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Studies of Leading-Edge Thrust Phenomena

Harry W. Carlson* and Robert J. Mack*
NASA Langley Research Center, Hampton, Va.

A study of practical limitations on achievement of theoretical leading-edge thrust has been made and an
empirical method for estimation of attainable thrust has been developed. The method is based on 1) a
theoretical analysis of a set of two-dimensional airfoils to define thrust dependence on airfoil geometric
characteristics and arbitrarily defined limiting pressures, 2) an examination of two-dimensional airfoil ex-
perimental data to provide an estimate of limiting pressure dependence on local Mach number and Reynolds
number, and 3) employment of simple sweep theory te adapt the method to three-dimensional wings. Because
the method takes into account the spanwise variation of airfoil section characteristics, an opportunity is af-
forded for design by iteration to maximize the attainable thrust and the attendant performance benefits. The
applicability of the method was demonstrated by comparisons of theoretical and experimental aerodynamic
characteristics for a series of wing-body configurations. Generally, good predictions of the attainable thrust and
its influence on lift and drag characteristics were obtained over a range of Mach numbers from 0.24 to 2.0.

Nomenclature
b =wing span
c =local wing chord
¢ =mean aerodynamic chord
Cav =average wing chord, S/b
Cp,lim = limiting pressure coefficient used in
definition of attainable thrust
Cpvac = vacuum pressure coefficient, —2/yM?
¢ =theoretical thrust coefficient, d¢/dy gc
ct =attainable section thrust coefficient,
dr*/dy qc
c, =vortex force coefficient, (c, —c})cosA,,
Cy =axial or chord force coefficient
Cp =drag coefficient
(o} =lift coefficient
c, = pressure coefficient
Cr =theoretical wing thrust coefficient,
2 g b/2 ( c )
— ¢l — Jd
b Jo "\c, 7
C¥ =attainable wing thrust coefficient,
2 S b/2 c
ol 2)s
b Jo N\ )Y
k;,k;,k;,k, =constants used in airfoil section definition

K, =fraction of theoretical thrust actually at-
tainable c}/c,

=Mach number

= freestream Mach number

=equivalent Mach number used in definition
of K,

q = dynamic pressure

r =leading-edge radius

R =freestream Reynolds number based on ¢

S

t

t*

<xX

LY

=wing area
=theoretical section leading-edge thrust
=attainable section leading-edge thrust
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X2 = Cartesian coordinate system

o =angle of attack, rad (unless otherwise
specified)

% =ratio of specific heats

7 =location of maximum wing section thickness
as fraction of chord

Ay =leading-edge sweep angle, deg

A, =trailing-edge sweep angle, deg

A, =vortex action line sweep angle, deg

T = maximum wing section thickness

Subscripts

k =1,2,34

n =quantities pertaining to wing section normal

to leading edge with maximum thickness at
midchord (Fig. 10)

I. Introduction

EADING-EDGE thrust is an important but little un-

derstood aerodynamic phenomenon that can have a large
influence on wing aerodynamic performance. This force
results from the high local velocities and the accompanying
low pressures which occur as air flows from a stagnation
point on the undersurface of the wing around the leading edge
to the upper surface. At low subsonic speeds, the high
aerodynamic efficiency of uncambered wings with high aspect
ratios depends directly on the presence of leading-edge thrust
to counteract the drag arising from pressure forces acting on
the remainder of the airfoil. Leading-edge thrust tends to
diminish with increasing speeds, but may be present to some
degree even in the supersonic speed regime, provided the
leading edge is rounded and swept behind the Mach angle.

Leading-edge thrust for subsonic speeds may be predicted
by a variety of methods including a vortex-lattice program!
capable of handling wings of complex planform. At super-
sonic speeds, leading-edge thrust for flat wings with straight
leading edges may be determined by purely analytic means
(e.g., Ref. 2). A recently developed computer method? has
extended this capability to wings of arbitrary planform with
twist and camber. These methods, however, provide estimates
of only the theoretical thrust which may or may not be at-
tainable in the real flow.

This paper reviews a recently completed study of the factors
limiting thrust development and describes an empirical
method for the estimation of attainable thrust, which may be
programmed as a subroutine in existing lifting surface
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computer programs. The underlying analysis on which the
prediction method depends, originally presented in Ref. 4, is
herein redescribed in what is believed to be a more easily
understandable form. The present paper also presents an
improved system for application of the method to flat or
twisted and cambered wings at supersonic speeds. The ap-
plicability of the method is demonstrated by comparisons of
theoretical and experimental aerodynamic characteristics for
a series of wing-body configurations.

ii. Review of Attainable Thrust Study

Development of this method for the prediction of attainable
leading-edge thrust is based on the fundamental principle that
such forces result from pressures acting on a surface, and
limitations on the attainable pressures and the surface areas
on which they act form the only restraints on the achievement
of theoretical thrust. As illustrated in Fig. 1, the study may be
considered to cover three distinct phases. First, a program for
two-dimensional subsonic airfoils was employed to define
limitations on the theoretical thrust imposed by airfoil
geometry restraints and by arbitrarily defined limiting
pressures. Then, experimental data for two-dimensional
airfoils were used to evaluate practical limiting pressures and
their dependence on Mach number and Reynolds number.
Finally, to extend the applicability of the analysis to three-
dimensional wings, simple sweep theory was used to establish
the relationships between streamwise airfoil sections and
sections normal to the leading edge.

III. Theoretical Two-Dimensional Airfoil Analysis

A typical pressure distribution for a symmetrical airfoil
section at a moderate angle of attack is illustrated in Fig. 2.
Pressures are plotted as a function of distance along the chord
line and also as a function of distance normal to the chord
line. Integration of the pressure curve in the first plot yields
the section normal force; integration of the curve in the
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Fig. 1 Major elements of the attainable thrust study.
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Fig.2 Typical theoretical pressure distribution.
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second yields the section thrust coefficient. An important
feature of this pressure distribution is the large suction
pressure peak in the vicinity of the nose of the airfoil. This is,
in fact, the dominant feature of the second plot and thus is the
dominant factor in the determination of the section thrust
coefficient. Linearized theory places no bounds on the
magnitude of the peak suction pressure, which, therefore, can
become much greater than practically realizable values. In
particular, the theory can easily cail for pressures which
exceed the vacuum limit depicted on the figure. As can be seen
here, limitations imposed by practically realizable pressures
may have a relatively insignificant effect on the normal force
but could, at the same time, severely limit the attainment of
the thrust force.

For the series of symmetrical two-dimensional airfoil
sections shown in Fig. 3, the subsonic airfoil program of Ref.
S5 was employed to define pressure distributions and in-
tegrated thrust coefficients. The airfoils were defined by the
following equation:

2=k Vx+kox+k;x3? 4k x?

in which the coefficients were selected to produce the required
chord, thickness, and leading-edge radius for a wing section
with maximum thickness at midchord. Maximum airfoil
thickness ranged from 6 tc 18% of the chord, and leading-
edge radius ranged from 2 to 16% of the maximum thickness.
For a given airfoil, pressure distributions and coefficients

_covering a range of Mach numbers were found by applying

the Prandtl-Glauert rule,

C,N1—Mj; =const

to pressure distributions obtained at a Mach number of 0.01.
This simple means of handling Mach number effects was
employed for the sake of consistency with methods using
linearized theory for estimating theoretical thrust. Program
values of the integrated section thrust coefficient

~

c, = 5dez

|

were found to be relatively independent of the airfoil
thickness and the leading-edge radius and to be in reasonably
good agreement with the two-dimensional theoretical value.
In order to determine the effect on the thrust coefficient of
more realistically attainable pressure distributions, the
program integration was performed twice—once without
limitation and once with limitation to values greater than or
equal to the vacuum pressure coefficient (limiting the suction
peak). Definition of effective limiting pressures more
restrictive than the vacuum limit will be discussed in a later
section of the paper. This limitation is intended to account, in
an approximate way, for two of the factors which limit at-
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Fig.3 Airfoil sections employed in study.
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Fig. 4 Typical program evaluation of the thrust factor for a vacuum
pressure limitation.
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Fig. 5 Thrust factor dependence on airfoil parameters for a vacuum
pressure limitation.

tainable thrust: the failure to attain theoretical peak suction
pressures and the tendency of these peaks to occur at a more
rearward position on the airfoil. The limited value of c, is
designated ¢} and the attainable thrust ratio or the thrust
factor is simply: K =c}/c,.

Shown in Fig. 4 is an example of the variation of the thrust
factor with angle of attack (and with the theoretical thrust
coefficient) for a given airfoil section at a given Mach
number. Inset sketches show pressure distributions for
5,10,15, and 20 deg angles of attack. As the figure shows, the
vacuum pressure limitation can be quite severe for large
angles.

Program data are shown in Fig. 5 for the complete range of
airfoil parameters and for Mach numbers of 0.3, 0.5, 0.7, and
0.9. For a given Mach number, the thrust factor K, was
found to correlate well with the parameter

e N1=M7/(1,/¢,) (ry/c,) %

The subscript » refers to quantities associated with an airfoil
section with maximum thickness at midchord. For a two-
dimensional airfoil with an arbitrary location of maximum
thickness #: c¢,=29c, 7,=7, r,=r M,=M,, and
c,,=c,(c/c,)/2n. This substitution permits the program-
generated data for sections with maximum thickness at the
midchord to be applicable to a wider variety of shapes. It is
based on the premise that thrust characteristics are deter-
mined almost entirely by the nose section geometry and are
little affected by geometry changes aft of the maximum
thickness. In the section of the paper dealing with the ex-
tension of the analysis to three-dimensional wings, a broader
interpretation is given to the use of the subscript ». In general,
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Fig. 6 Determination of an effective Mach number for an arbitrary
pressure limitation.

it designates properties of a section normal to the leading edge
of a swept leading-edge wing with maximum thickness at the
midchord.

In Fig. §, a thrust factor which decreases with increasing
theoretical thrust is clearly shown. The correlation plot also
shows the tendency of increased thickness or increased
leading-edge radius to improve the thrust factor. The curve fit
is described by a single equation covering the full range of
airfoil parameters and Mach numbers.

_T_n (‘r_n)OA 06
2(1-M2) ¢, \¢C
r= 73 n c,,: - —an, but not greater than 1.0

)

The limitation of K, to values no greater than 1.0 permits
attainable thrust to equal but not exceed the theoretical thrust.
Note that the curve fit allows the thrust to go to zero when
either the thickness or the leading-edge radius goes to zero. If
both thickness and leading-edge radius go to zero, zero thrust
is to be expected. However, as long as there is some thickness,
an airfoil with a leading-edge radius of zero could produce a
small amount of thrust because of the upper-surface suction
pressure peak acting on forward facing slopes. Probably a
more important consideration is that real leading-edge radii
can never be zero and some attempt should be made to
estimate an effective leading-edge radius with theoretically
sharp edges.

Equation (1) was developed to cover data in which the
limiting pressure coefficient was set equal to the vacuum
pressure coefficient. The results, however, can be generalized
to cover a full range of limiting pressures between 0 and C,
for a given Mach number M, by means of the following logic.
As illustrated by the pressure distributions shown in Fig. 6,
for a given airfoil section at a given angle of attack, the
pressure coefficient at any point on the airfoil will vary with
Mach number according to the Prandtl-Glauert rule. If the
limiting pressure C,j, changes in this same fashion, the
thrust factor K, will be the same at all Mach numbers. Thus,
for any Mach number M, different from the Mach number
under consideration, K, will be the same as for M, provided
that

NI1-M?

Cpim (M) =Cp i (M) Niy)
If M, is selected so that C,, (M,) is equal to the limiting
vacuum pressure for that Mach number C, ., (M,), the
appropriate value of K, for the Mach number under con-
sideration can be found from Eq. (1) by substituting M, for
M,. The required M, can be found by setting C,,,. (M,)
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equal to C, y;,, (M, ) and solving for M,. Thus, A summary of the data used in defining the limiting
pressure coefficient is shown in Fig. 9. The ratio of the

Cpvac M) =Cp i (M,) limiting pressure to the vacuum pressure is shown as a func-

tion of the Mach number. There is obviously a strong

or dependence of the limiting pressure coefficient ratio on the
) WW Mach number. Although the absolute value of the pressure

coefficient decreases with increasing Mach number, the
fraction of the vacuum pressure increases to values ap-
proaching 1.0 for Mach numbers near 1.0. There is also a
and, on solving for the equivalent Mach number, weak but definite tendency of the limiting pressure coefficient
to increase with increasing Reynolds number. The curve fit
shown on Fig. 9 is intended to cover the Mach number and

= Chun (M)
yz ~ rim M) T

2 ; - — % @ Reynolds number trends of the data. The curve fit is defined
M= — [\/ + NI =M —1] ion:
= G, NI M (vCptim ) ) by the equation:

—~2 R,x107° 0.05+0.35(1—M,)°
Com = oo | o e i | @
Thus, the thrust factor can be expressed as P yM2 LR, X 10~% +10¥3Mn)
T r 0.4
N (—") 0.6 This form was chosen to allow the limiting pressure to ap-
=2 (I-M7)| ¢€n \Cy proach the vacuum pressure as the Reynolds number ap-

but not greater than 1.0 proached infinity and to allow the limiting pressure to ap-

proach zero as the Reynolds number approached zero. With

3) the definition of effective limiting pressure coefficients, the
two-dimensional analysis portion of the study is now com-
plete.

r M, c,!,,\/I—Mf,

where M,, as defined by Eq. (2), covers the fuill range of
possible limiting pressures. These expressions [Eqgs. (2) and

(3)] describe the variation of the thrust factor with the V. Extension of Analysis to Three-Dimensional Wings
theoretical thrust, with airfoil parameters, with Mach In order to develop an attainable thrust prediction method
number, and with limiting pressure coefficients, which will be applicable to three-dimensional wings, the familiar concepts
defined in the next section. Figure 7 depicts the final form of of simple sweep theory were employed. As shown in Fig. 10,
thrust factor dependence on airfoil parameters and on an the freestream flow is separated into two parts, with one
arbitrarily defined limiting pressure coefficient. component of velocity parallel to the leading edge and the

other perpendicular or normal to the leading edge. It is
IV. Experimental Two-Dimensional Airfoil Analysis

In order to define practical values of the limiting pressure NACA 64A009
. . : s O EXPERIMENT
coefficient, the as yet incomplete prediction method was < T L THEORY. FULL THRUST
applied to experimental two-dimensional airfoil data%’ for T/C = .09 BY ITERATION

PRESENT METHOD, Cp :

riC =, 0056

symmetrical sections. As illustrated in Fig. 8, correlations of
axial force coefficients calculated by this method with ex-
perimentally determined axial force coefficient were used to
determine, by iteration, values of C,;, which appeared to
match the experimental trends. There is clearly a trend of
reduced leading-edge thrust coefficients and reduced limiting
pressure coefficients required for correlation as the Mach
number increases. A more complete set of data used in the
definition of limiting pressure coefficient is given in Ref. 4.
This study revealed a need for better and more complete two-

Mg =.7 6
R=1L34x10

[N

L
4

dimensional airfoil data for symmetrical sections. In par- . ) 0 2 )
H a, ae
ticular, a greater range of angle of attack and a greater range o teg o deg v
of Reynolds number would be desirable. Fig. 8 Sample of data used in the evaluation of a limiting pressure
coefficient.
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bitrary pressure limitation. number and Reynolds number.
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Fig. 11 Estimation of vortex force location.

assumed that, through the transformations discussed, the
streamwise section leading-edge thrust characteristics can be
related to the characteristics of a two-dimensional section
which is normal to the leading edge and operates in a velocity
field defined by the normal flow vector. To define the airfoil
section normal to the leading edge at any given span station, a
superimposed arrow wing is introduced. This phantom wing
has the same sweep angles of the leading edge, the trailing
edge, and the maximum-thickness line as does the actual wing
at the same span station. Derivations of the following
relationships between normal and streamwise quantities are
given in the appendix of Ref. 4.
The normal flow Mach number is defined as

M,=M_cosA, (5)

The chord of the normal section is defined in order to place
the maximum thickness at midchord. The ratio of the normal
section chord to the streamwise section chord may be ex-
pressed as

L 2 (6)
¢ sinA,[(/—n)tanA, +ntanA, ] +cosA,

For an unswept trailing edge, Eq. (6) simplifies to

c 2ncosA,,

n
¢ 1—nsin?A,

J. AIRCRAFT

and for unswept leading and trailing edges, or two-
dimensional sections, the equation may be further reduced to

The thickness-to-chord ratio of the normal section may be
expressed as

T, T 1
2=l ™

c, e 2ncosA,,

and the ratio of the leading-edge radius to chord for the
normal section is

r, r 1
— s ®

¢, € 29c0s?A,

The normal section thrust coefficient is related to the
streamwise section thrust coefficient by

c 1 ©)
e &
Ctn ‘e, cos?A,

The normal flow Reynolds number is
CII
R, =R—cosA,, (10)
¢

In regions of the wing leading edge away from the apex and
away from the wing-body juncture, the preceding expressions
are believed to provide a reasonable basis for two-
dimensional analysis of leading-edge thrust phenomena. In
those regions where the analysis is most questionable, thrust
values are generally small and errors in the attainable levels
should have little impact on the overall performance of the
wing.

With this development of the relationship between
streamwise and normal airfoil section parameters, the set of
equations for use in prediction of attainable thrust is com-
plete. The prediction process may be summarized as:

1) Equations (5-10) are used to define normal airfoil
parameters as a function of streamwise airfoil parameters for
a series of spanwise wing stations.

2) Equation (4) defines the effective limiting pressure
coefficient as a function of the local normal Mach number
and Reynolds number.

3) Equation (2) provides an effective local Mach number
for use in Eq. (3) to define the ratio of the attainable thrust to
the theoretical leading-edge thrust.

VI. Separated Leading-Edge Vortex Considerations

For sharp leading-edge wings, for which it may be assumed
that no leading-edge thrust develops, Polhamus?® established a
relationship between the normal force induced by the
separated vortex flow and the theoretical leading-edge thrust.
According to the Polhamus suction analogy, the suction
vector, C,/cosA,,, is assumed to rotate to a position normal to
the wing surface where it affects the normal force rather than
the chord force. In the present method, which treats a par-
tially developed leading-edge thrust, it would seem logical to
consider a partial development of the vortex force. The
simplest approach would be to equate the vortex force to the
undeveloped thrust

¢, = (¢, —cf) /eosh,,

This treatment differs from that given in Ref. 4, where a
gradual rotation of the thrust vector was postulated. As will
be seen later, the present scheme provides a simpler way of
handling thrust and vortex forces for wings with twist and
camber.
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The suction analogy provides no information on the point
of application of the vortex force vector. There is an implied
assumption that it acts just behind the leading edge since no
provision is made for a loss in vortex-induced normal force
that might result when any portion of the vortex flowfield lies
behind the wing trailing edge. Since the vortex flowfield can
act at locations which under some conditions may be far
removed from the leading edge, accurate estimates of the
vortex-induced normal force, and more particularly the
pitching moment, can be made only with some knowledge of
the location of the vortex flowfield.

For the special case of wings designed for supersonic cruise
and operating at supersonic speeds, it appears that a simple
empirical relationship shown in Fig. 11 may be used to
provide an approximate location for the vortex action line.
This case is simplified because wings designed for supersonic
cruise tend to approach delta planforms and because delta
wings at supersonic speeds display a conical flowfield. Data
for delta wings from Refs. 9 and 10 were used to define the
location of the center of the vortex flowfield as a function of
the angle of attack. The data provided no discernable evidence
of trends with the other parameters, Mach number, and sweep
angle. The curve fit shown on the figure is given by

coth, 1
coth,, ~ I+2.7tana

The present method for estimation of attainable leading-
edge thrust has been developed for flat wings with sym-
metrical sections. However, the method is adaptable to wings
with limited twist and camber when it is coupled with lifting-
surface programs capable of providing accurate theoretical
leading-edge thrust distributions. Figure 11 will help to
illustrate this application. Since the airfoil profile in the
immediate vicinity of the leading edge has a dominant in-
fluence on thrust characteristics, it should be possible to
analyze the attainable thrust by performing calculations for a
comparable symmetric wing section. This section would have
a plane of symmetry which is tangent to the mean camber
surface of the nonsymmetrical section at the leading edge. The
superimposed symmetrical section could be assumed to have
the same thickness ratio, leading-edge radius, and location of
maximum thickness as the cambered section. The thrust
vector would be assumed to act at an angle with respect to the
wing-chord plane defined by the tangent to the camber sur-
face. The vortex force would be assumed to act at a point
defined by the vortex action line and to act normal to the wing
surface. For a cambered wing, the vortex force can thus
contribute to chord force as well as the normal force and the
pitching moment.

For the examples given in this paper, the empirical vortex
action line relationship was used to locate the vortex force at
supersonic speeds only. With some diligent work, it might be
possible to devise similar charts for certain classes of wings at
subsonic speeds. In the absence of such information, the
subsonic calculations were based on the assumption of a
vortex force acting at the leading edge.

YII. Comparisons with Experimental Data

Since the prediction method is based on two-dimensional
flow considerations, it should work well for wings with little
or no leading-edge sweep (an example is given in Ref. 4). A
more severe test of the method will be given in correlations
with data for wings with large leading-edge sweep angles, as
shown in Figs. 12-15. Theoretical leading-edge thrust
distributions were evaluated for subsonic and supersonic
speeds by means of computer programs described in Refs. 1
and 4, respectively. The attainable thrust estimate was then
obtained by input of these distributions into a special,
separate computer program which implemented the com-
putational process previously described. In computing the lift
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curve slope and the theoretical thrust distribution, the
complete wing planform through the body was employed.
This was done so that body carryover lift would not be
neglected in the calculation of total lift and in the deter-
mination of leading-edge thrust. However, after theoretical
leading-edge thrust distributions were obtained, that portion
of the thrust inboard of the wing-body juncture was ignored.
Theoretical lift and drag coefficients were formulated in order
to be compatible with the Polhamus leading-edge suction
analogy as described in Sec. VI.
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Fig. 16 Comparison of theory and experiment for a twisted and
cambered wing.

The comparisons of theory and experiment shown in Figs.
12-16 are all of the same form. Axial force coefficient and
drag coefficient are given as functions of the lift coefficient.
The axial force is obviously the most sensitive indicator of the
presence of leading-edge thrust and should be the primary
gage of the success of failure of the estimation method. In
observing the lift coefficient-drag coefficient polar, the
transition from full or near-full thrust at low-lift coefficients
to smaller values of thrust at high-lift coefficients is of in-
terest. The lift curve slope, which is not shown here, is defined
by the basic lifting surface program, and the degree of
leading-edge thrust has only a small influence. For these
correlations, no attempt was made to calculate theoretical
zero-lift drag; instead, the experimental drag was used. To
help assess the importance of leading-edge thrust, theoretical
data are shown for the limiting conditions of zero and full
theoretical thrust. In these figures, one parameter varies as the
others remain essentially constant, to provide a test of trends
predicted by the new method.

In Fig. 12, data are shown for delta wings with leading-edge
sweep angles of 45.0 and 63.4 deg.!! In both instances, the
new method gives a good estimate of the measured
aerodynamic characteristics at a Mach number of 0.25 for the
5%-thick wing. For the 63.4 deg swept wing, the prediction of
lift and drag is seen to be reasonably good in spite of some
error in the axial force.

The three parts of Fig. 13 show data for a 63.4 deg swept
delta wing with thickness ratios of 3,5, and 8% at a Mach
number of 0.24 and a Reynolds number of about 5x 10°%.!!
Except for the 8%-thick wing, there is no appreciable
discrepancy between the experimental data and the estimate
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by the present method. For this sweep angle and this wing
section, the normal airfoil thickness ratio is about 0.3;
whereas, the largest thickness ratio used in derivation of the
thrust factors was 0.18. However, there is a reasonably good
prediction of the lift-drag ratio in spite of the discrepancy
between predicted and measured thrust at the higher lift
coefficients.

The variation of attainable thrust with Mach number may
be observed in the three parts of Fig. 14. The wing is a 63.4
deg swept delta with a 5%-thick section.!! At a Mach number
of 0.24, the data are little different from that seen previously.
At a Mach number of 0.9, the experimental data and the
prediction show a decrease in attainable thrust; but this does
not result in a decrease in the lift-drag ratio because of the
higher lift-curve slope. Because of the difficulty of predicting
transonic flows, the good correlation shown here may be
somewhat fortuitous. At the supersonic Mach number of 1.3,
there is still evidence of some degree of leading-edge thrust.
Although the thrust characteristics are well predicted, there is
an appreciable difference in the lift-drag ratios. A discrepancy
between the theoretical and measured lift at 0 deg angle of
attack accounts for most of this difference.

The variation of attainable thrust with Reynolds number
may be explored with the aid of data from Ref. 11 shown in
Fig. 15. The range of Reynolds numbers covered is not as
large as desired; nevertheless, Reynolds number trends are
evident. Thrust levels and trends indicated by the predicted
axial force coefficient agree closely with the experimental
data.

Data at three supersonic speeds for a twisted and cambered
wing with a complex planform shape!? are shown in Fig. 16.
It is seen that the present method provides a more accurate
estimate of the variation of chord force with lift coefficient
than does either the zero thrust or full-thrust theory.
However, this does not necessarily produce a corresponding
increase in accuracy of the variation of drag with lift. At these
higher supersonic Mach numbers, the linearized theory
estimate of the wing normal force is subject to errors because
of nonlinearities in the real flow (for example, the influence of
vacuum pressure limitations and the tendency for com-
pression pressures to increase at a greater than linear rate with
increasing local slope). These other sources of error must be
taken into account in order to provide an increase in accuracy
of the overall estimate of wing aerodynamic characteristics
for supersonic speeds.

VIII. Design Application

Because the present method of predicting attainable
leading-edge thrust takes into account the spanwise variation
of airfoil section characteristics, an opportunity is afforded
for design by iteration to maximize the attainable thrust and
the attendant performance benefits. The design may take into
account variations in planform shape or spanwise variations
of any of the wing section parameters. An example of design
application of the prediction method is given in Ref. 4.

Application of the present method to the design of wings
for supersonic cruise vehicles is of particular interest. Thrust
considerations are normally ignored in supersonic
aerodynamic theory, and wing lifting efficiency is optimized
through use of twist and camber alone (e.g., Ref. 13). The
resultant wing camber surfaces, however, may be too severe
for incorporation into practical airplane designs. The large
root chord angles and the resultant large cabin floor angles
are particularly troublesome. If design by iteration using the
present method could result in attainment of near-theoretical
leading-edge thrust over even a limited range of angle of
attack or lift coefficient, the wing design lift coefficient and
the resultant camber surface severity could be reduced ac-
cordingly with little or no loss in aerodynamic efficiency.
Some of the implications of thrust consideration in the design
of vehicles for supersonic cruise are discussed in Ref. 14.
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IX. Concluding Remarks

A study of practical limitations on achievement of
theoretical leading-edge thrust has been made and an em-
pirical method for estimation of attainable thrust has been
developed. The method is based on 1) a theoretical analysis
of a set of two-dimensional airfoils to define thrust depen-
dence on airfoil geometric characteristics and arbitrarily
defined limiting pressures, 2) an examination of two-
dimensional airfoil experimental data to provide an estimate
of limiting pressure dependence on local Mach number and
Reynolds number, and 3) employment of simple sweep
theory to adapt the method to three-dimensional wings.
Because the method takes into account the spanwise variation
of airfoil section characteristics, an opportunity is afforded
for design by iteration to maximize the attainable thrust and
the attendant performance benefits. The applicability of the
method was demonstrated by comparisons of theoretical and
experimental aerodynamic characteristics for a series of wing-
body configurations. Generally, good predictions of the
attainable thrust and its influence on lift and drag charac-
teristics were obtained over a range of Mach numbers from
0.24t02.0.
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