
is larger than is actually required.

A semiempirical design and estimation method developed
in Ref. 4 provides a means for correction of the modified
linear theory of Ref. 3. This semiempirical method is based
on a correlation of theoretical and experimental results for a
number of supersonic wings. The correlation was made for a
variety of wing planforms and includes a range of supersonic
cruise Mach numbers (1.62-3.5) and design lift coefficients.
For a given cruise condition, the semiempirical method de-
termines the appropriate linear theory design lift coefficient
and gives a reasonably accurate estimate of the performance
which can actually be achieved at the cruise condition. This
article provides a description of the semiempirical design and
estimation method and gives a few selected examples*® which
illustrate its application to the design of supersonic cruise
wings for minimum drag due to lift.

Theoretical Considerations

The modified linear theory computer code (designated
WINGDES?2%) was used for the calculations of this study. This
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code provides an estimate of attainable leading-edge thrust
and leading-edge vortex forces as well as the forces due to
the basic attached flow. The code has both a design and anal-
ysis capability. Although a prime goal of this study has been
the development of a semiempirical design method, the use
of existing experimental data required that the code be used
in the analysis mode only.

Drag and Suction Parameter

Aircraft drag at supersonic speeds is mainly composed of
wave drag due to thickness or volume, skin friction drag, and
drag due to lift. The drag due to lift, composed of wave drag
due to lift and vortex drag, is responsible for about half of
the total drag at lift coefficients near maximum lift-drag ratio.
Hence, minimization of the drag due to lift will have a sub-
stantial influence on supersonic performance. This is the drag
contribution estimated by the WINGDES?2 code.? The com-
bination of wave drag due to thickness and skin friction drag
is assumed to equal Cp, 4, the drag of a configuration without
twist or camber at zero lift. Whenever possible, experimental
values of Cp, , were used in this study.

In comparing the aerodynamic performance of various wing
designs, it is convenient to have a common figure of merit.
The lift-drag ratio which is often used for this purpose is
affected by thickness as well as pure lift effects and is not
used here. Because this study concentrates on lifting effi-
ciency, the suction parameter is used for the purpose of rating
the performance. The suction parameter is defined by the
equation

¢ - Cotan(CL/C.L) = AC,
* 7 C,tan(C,/C, ) — C3/(mAR)

With this parameter, the wing drag is compared with upper
and lower bounds. The upper bound Cp,, + C, tan(C,/C, ,)
is the drag of a flat wing with no leading-edge thrust and no
vortex forces. Actually, flat wings will develop some degree
of leading-edge thrust and/or some degree of vortex forces,
and will generally have somewhat lower drags than given by
the upper limit. The lower bound C,, + C3/(wAR) is the
theoretical drag of a wing with an elliptical span load distri-
bution and no supersonic wave drag due to lift. This limit is
a carry over from subsonic speeds where the limit is reason-
ably achievable. The presence of wave drag due to lift at
supersonic speeds prevents a close approach to this value. A
prime advantage of these upper and lower bounds is their
simplicity and repeatability. As shown by the equation, the
suction parameter is a measure of the wing’s departure from
the upper limit and approach to the lower bound.

Leading-Edge Thrust and Vortex Forces

Since the basic attached flow solution does not include the
effects of leading-edge thrust or leading-edge vortices, these
effects must be taken into account and combined with the
attached flow solution. Wing performance is critically de-
pendent upon the development of leading-edge thrust. This
thrust occurs when the leading edge is subsonic (8 cot A, <
1) and is caused by the flow around the leading edge from a
lower surface stagnation point. Theoretically, this is a con-
centrated force which acts tangent to the wing camber surface
at the leading edge. Thus, in the case of a cambered wing,
the thrust contributes to both axial and normal forces.

The theoretical leading-edge thrust in the WINGDES?2 code
is calculated® and the amount of thrust which actually develops
is estimated by the attainable thrust method.” The attainable
leading-edge thrust prediction is based on the fundamental
principle that limitations in the attainable pressure levels and
the areas over which they act determine the level of thrust.
Simple sweep theory was used’ to permit a two-dimensional
analysis. A combination of two-dimensional airfoil theory .angl
experimental airfoil data were then used to define the limi-
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tations on thrust as a function of wing geometry, Mach num-
ber, and Reynolds number.

For wings with sharp leading edges, for which no leading-
edge thrust is assumed to develop, Polthamus® established a
relationship between the normal force induced by separated
vortex flow and the theoretical leading-edge thrust. According
to the Polhamus suction analogy, the suction vector is assumed
to rotate to a position normal to the wing surface, where it
affects the normal force rather than the chord force. For a
wing with partial leading-edge thrust estimated by the method
of Ref. 7, it is assumed that the undeveloped portion of the
theoretical leading-edge thrust is converted to a vortex normal
force.

Wing Design with Linear Theory

A series of arrow wings has been used to examine the use
of linear theory for the design of wing twist and camber.?-1
The wings are members of a family with a leading-edge sweep
of 70 deg and an aspect ratio of 2.24. Wings were designed
for lift coefficients of 0 (uncambered or flat), 0.08, and 0.16
at a Mach number of 2. The wings have sharp leading edges
with streamwise thickness distributions of a 3%-thick circular-
arc airfoil. The cambered wings were designed by the methods
of Refs. 11 and 12. The design method was used to determine
the optimum combination of three candidate loadings which
would minimize drag at a given lift coefficient and restrict the
leading-edge pressure loading to 1.4C, ,.. The leading-edge
loading and sweep angle were selected to avoid transonic
shocks and flow separation in the cross plane.

Experimental results for the C, ,., = 0.08 wing are com-
pared with theoretical predictions of the WINGDES?2 code
in Fig. 1. The semispan models for the 70-deg arrow wings
were tested on a boundary-layer bypass plate which produced
a freestream Mach number of 2.05. The WINGDES2 calcu-
lation includes attainable leading-edge thrust which was com-
puted using an estimated leading-edge radius of 0.004 in. The
axial and normal forces are calculated and plotted as a func-
tion of the angle a-a, where «, is the theoretical angle of
attack for zero lift. This adjustment to a provides a better
comparison of cambered wing axial force results with the
theoretical flat wing full leading-edge thrust curve. Both the-
oretical axial force and suction parameter for the cambered
wing agree well with the flat wing full thrust solution near the
design condition. This agreement illustrates the use of camber
to develop a distributed thrust on the forward portion of the
wing as a means of recovering the portion of the concentrated
leading-edge thrust which the flat wing cannot develop. The
theoretical results of WINGDES2 give a reasonably good

-
=

S
<

o Experiment .08
~-=—Theory 04
.015 -
010 DOLQ%%Q
.005 -
N o <0 1.0
-005- |Flat " _5E P
wing s : >
300 full thrt;§t\ s 9 :
251 6° Flat wing
201 Vs .06 full thrust
Cn 157 s .05
A0r | 2 .04 o
051 1o Cp.03 o
0 .02 °
et 0 Mﬁ‘_._._.
=10 0

20246810 -10 0 .10 .20 .30
a - og, deg CL

Fig. 1 Comparison of modified linear theory with experimental data
for 70-deg swept arrow wing with C; 4. = 0.08. M = 2.05,R = 4.4
X 10°. Flat wing full thrust curve is for flat wing with theoretical
leading-edge thrust.
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estimate of the experimental results; however, the theory
overestimates the suction parameter and, therefore, under-
estimates the drag.

The suction parameter can be presented in another format
which is particularly useful from the design standpoint. Suc-
tion parameter plots for each of the three 70-deg arrow wings
(each for a given C, 4., e.g., in Fig. 1) were used to develop
the curves shown in Fig. 2. Each of the three plots in Fig. 2
shows the variation of suction parameter, at a given lift coef-
ficient, with design lift coefficient. The lift coefficient selected
for each plot can be considered to represent C, ;.. so that
each plot shows the variation of performance (suction param-
eter) at some cruise condition with design lift coefficient. Lift
coefficients of 0.08, 0.12, and 0.16 were selected and the
variation is shown for both theory and experiment. Three
data points were used to define each experimental curve,
although only two points are shown for C; = 0.08. In every
case, both theory and experiment illustrate improvement in
performance over the flat wing through the use of some degree
of twist and camber as measured by C, ... The theoretical
suction parameter peaks at a value of C, .., which is equal to
or nearly equal to the selected value of C,. Thus, the C, 4
for maximum theoretical suction parameter, C; 4. opt.heory>
can be equated to C; .. The experimental results show that
the suction parameter actually peaks at a lower value of C; .
It turns out that the ratio of the C, 4. for the peaks of the
theoretical and experimental suction parameters is essentially
a constant dependent only on the freestream Mach number.
This result will be used in the next section to develop a semi-
empirical design procedure. This procedure also includes an
estimation method which accounts for the fact that the ex-
perimental value of maximum suction parameter is lower than
the theoretical value as shown in Fig. 2.

The optimum C, ., for the real flow is lower than that
given by linearized theory because, as shown in Refs. 4 and
5, the linear theory overestimates the upwash field ahead of
the wing. The overestimation of the upwash causes the theory
to require too much camber in the leading edge for the proper
development of wing leading-edge load and its associated dis-
tributed thrust.

Empirical Design Guidelines

Publication of the results for the 70-deg arrow wings® led
many supersonic wing designers to apply a “rule of thumb”
in which the theoretical design lift coefficient was some frac-
tion (0.5-0.8) of the operating or cruise C,. An example of
this technique is given in Refs. 13 and 14 which describe the
development of a NASA supersonic transport configuration
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Fig. 2 Variation of suction parameter at three different lift coef-

ficients with design lift coefficient for 70-deg swept arrow wings.
M = 2.05,R = 4.4 x 10°.
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known as SCAT 15-F. This configuration was used to dem-
onstrate the integration of various design techniques which
were being developed at the time. One of the key design
techniques was the use of wing twist and camber. In this
section a set of guidelines will be developed which attempt
to quantify the relationship between the linear theory design
lift coefficient and the cruise lift coefficient, and to provide
an estimate of the level of performance which can be achieved.
The guidelines essentially lead to a semiempirical method for
the design of supersonic wings with minimum drag due to lift.

Derivation of a Semiempirical Design and Estimation Method

The four experimental studies listed in Table 1 have been
used to develop the empirical design guidelines for the use of
linear theory methods. Each of the studies included wings
with differing amounts of camber as determined by the design
lift coefficient. The 70-deg arrow wings discussed in the last
section are one of the sets of configurations listed in Table 1.
The cambered wings of Ref. 15 were designed to develop a
uniform load based on the theoretical results of Jones.!® The
wings of Refs. 17 and 18 were designed by the 3-loading
optimization method of Ref. 19. The data of Ref. 17 are
unique because they show the effect of design lift coefficient
at a given Mach number for three different leading-edge sweep
angles.

The experimental data and theoretical predictions of
WINGDES?2 for each wing in Table 1 were used to plot suction
parameter at selected values of C, vs C, 4, in the same man-
ner as Fig. 2. As shown in the sketch at the top of Fig. 3, the
points of interest are the theoretical and experimental max-
imum values of suction for a given lift coefficient, S, .x meory
and S .xexp> and the design lift coefficients, C; e optheory
and C; ye; opc exp> at Which they occur. Experimental results in
Fig. 3 show that in every case the maximum suction parameter
actually achieved was smaller than predicted by theory, and
the required surface had less twist and camber (lower C, 4.}
than would be designed by means of linear theory. In addition,
these differences become more pronounced with increasing
Mach number.

The middle plot of Fig. 3 shows there is essentially a single
ratio Of C; 4e; opexp t0 Cr ges,opt meory 10T €ach Mach number.
Of particular interest is the data at M = 2.6 which have three
sweep angles (8 cot A, = 0.6-0.9) and still fall along a
straight line.!” This result suggests the use of the design lift
coefficient factor

C

K _ L,des,ogt,exg
D=
CL ,des,opt,theory

which is shown in Fig. 4. As discussed earlier in regard to
Fig. 2, the C, ges opt heory €an be equated to the C, for which
the wing suction parameter is to be maximized, namely C, .
Also the wing lifting surface defined by linear theory which
will actually produce maximum performance at C; ;. 1S one
designed for C, gee = Cp gesoprexpr 1hUS, the relationship for
K,, can be rewritten to define the C, .., for maximum per-
formance at C; i a8

CL,des = KDCL,cruise (1)

The value of K, is given in Fig. 4 as a function of Mach
number. Since K, < 1, Eq. (1) says that the actual surface
always requires less twist and camber (lower C, 4} than the
theory would indicate. Although this strategy has been used
previously in Refs. 13 and 14, e.g., the present study provides
a firm basis for the practice and supplies definite quantitative
guidelines for its application. An analysis of the 70-deg arrow
wing pressure data in Refs. 4 and 5 supports this strategy.
The relationship between the maximum measured suction
parameter and the maximum theoretical suction parameter is
also shown in Fig. 3. There is somewhat more scatter than in
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Table 1 Studies used to define empirical guidelines

Reference Configuration Ay, deg B cot A CLaes
15 Delta wing body 1.62 68.6 0.49 0, 0.08, 0.20
9 Arrow 2.05 70 deg 0.65 0,0.08, 0.16
17 Modified arrow wing-body 69.44 0.90 0,0.08,0.12
72.65 0.75
75.96 0.60 l
18 Delta wing-body 76 0.84 0, 0.05, 0.10
CL,des,opt,theory The estimated level of suction from the K curve in Fig. 4 is
Ci,des,opt,exp an approximate upper limit of performance achievable with
|}~ =—Ssmaxtheory a well-designed lifting surface.*>
SsatCL [ - Ss,max,exp The use of the curves in Fig. 4 for designing a wing for
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Fig. 3 Optimum design lift coefficient and achievable suction param-
eter.
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Fig. 4 Empirical factors for selection of optinum design lift coeffi-
cient and estimation of achievable suction parameter.

the case of the C, ., plot. The largest scatter, however, occurs
for a Mach number of 2.6 at S, .. meory = 0.3 (B cOt A, =
0.9). For these wings the bow shock wave is close to the
leading edge and would affect the already small level of at-
tainable leading-edge thrust. The results of Fig. 3 were used
to define the suction parameter factor

Ks — S:,max,exg

Ss,max,theory

which is also plotted in Fig. 4. Thus, if we call S, ,,.c.exp SITPlY
S, then cruise suction is computed from

s,cruisey

Ss,cruise = KSSs,max,theory (2)

given cruise conditions and estimating its performance may
be summarized as follows. First select the cruise lift coefficient
and Mach number. Next Fig. 4 is used to obtain the K, factor
and Eq. (1) is used to calculate C, 4. A linearized theory
computer code is then used to compute the optimum per-
formance surface at C, ., and to obtain the variation of the-
oretical suction parameter with C,. This is the wing surface
which will give maximum performance at the cruise condi-
tions. To estimate its performance, Fig. 4 is used to obtain a
value for the suction parameter factor K. Note that S, .. meory
is essentially the maximum suction parameter for a wing de-
signed for a lift coefficient equal to C; ;. (not designed for
C, q4es)- However, a family of wings designed for different lift
coefficients will have approximately the same maximum suc-
tion parameter. It is, therefore, sufficient to assume that
S, max theory 1S €qual to the maximum suction parameter for the
wing designed at C, ,,. Equation (2) can then be used to
obtain an estimate of S, ;..

The drag coefficient at the cruise lift coefficient can be
estimated by use of the expression

Ci,cruise
= CD,O + W + (1 - SS,cruise)

CD,cruise

. 2 .
Lo

which is derived from the suction parameter definition. The
lift-drag polar near the cruise lift coefficient may be approx-
imated by use of a strategy described in Ref. 4.

Although the empirical design and estimation factors were
derived from data for wings designed without attainable thrust
considerations, they may also be applied to design using the
default option of the WINGDES?2 code in which camber sur-
face requirements are reduced to a degree consistent with the
estimated development of leading-edge thrust. The same
tendency for the linearized theory to overestimate the local
upwash is present in both cases.

Test Cases for Semiempirical Design and Estimation Method

Existing experimental data were used to assess the validity
of the semiempirical design and estimation method. For an
existing wing surface, it was first necessary to establish a de-
sign lift coefficient by use of WINGDES? in the evaluation
mode. Then the K, factor was applied to find the cruise lift
coefficient for which this surface would have been designed
if the empirical design selection method had been used di-
rectly. In a certain sense, it is an inverse application of the
semiempirical design and estimation method.

The first example shown in Fig. 5 is for the 70-deg arrow
wing designed for a lift coefficient of 0.08 at a Mach number
of 2 (tested at M = 2.05). Because data for this wing (shown
in Fig. 1) was included in the derivation of the method, good
correlation would be expected and this example does not
provide a true test of the method’s applicability. It does,
however, offer a good example of the use of the method. The
key theoretical data as generated by the WINGDES2 code
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Fig. 5 Application of semiempirical design and estimation method to
70-deg swept arrow wing. M = 2.05, R = 4.4 x 10°,

in its evaluation mode is shown at the left of the figure. The
effective design lift coefficient is established by the peak of
the suction parameter curve which in this case occurs at a lift
coefficient of about 0.085, only slightly different than the
original design value. Using a value of K, = 0.7 for a Mach
number of 2.05 (Fig. 4), the value of C, ;. is found:

Cra
= e .12
K 0

D

C

L.,cruise

In other words, for cruise conditions of a lift coefficient of
0.12 and Mach number of 2.05, the linear theory design lift
coefficient is 0.085 and the appropriate linear theory wing
design (using a code such as WINGDES2) would have the
characteristics shown in Fig. 5. The lower left plot in Fig. 5
illustrates an important criterion in judging how well a par-
ticular wing will develop the distributed thrust necessary to
recover the theoretical flat wing leading-edge thrust and,
therefore, avoid damaging leading-edge flow separation. The
development of the distributed thrust requires that the lead-
ing-edge slopes of the camber surface be properly matched
to the local upwash.* For this discussion it is sufficient to note
that the angle-of-attack range for which a cambered wing can
develop full leading-edge thrust (i.e., no leading-edge sepa-
ration) lies between the «,, + Aay, and the «,, — Ay curves.
For a wing whose design angle of attack does not fall within
this range, the empirical estimate of performance cannot be
made with any assurance of its accuracy due to the devel-
opment of leading-edge separation. The «a,, for the 70-deg
arrow wing lies well within its range of full leading-edge thrust.
This is an indication of a design which recovers the unattain-
able portion of the theoretical flat-wing leading-edge thrust
by the development of a distributed thrust on the forward
part of the wing, thereby producing a high level of perfor-
mance. There is a considerable margin for error in this design

since ay,, lies midway of the range of full leading-edge thrust.*

Once the values of K, K, and the theoretical suction curve
are known, Eqs. (2) and (3) can be used to estimate actual
suction parameter and drag at the cruise lift coefficient, and
the method outlined in Ref. 4 provides an estimate of per-
formance at other lift coefficients near the cruise condition.
As seen on the right side of Fig. 5, the estimate shows good
agreement with the experimental data. Note that good per-
formance as measured by the suction parameter extends well
beyond the C, ... value. The measured suction parameter
of about 0.35 for the cruise lift coefficient represents a rela-
tively efficient lifting surface for this Mach number. Full re-
covery of the theoretical flat wing leading-edge thrust would
yield a suction parameter of about 0.55 (Fig. 1).
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The remaining examples of application of the semiempirical
method are for data not used in the derivation of the method
and, therefore, provide a valid test. Data for the arbitrary
planform wing body of Ref. 20 is shown in Fig. 6. The wing
was twisted and cambered for a lift coefficient of 0.08 at a
Mach number of 2.4 using the design methods of Refs. 21—
24 with no constraints applied (except upper-surface pressures
constrained to values greater than 70% vacuum). This design
is more like that produced by the WINGDES2 code in its
default mode. The calculated values of C, 4, and C, . for
this case are 0.068 and 0.12, respectively. The «a vs span station
plot shows that for most of the span the upper limit of full
leading-edge thrust matches the design angle of attack ay.,.
The failure to match the full thrust upper limit inboard of 0.1
semispan station and outboard of 0.85 station occurs because
the leading edge is supersonic in these regions, and therefore
there is no theoretical leading-edge thrust to be attained or
recovered. Matching the upper limit of the range of full thrust
to the design angle of attack gives a wing with the mildest
camber which will maintain attached flow and give perfor-
mance comparable to a flat wing with full theoretical leading-
edge thrust.

As would be expected, the estimation method agrees well
with the measured levels of suction and drag. The measured
suction parameter at the cruise lift coefficient is about 0.36,
while full recovery of the theoretical flat wing leading-edge
thrust would yield a suction parameter of about 0.21. Thus,
in this case, the twisted and cambered wing has performance
appreciably better than the theoretical flat wing. This im-
provement is due not only to the thrust recovery but also to
the development of a wing load distribution which reduced
the wave drag due to lift and, perhaps, the vortex drag. Note
that above the cruise lift coefficient the suction parameter
decreases more rapidly than the previous case. This is a con-
sequence of a design which has the mildest camber surface
which will recover the flat wing leading-edge thrust.

Data from Ref. 25 for a 75-deg swept modified arrow wing
body are shown in Fig. 7. This configuration was part of a
NASA program to develop technology for a supersonic bomber.
It is a flying wing concept which was cambered and twisted
for a lift coefficient of 0.1 at a Mach number of 3 (a minimum
body was used to enclose the model balance). The methods
of Refs. 11 and 12 were used to define a lifting surface for
an optimum combination of loads. The number of candidate
loadings used in the design is not specified and apparently
limitations were not placed on the magnitude of the pressure
loading (e.g., at the leading edge). At a Mach number of
2.87, the leading edge is swept well behind the Mach line with
Bcot A, = 0.72. Since flat wing tests were not made, a value
of C,, was computed using the methods of Refs. 21-24.

Photographs of the model in Ref. 25 and the surface nu-
merical description indicate large surface slopes at the wing
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Fig. 6 Application of semiempirical design and estimation method to
arbitrary planform wing body. M = 2.4, R = 3.37 x 10°.
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Fig. 7 Application of semiempirical design and estimation method to
75-deg swept modified arrow wing body. M = 2.87, R = 4.2 x 10°.

apex (leading edge up). From a theoretical viewpoint the large
slopes at the apex would produce a large amount of lift for-
ward and inboard, which will create a large upwash along the
wing leading edge and, therefore, produce high distributed
thrust forces in the leading-edge region. However, Fig. 7 shows
that performance is far below the level predicted by the semi-
empirical estimation method. Using the calculated value of
Cp, the maximum suction parameter is only slightly larger
than zero. Based on observations of data for the other con-
figurations in Ref. 4, it is unlikely that this wing would give
aerodynamic performance better than a flat wing. An ex-
amination of the WINGDES2 code leading-edge flow con-
ditions shows that this design does not meet the requirements
for thrust recovery and avoidance of flow separation and that
poor performance would be expected. The large slopes at the
apex have produced large negative values of o, on the inboard
region of the wing. As a result, a, is well above the range
of full thrust across the entire span and there is, therefore,
the probability of flow separation (in fact, an oil-flow pho-
tographin Ref. 25 at C;, = 0.1 and M = 2.87 shows substantial
separation). The failure to achieve the performance predicted
by the estimation method is not surprising.

Nine additional sample applications of the semiempirical
method are given in Ref. 4. Reference 4 also examines the
use of an Euler code for estimation of the supersonic per-
formance of twisted and cambered wings and gives a brief
review of the linear theory methods for the integration of the
wing, fuselage, and nacelles into a complete supersonic cruise
aircraft.

Conclusions

A study of the estimation and minimization of drag due to
lift at supersonic speeds has yielded the following conclusions:

1) Wings with twist and camber, which substitute a distrib-
uted thrust over a broad leading-edge region for the concen-
trated flat wing leading-edge thrust, generally offer better
performance than that of the flat wing, but at levels still short
of the theoretical potential. )

2) Comparisons of modified linear theory (WINGDES2
code) and experiment for twisted and cambered wings reveal
a consistent qualitative pattern in which the maximum suction
parameter actually achieved was smaller than predicted by
the theory and the required surface for given flight conditions
has less twist and camber than that given by the theory.

3) Analysis of data indicates that the employment of a
theoretical design lift coefficient less than the desired oper-
ational lift coefficient offers an appropriate correction for
linearized theory design methods.

4) A further analysis of the data led to the development of
a semiempirical method for the selection of the proper mod-
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ified linear theory design lift coefficient and for the estimation
of achievable aerodynamic performance.

5) Application of the semiempirical estimation method to
sample cases showed that a reasonable prediction of the mea-
sured performance (including the maximum suction param-
eter and the lift coefficient at which it occurs) was given pro-
vided that leading-edge match-up conditions were met.

6) Use of the semiempirical method in conjunction with
computer- code data should provide a valuable preliminary
design tool for supersonic wing planform tradeoff studies. The
modified linearized theory methods require little effort in
preparation of input data and can be executed in a relatively
short period of time.
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