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Fundamental Aerodynamic Characteristics of Delta Wings
with Leading-Edge Vortex Flows

Richard M. Wood*and David S. Miller*
NASA Langley Research Center, Hampton, Virginia

An investigation of the aerodynamics of sharp leading-edge delta wings at supersonic speeds has been con-
ducted. The supporting experimental data for this investigation were taken from published force, pressure, and
flow-visualization data in which the Mach number normal to the wing leading edge is always less than 1.0, The
individual upper- and lower-surface nonlinear characteristics for uncambered delta wings are determined and
presented in three charts. The upper-surface data show that both the normal-force coefficient and minimum
pressure coefficient increase nonlinearly with a decreasing slope with increasing angle of attack. The lower-
surface normal-force coefficient was shown to be independent of Mach number and to increase nonlinearly, with
an increasing slope, with increasing angle of attack. These charts are then used to define a wing-design space for

sharp leading-edge delta wings.

Nomenclature
R =aspect ratio
(08 =lift coefficient
AC, =nonlinear incremental change in lift coefficient

with respect to the linear lift coefficient
=Cpia=20 deg (20) Cp,
=lift-curve slope
N =normal-force coefficient
C4,CY% =wing lower-and upper- surface normal-force
coefficients, respectively
ACy =nonlinear incremental change in normal-force
coefficient with respect to the linear normal-
force coefficient

Cp =pressure coefficient

C¥ min =minimum wing upper-surface pressure
coefficient )

Cp, =vacuum pressure coefficient, = —2/yM?

! = configuration length

M =Mach number

My = component of Mach number normal to wing
leading edge, =McosA,g(l+sin‘atan’A;g)”

Sy =Reynolds number

X2 = Cartesian coordinates

a =angle of attack

N =angle of attalck normal to wing leading
edge, =tan~/(tana/cosA;g)

B =vVM? -1

7 =fraction of local wing semispan

Arg =wing leading-edge sweep angle

Introduction

ERODYNAMICISTS have pursued the goal of efficient

supersonic flight for some time. Associated with super-
sonic flight are “‘real-flow”> characteristics (compressibility, !
vacuum limit,> and boundary-layer stability!) which can
significantly affect wing performance. For low levels of lift,
the effect of these restrictive real-flow characteristics on
aerodynamic performance has been identified and has
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resulted in the development of the existing attached-flow,
linear-theory-based, wing-design methods.?* Attached-flow
wing-design methods have successfully produced optimum
twisted and cambered wings for efficient low-lift supersonic
flight at Mach numbers of 1.8-2.8%% At high-lift conditions,
the impact of compressibility, vacuum limit, and boundary-
layer stability on wing design becomes more restrictive and
the application of attached-flow wing-design methodology
might prove unsuccessful. In general, linear-theory methods
cannot accurately model the nonlinear characteristics which
can dominate the lifting characteristics at these conditions,
and nonlinear attached-flow wing-camber designs’ are
susceptible to boundary-layer separation. An alternate high-
lift wing-design concept that might not be as susceptible to
boundary-layer separation would employ wing-leading-edge
vortex flow. This separated-flow wing design approach
would employ a leading-edge vortex that would be position-
ed on the forward portion, upper surface of a cambered
wing where the vortex-induced suction pressures would pro-
duce both an increase in lift and a decrease in drag. The
separated-flow wing-design philosophy has been studied
extensively at subsonic speeds®® and has led to the design of
several unique leading-edge devices,!®!! such as ‘‘vortex
flaps.”” However, no significant amount of theoretical or ex-
perimental work has been conducted on the application of
the separated-flow design philosophy at supersonic speed.

This paper discusses the real-flow limitations associated
with wing leading-edge vortex flows for high-lift wing design
at supersonic speeds, and identifies a wing-design space appli-
cable for separated flows at supersonic speeds. The supporting
information for this study was taken from published force,
pressure, and flow-visualization data for flat and cambered
delta wings.'??* All data presented in this paper are for condi-
tions in which the Mach number normal to the leading edge is
always less than 1.0.

Discussion
Background

Over the past 40 years, the understanding of wing leading-
edge separated flows at supersonic speeds has not been pur-
sued, theoretically or experimentally, with the same vigor as
that for attached flows. The reasons for the lack of parallel
growth between the two wing-design concepts are many. The
two major contributors are probably the theoretical complex-
ity involved in modeling separated flows and the belief that
separated flows at supersonic speeds will always produce large
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drag penalties. An examination of the existing data base for
sharp leading-edge delta wings raises some doubts about the
validity of this second assumption for high-lift conditions.
The data suggest that significant improvements in aero-
dynamic performance can be obtained through the manage-
ment of wing leading-edge vortices.3%:36

The lifting characteristics of delta wings with subsonic,
sharp leading edges at supersonic speeds have been
documented extensively. In 1948, Mayer? identified the
minimum attainable upper-surface pressure coefficient value
to be 70% of the vacuum pressure coefficient. The identifica-
tion of this upper-surface pressure limit has had a significant
impact on supersonic wing camber design to the present day.
In 1957, Hill'® presented the positive:nonlinear increment in
normal-force coefficient as a function of the parameter Scot
Arg (upper left of Fig. 1). The data indicate that for small
values of BcotA, g, large increments in nonlinear normal force
exist which could result in nonlinear lift. The combination of
low Mach number and high leading-edge sweep conditions at
which nonlinear lift occurs was supported further by the find-
ings of Brown and Michael®” in 1954 and Squire et al.27:35:38 in
1963, 1967, and 1980. The variation in nonlinear lift at super-
sonic speeds for delta wings at 20 deg angle of attack is
presented as a function on the parameter RBcotA, ¢ in the up-
per right of Fig. 1. The figure shows that significant amounts
of nonlinear increasing lift (AC, >0) can be obtained for
values of RBcotA; g less than 0.50. For values of RBcotA, g
between 0.50 and 1.00, which has been the range of M and A, g
of primary interest for supersonic flight, nonlinear lift effects
are not present. And for values of ARBcotAyg greater than
1.00, nonlinear decreasing lift (AC, >0.0) occurs.

Another interesting correlation was performed by Love3! in
1955 in which the ratio of the experimental and theoretical lift-
curve slope was presented as a function of the parameter
Beot Ay g (lower left of Fig. 1). The figure shows that for
values of ScotA g greater than 0.50, the experimental values
of lift-curve slope never reach the level predicted by linear
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theory and, for vales of ScotA, ; between 0.50 and 1.00, there
is essentially no increase in the experimental lift-curve slope.
These results suggest that separated-flow wing designs should
be performed for BcotA;g between 0.50 and 0.70 to provide
the maximum opportunity for vortex formation without a loss
in lifting effectiveness.

In 1983, Miller and Wood* expanded on the Stanbrook-
Squire boundary® by identifying six distinct attached- and
separated-flow categories (bottom right of Fig. 1) for delta
wings at angle of attack. Based upon the reclassification of the
flow categories for delta wings, it was suggested that future
supersonic separated-flow wing-design work should be per-
formed for M, less that 0.9 and a from 10 to 40 deg (shaded
region). Within this range of normal angle of attack and nor-
mal Mach number, the data of Ref. 39 indicate that a wing
leading-edge vortex will form and that a significant amount of
vortex-induced suction force will be available for drag
minimization.

Aerodynamics of Uncambered Delta Wings

To define a high-lift, separated-flow wing-design pro-
cedure, an understanding of the aerodynamic restrictions that
exist at supersonic speeds is required. A review of the
literature revealed a large amount of experimental force,
pressure, and flow-visualization data for flat delta wings and a
limited amount of similar data for cambered delta wings at
supersonic speeds. This section of the paper will investigate
how wing leading-edge sweep, Mach number, and angle of at-
tack affects the lifting characteristics of the upper and lower
wing surfaces of delta wings and will provide insight into their
impact on the design of a separated-flow high-lift wing.

Through the compilation and correlation of the force and
pressure data, the separated-flow aerodynamic characteristics
and a separated-flow design space will be identified. By
limiting this discussion to separated flows, the available design
space shown in the bottom right of Fig. 1 can be reduced in
half with the application of the attached-flow/separated-flow
boundary (Fig. 3). The area below the boundary includes all
three regions of separated-flow identified by Miller and
Wood.?»

Further reductions in the size of the design space can be
made with the identification of upper and lower Mach
numbers of the supersonic envelope. For this discussion, the
lower supersonic Mach number is defined as that value at
which the leeside flow characteristics over a flat delta wing
depart from a conical flow condition, and the upper Mach
number for each wing leading-edge sweep initially will be iden-
tified by the attached/separated-flow boundary shown in Fig.
2. The lower Mach number boundary was identified to be
M=1.2 by reviewing pressure data for a series of delta wings
at Mach numbers from 0.6 to 3.5.'% This lower Mach
number boundary is shown in Fig. 3. An example of the data
used to establish this lower Mach number boundary is
presented in Fig. 4 as spanwise pressure distributions at dif-
ferent longitudinal (x/¢) stations for an aspect ratio (R) 1.0
delta wing at Mach numbers of 0.6, 0.9, 1.2, and 1.6. The
pressure data clearly show that nonconical flow conditions
exist at both M=0.6 and 0.9. However, between M =0.9 and
1.2 the pressure data show a definite change from a non-
conical nature to a very nearly conical flow on both the upper
and lower surfaces. At a Mach number of 1.6, the spanwise
pressure distributions are definitely conical and remain conical
out to M =13.5. Based upon this analysis, the lower supersomnic
Mach number was defined as 1.20.

Typical effects of Mach number and angle of attack on the
spanwise pressure distribution for an R=1.0 delta wing are
presented in Fig. 5. From the data on the left of the figure, it
can be shown that at a constant angle of attack of 15 deg,
increasing the Mach number from 0.6 to 0.9, from 0.6 to 1.2,
or from 0.6 to 1.6 results in a reduction in upper-surface
normal-force coefficient (assuming conical flow) of 11, 34,
and 43%, respectively. A reversal of these upper surface ef-
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Fig. 4 Spanwise pressure distributions for an R=1.0 delta wing at
a=15 deg.

fects is found on the lower surface where the lifting force in-
creases (assuming conical flow) with an increase in Mach
number. As Mach number increases, the gain in lower-surface
lift does not completely compensate for the loss in upper-
surface lift and the result is a loss in total lift coefficient with
increasing Mach number at a constant angle of attack. The
combination of a loss in the upper-surface lift with an increase
in lower-surface lift highlights the impact of compressibility
and vacuum limit on the lifting efficiency at supersonic
speeds.

Presented on the right of Fig. 5 is the effect of increasing
angle of attack on the spanwise pressure distribution at
M=0.6, 0.9, 1.2, and 1.6 for the R=1.0 delta wing. the
pressure data show that at M=0.6 and 0.9, both the upper-
and lower-surface pressures increase proportionately. The
data for M=1.2 and 1.6 indicate a shift in lifting force from
the upper to the lower surface. This effect is quantified in Fig.
6, which depicts the percentage of lift on both the upper and
lower surfaces for both 10 and 20 deg angle of attack. The
graph in Fig. 6 shows that at subsonic speeds (M=0.6 and
0.9), approximately 70% of the given lift (assuming conical
flow) comes from the upper surface, regardless of angle of at-
tack. At M=1.2 and a =10 deg, the upper surface carries 70%
of the lift, but at oo =20 deg this is reduced to 60%. This trend
is even more pronounced at M =1.60 where at o= 10 deg the
upper surface dominates with 65% of the lift, and at o =20
deg it has been reduced to 40% of the lift. The shifting of lift
from the upper to the lower surface with increasing angle of
attack at supersonic speeds is a combination of nonlinearly
decreasing upper-surface normal force (vacuum limit
dominated effect) and nonlinearly increasing lower-surface
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Fig. 5 Effect of Mach number and angle of attack on the spanwise
pressure distributions at x/{=0.625 for R =1.0 delta wing.

normal force (compressibility dominated effect). These results
suggest that only at subsonic speeds (M <0.9) can the lift in-
crement between the linear potential-theory solution and ex-
perimental data belong solely to upper-surface vortex-induced
effects. At both transonic and supersonic speeds, the lift incre-
ment is probably due to a combination of both nonlinear
lower surface (compression) and nonlinear upper surface
(vortex) effects. In particular, at supersonic speeds, the upper-
surface vortex-induced lift increment reduces with increasing
angle of attack and the lower-surface compression lift incre-
ment increases with increasing angle of attack.

A summary of the individual normal-force characteristics of
the upper and lower surfaces for flat sharp leading-edge delta
wings is presented in Figs.7-9. Figures 7 and 9 were formulated
by integrating experimental spanwise pressure distributions to
extract a section upper- and lower-surface normal-force coef-
ficient. The normal-force coefficients then were used to repre-
sent the wing upper or lower-surface normal-force coefficient
based upon the known existence of conical flow for delta
wings at supersonic speeds. The curves of Figs. 7-9 comprise a
range of Mach number from 1.5 to 3.5 and leading-edge sweep
of 58-85 deg. The results could not be produced for Mach
numbers below 1.5 because of insufficient experimental data.
As shown in Fig. 7, when the upper-surface normal-force
coefficient (C% ) plotted as a function of the parameter

Bt .

anfBeotA g, the data reduce to a family of constant Mach
number curves. The large effect of Mach number on upper-
surface normal force is clearly shown; for example, an in-
crease in Mach number from 1.5 to 2.0 reduces the maximum
upper-surface lifting potential by 50%. The large reduction in
upper-surface lifting capability with increasing Mach number
is due to the restriction of the upper-surface suction pressures
by the vacuum pressure limit. The characteristics of the curves
of Fig. 7 also indicate that for a given Mach number and
leading-edge sweep, an increase in angle of attack will result in
an upper-surface normal-force coefficient that increases
nonlinearly with a decreasing slope. The data can be ex-
trapolated (dashed line) to show that the upper-surface
normal-force coefficient eventually will reach a maximum
level and remain constant for all further increases in angle of
attack.

Presented in Fig. 8 is the upper-surface minimum pressure
coefficient (C§ min) plotted as a function of the parameter
anBeotAq ;. These data also form a family of constant Mach
number curves. Also noted on this figure is the percent of
vacuum limit which was attained for that particular Mach
number. The data show that the percent of the vacuum
pressure actually attained is reduced with increasing Mach
number. At a Mach number of 3.50, only 75% of the vacuum
limit was reached, however, at a Mach number of 1.50, 97%
of the vacuum limit was attained. For Mach numbers below
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Fig. 6 Effect of Mach number and angle of attack on the distribu-
tion of lift between the upper and lower surface of an R=1.0 delta
wing.

I
0 10 20 30 40 50

{Bcot ALE)(uN)
Fig. 7 Effect of Mach number, angle of attack, and leading-edge
sweep on the upper-surface normal-force coefficient for flat delta
wings.
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Fig. 8 Effect of Mach number, angle of attack, and leading-edge
sweep on the upper-surface minimum pressure coefficient for flat
delta wings.

1.50, the data suggest that 100% of the vacuum limit might be
achievable. These results contradict the findings of Ref. 2 and
indicate that the 70%-of-vacuum pressure limit is not gen-
erally applicable for the separated-flow, high-lift, wing-design
concept.

The variation in the lower-surface normal-force coefficient
is presented in Fig. 9. Unlike the data of Figs. 7 and 8, which
showed that the upper-surface characteristics are a function of
leading-edge sweep, Mach number, and angle of attack, the
lower-surface characteristics were found to be only a function
of leading-edge sweep and angle of attack. The lower-surface
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Fig. 9 Effect of Mach number, angle of attack, and leading-edge
sweep on the lower-surface normal-force coefficient of flat delta
wings.
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Fig. 10 Matrix of points for 0.4 design normal-force coefficient.

normal-force coefficient (C% ) is plotted as a function of the
normal angle of attack («) and results in a family of constant
leading-edge sweep curves. Each of these curves is comprised
of a range of Mach numbers, with the only limitation being
that the normal Mach number (M) of all these data be less
than 1.0. However, this correlation of the data did result in a
variation with Mach number of approximately +0.01C,, and,
as a result, each curve represents the mean value. Also plotted
in the figure for reference are lines of constant angle of attack.
The data show that the lower surface produces a nonlinearly
increasing normal-force increment with increasing angle of at-
tack, and it can be seen that the nonlinearity increases with an
increase in leading-edge sweep.

An evaluation of the data of Figs. 7 and 9 supports the find-
ings previously observed in Fig. 2 which indicate that
nonlinear lift is most pronounced for extremely highly swept
wings at low Mach numbers. For these very low values of the
parameter BcotA;g, the highly nonlinear character of the
lower-surface normal-force coefficient will add to the linear
character of the upper-surface normal-force coefficient and
produce a total lift force which will increase in a nonlinear
sense. Similarly, Figs. 7 and 9 can be used to show that the
reduction in lift-curve slope with an increase in leading-edge
sweep is primarily a lower-surface-dominated effect and the
increase'in lift-curve slope with a decrease in Mach number is
an upper-surface-dominated effect.

Identification of a Separated-Flow Wing-Design Space

Imposing a design Cy, value and requiring that the design
Cy be distributed between the upper and lower wing surfaces
such that the upper-surface normal-force coefficient will
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always equal or exceed the lower-surface normal-force coeffi-
cient (C%= Cf,), the data presented in Figs. 7 and 9 can be us-
ed in an iterative sense to define the feasible high-lift
separated-flow design space. Presented in Fig. 10 is a matrix
of nine points, the solid circular symbols identified by their
associated Mach number and leading-edge sweep values, that
satisfies the distributive normal-force relationship (C¥= C%)
for a C,=0.40 design condition. Each of the points in the
matrix was determined by iterating through Figs. 7 and 9 until
the distributive requirement was satisfied. The matrix of feasi-
ble solutions presented in Fig. 10 can be thought of in terms of
lines of constant Mach number (solid lines) in which both «
and Ay g vary and lines of constant leading-edge sweep (dashed
lines) in which only the Mach number varies. The boundaries
of this particular design space are defined on the right by a
leading-edge sweep of 75 deg, on the bottom by the minimum
Mach number of 1.2, and on the left by a leading-edge sweep
of 55 deg. Iterating through the design process the maximum
Mach number for which a given geometry (leading-edge
sweep) satisfies the distributive requirement is defined.

Presented in Figs. 11 and 12 are the design space for a
design Cy value of 0.40 and 0.20, respectively. The graphs of
Figs. 11 and 12 indicate that a reduction in the design C,, value
expands the range of feasible solutions. The increased range of
feasible Mach numbers for a decrease in design Cj results
from a softening of the vacuum limit effect thus allowing the
extension to higher Mach numbers. The apparent reduction in
the size of the design space with reduced design C,, is strictly
graphical in nature due to the nonlinearly decreasing relation-
ship between o and ay. In the process of deriving these cor-
relations for flat, sharp leading-edge, delta wings, pressure data
for nondelta planforms and cambered wings were reviewed
selectively and showed that only slight variations in the
magnitude and trends of the flat delta wing C¥, C4 i, and C§
would be expected.

Fig. 13 Effect of leading-edge radius and Reynolds number on the
minimum upper-surface pressure coefficient for flat delta wings.
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Fig. 14 Effect of leading-edge radius and Reynolds number on wing-
design space.

Based upon existing pressure data for flat, sharp leading-
edge, delta wings with M, always less than 1.0, a series of
graphs has been presented that will allow the designer to incor-
porate nonlinear lower- and upper-surface flow effects into
the preliminary wing-design process. To extend these findings
further, the effects associated with varying leading-edge blunt-
ness and Reynolds number (Ry) are presented in Figs. 13-15.
The data of Fig. 13 show the effect leading-edge bluntness and
Ry has on the upper-surface minimum pressure value. The
C% .in data are plotted as a function of the parameter
ayBcot Ajg for flat wings at conditions in which the flow has
separated at the leading edge. The data in the left portion of
the figures show that leading-edge bluntness increases the

minimum upper-surface pressure coefficient for a given value

of ayBcotA;p, but does not affect the maximum level of

$ in- The data in the right portion of the figure show that
increasing R, for a blunt leading edge, also increases the
minimum upper-surface pressure coefficient for a given value
of ayBcotA;p; however, these effects decrease with an in-
crease in Mach number. The data of Fig. 13 can be used to
show the shift in the wing-design space which would be ex-
pected in going from a sharp to a blunt leading edge (Fig. 14).
The ability to attain a larger negative upper-surface pressure
coefficient for a given angle of attack (see Fig. 13) would tend
to increase the maximum design Mach number and also pro-
vide a given level of lift at a lower angle of attack. The result
of lowering the required wing incidence to obtain a given level
of lift is reflected in Fig. 15 where the value SC;_ is plotted as
a function of the parameter ScotA; . The graph shows that
for BcotA;y values greater than 0.50, the addition of wing
leading-edge bluntness increases the slope of the lift curve over
that of a sharp leading-edge delta wing indicating that leading-
edge bluntness could be an important design variable in
separated-flow wing design.
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Fig. 15 Effect of leading-edge radius and Reynolds number of the
lift-curve slope for flat delta wings.

The data presented in Figs. 4-9 showed that at supersonic
speeds significant amounts of nonlinear flow exist on flat,
sharp leading-edge, delta wings, and the data of Figs. 13-15
showed that the nonlinear characteristics of delta wings are af-
fected by leading-edge bluntness and Reynolds number. These
nonlinear characteristics which occur on both the upper and
lower surfaces of a wing at high-lift conditions are summa-
rized in Figs. 7 and 9 to provide a fundamental understanding
to the designer.

Concluding Remarks

An investigation of the aerodynamics of sharp leading-edge
delta wings at supersonic speeds has been conducted. The sup-
porting experimental data for this investigation were taken
from published force, pressure, and flow-visualization data in
which the Mach number normal to the wing leading edge is
always less than 1.0. The primary objective of this study was
to determine the real-flow limitations associated with the high-
lift, separated-flow, wing-design concepts, and to define a
wing-design space applicable to separated flows at supersonic
speeds. .

By correlating the existing data for uncambered delta wings,
it was shown that at supersonic speeds significant amounts of
nonlinear flow exist on both the upper and lower surfaces.
These individual upper- and lower-surface nonlinear normal-
force characteristics were presented in the form of two charts.
The upper-surface data showed that both the normal-force
coefficient and minimum pressure coefficients increase
nonlinearly with a decreasing slope with increasing angle of at-
tack. In addition, the upper-surface minimum pressure coeffi-
cient data also showed that the percent of the vacuum pressure
attainable is reduced with increasing Mach number such that
at M=1.50, 97% of vacuum was realized and at M=3.50,
only 75% of vacuum was achieved. The lower-surface normal-
force coefficient was shown to be independent of Mach
number and was found to increase nonlinearly with an increas-
ing slope. The charts were used to define a wing-design space
for sharp leading-edge delta wings. Additional analysis in-
dicated that increasing leading-edge bluntness and Reynolds
number will significantly affect the nonlinear upper-surface
characteristics of delta wings.
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