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Assessment of Preliminary Prediction Techniques
for Wing Leading-Edge Vortex Flows at Supersonic Speeds

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

A theoretical investigation of the aerodynamics of sharp leading-edge delta wings at supersonic speeds has
been conducted. The primary objective of this study was to determine the applicability of existing theoretical
methods to predict wing leading-edge separated-flow characteristics at conditions conducive to high-lift super-
sonic flight. Predicted results from two modified linear-theory methods (LTSTAR and VORCAM) are com-
pared with experimental data. Comparison of the two methods for uncambered wings revealed that the
LTSTAR code is in much better agreement with experimentally measured vortex strength, vortex position, and
total lifting characteristics than the VORCAM code. Selected analysis was also performed with an Euler code,
SWINT. The results of this study indicated that the SWINT code was not well suited to the analysis of wings
with separated flow at high lift and low supersonic speeds.

CL
ACL

ClN,v

Nomenclature
ACA = incremental change in axial force coefficient,

— CA ~ CA ' « = 0 deg
ACD = incremental change in drag coefficient from the

minimum drag of a flat wing
- lift coefficient
= nonlinear incremental change in lift coefficient
with respect to linear lift coefficient, = CL I a=2o deg
-(20)CLa

= lift-curve slope
= normal-force coefficient
= wing lower- and upper-surface normal-force

coefficient
= vortex strength
= pressure coefficient
= local chord of deflected portion of wing leading

edge
= Mach number
= component of Mach number normal to wing leading

edge, =McosALE(l + sin2cd;an2ALE)K2

= Cartesian coordinates
= angle of attack
= angle of attack normal to wing leading edge,

= tan ~7 (tana/cos ALE)

= flap deflection angle, positive leading edge down
= fraction of local wing semispan
- semispan location of vortex action point
= wing leading-edge sweep angle

Introduction

I N the past, aerodynamicists have employed linear-theory-
based methods for the design of twisted and cambered

wings for efficient low-lift supersonic flight.1'2 At these low-
lift conditions, the inviscid linearized potential equation has
proved to be adequate for the analysis and design of complex
geometries. However, as the design lift coefficient is in-

M

x,y,z
a.

creased, the ability of the linear-theory-based methods to
model the complex flowfield of a configuration degrades. At
high-lift conditions, the flow becomes extremely nonlinear
requiring the use of higher-order prediction techniques which
take into account the various nonlinear flow phenomenon in
determining the configuration aerodynamics.

The first research efforts which investigated the high-lift
flow regime were guided by the theoretical development of a
fully three-dimensional inviscid, attached-flow computational
approach which employed the full-potential equation. This
wing-design study made use of supercritical cross-flow with a
shockless recompression to maintain attached flow over the
wing upper surface to minimize the drag at a design lift coeffi-
cient of 0.4. The attached-flow high-lift wing-design concept
has been extensively documented,3 however, the performance
improvements attained in the study may be susceptible to
inherent minimum drag penalties due to camber and thickness
and may be susceptible to boundary-layer separation at off-
design conditions. An alternate high-lift wing-design concept
being proposed would use a controlled leading-edge vortex
flow positioned on the proper wing camber surface to produce
both lift and aerodynamic thrust. The design of such a wing
surface is a severe challenge to the aerodynamic community
due to the computational complexity involved in modeling the
wing flowfield (Fig. 1). Unlike the attached-flow solution in
which the viscous effects could be accounted for separately in
the wing-design cycle, the vortex flowfield does contain an in-
teraction between the viscous boundary layer and the inviscid
freestream flow.

Although over the past few years various nonlinear,
separated-flow, computer codes (Euler and Navier-Stokes)
have been developed to treat this problem, the majority of
these computer codes are not well suited to preliminary design
studies. As a result, this paper will review the capabilities of a
single Euler and two modified linear-theory separated-flow
prediction methods. The ability of each code to model the
characteristics of the vortex as well as predict the
aerodynamics of both flat and cambered delta wings will be
investigated.
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Discussion
Review of the Fundamental Aerodynamic Characteristics
of Delta Wings

To put the theoretical analysis of this paper into perspec-
tive, the fundamental aerodynamic characteristics of delta
wings with leading-edge vortex flow will be reviewed. The
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supersonic aerodynamics of delta wings with subsonic, sharp
leading edges have been documented extensively. In 1954 and
1963, Brown and Michael4 and Squire et al.5 respectively,
identified that nonlinear lift does occur at supersonic speeds,
but only for combinations of low Mach number and high wing
leading-edge sweep conditions. In 1955, Love6 showed that
the variation in experimental lift-curve slope (shaded band in
Fig. 2) with the parameter /3cotALE is different from that
predicted by linear theory for values of /3cotALE>0.50. The
data of Fig. 2 show that for values of /3cotALE greater than
0.50, the experimental lift-curve slope remains constant. These
results suggest that wing designs employing the separated-flbw
concept should be performed for /3cotALE between 0.50 and
0.70. Recent results by Miller and Wood7 expanded on the
work of Stanbrook and Squire8 by identifying and categoriz-
ing six distinct attached- and separated-flow conditions that
occur on the leeside of delta wings (Fig. 3). Based upon these
flow categories, Miller and Wood suggested that future
separated-flow wing design should be performed for MN<0.9
and aN from 10 to 40 deg. Within these bounds, the data of
Ref. 7 indicated that a classical wing leading-edge vortex
would form and produce a significant amount of vortex-
induced suction force that could be used for drag minimiza-
tion. In 1984, Wood and Miller9 showed that there is a highly
nonlinear shifting of lift from the upper surface (vortex lift) to
the lower surface (compression lift) with increasing Mach
number and angle of attack. Figures 4 and 5 illustrate the
upper- and lower-surface normal-force behavior, respectively,
for flat delta wings. The results of Figs. 4 and 5 can be com-
bined to show how the upper- and lower-surface normal forces
contribute to the total wing-lifting characteristics. Depicted in
Fig. 6 are two graphical representations of the lifting
characteristics of delta wings at supersonic speeds. The sketch
on the left reflects the "subsonic analogy" which assumes that
the vortex produces all of the nonlinear lift; however, the
nonlinear lift increment between linear theory and experiment
is actually due to a combination of both upper- and lower-
surface nonlinear characteristics (right side of Fig. 6). These
results in Figs. 4-6 provide an excellent set of correlated ex-
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Fig. 1 Wing leading-edge vortex flow characteristics.
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Fig. 2 Flat delta wing lifting characteristics.

perimental data that will be used later in this paper to evaluate
the capabilities of the theoretical methods.

Nonlinear Methods
In 1983, Hitzel and Schmidt10 indicated that the Euler codes

could become the next generation of codes for predicting
separated flows. The applicability of the Euler equations to
the solution of the flowfields about sharp leading-edge wings
at angle of attack is still questioned by the aerodynamic com-
munity.11 Even though the highly complex viscous-inviscid in-
teraction is not represented by the Euler equations, the Euler
equations may be able to model the characteristics of the

2.0r

1.0

0 10 20 30 40 50
QN

Fig. 3 Flat delta wing leeside flow characteristics.
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Fig. 4 Flat delta wing upper-surface normal-force characteristics.
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Fig. 5 Flat delta wing lower-surface normal-force characteristics.



JUNE 1985 WING LEADING-EDGE VORTEX FLOWS 475

Upper surface
Lower surface

Subsonic analogy

Experiment-

|
-Linear theory

Supersonic studies

Experiment-

Fig. 6 Vortex-induced lifting characteristics of flat delta wings at
supersonic speeds.

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

EXP. SWINT

a = 12° D ——-

TT-CT Tr""o 0 0 0 °

~a~D~cr-D----^.r

Fig. 7 Experimental and SWINT-predicted spanwise pressure
distributions for a 75 deg delta wing at M= 1.90.

Fig. 8 SWINT predicted cross-flow velocity vectors for a 75 deg
delta wing at a = 12 deg, M=1.90, and Jt/£=0.8.
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flowfield to a satisfactory level to allow design studies to be
conducted. To determine the applicability of nonlinear predic-
tion techniques for the analysis of wings at high lift conditions
and having separated-flow, several user-friendly, well-
documented Euler and Navier-Stokes codes, with high levels
of computational flexibility, were reviewed. Based upon this
review, an Euler code "SWINT,"12 was selected for evalua-
tion. The SWINT code was developed for the analysis of tac-
tical missile configurations and is an explicit finite difference
method that uses a thin-wing approximation. In the evaluation
of the SWINT code, a variety of flat delta wing geometries
were analyzed over a broad range of Mach numbers and
angles of attack. Predicted pressure, flowfield, and force
results, along with experimental data, are shown in Figs. 7-10.

Figure 7 shows two angles of attack for comparison between
SWINT predicted and experimentally measured spanwise
pressure distributions for a 75 deg delta wing at M= 1.90. In
the experimental upper-surface pressure distributions, the
position of the vortex is clearly indicated by the localized in-
crease in suction pressure. The experimental data show that at
4-deg angle of attack the vortex is located at 80% of the
semispan and at 12-deg angle of attack the vortex has moved
inboard to 60% of the semispan. The SWINT-predicted
results depict a much different character of upper-surface
flowfield. The vortex-induced suction pressures observed in
the experimental data are not evident in the theory. For both
4- and 12-deg angles of attack, the SWINT results show a
gradual increase in upper-surface suction pressures as the wing
leading edge is approached; this character is representative of
an attached-flow condition. To determine the nature of the
wing flowfield, the predicted flowfield for 12-deg angle of at-
tack is presented in Fig. 8. Cross-flow velocity vectors are
presented in Fig. 8 for the 75 deg delta wing at 12-deg angle of
attack. The plot clearly shows rotational flow above the wing
surface. The center of the vortical structure observed in the
cross-plane plot correlated well with the vortex location ex-
tracted from the data.

The ability of the SWINT code to predict the isolated vortex
characteristics will be established next. The experimental and

Fig. 9 SWINT-predicted and experimentally measured effect of
Mach number, angle of attack, and leading-edge sweep on the vortex
position for flat delta wings.

theoretical vortex strength (CNv) and vortex location (j]v) are
extracted from spanwise pressure distributions by an
integration of the difference between the upper-surface
attached-flow surface pressure distribution (predicted by
linear theory) and the experimentally measured separated-flow
pressure distribution.

The effects of angle of attack, Mach number, and leading-
edge sweep on the vortex position are shown in Fig. 9. The
trend of the experimental data is an inboard movement of the
vortex with increasing angle of attack, Mach number, and
wing leading-edge sweep. As indicated by both experimental
and SWINT results, the most pronounced effect is seen for a
change in angle of attack. The vortex moves from the 80%
semispan position to the 50% semispan position as angle of
attack changes from 4 to 20 deg. All observed changes in
vortex location are predicted by the SWINT code.

The effect of increasing Mach number and angle of attack
on vortex strength is presented in Fig. 10. The experimental
data show that vortex strength decreases with an increase in
Mach number and increases with increasing angle of attack.
Typically, the vortex strength will decrease continually with an
increase in Mach number until MN becomes greater than 1.0
or until the wing upper-surface suction pressures reach the
vacuum limit. Similarly, the vortex strength will increase con-
tinually with an increase in angle of attack until the upper-
surface suction pressures near the vacuum limit. The SWINT
code failed to predict any of these trends. In general, the
analysis showed an inability of the SWINT code to predict the
separated-flow characteristics and vortex-induced aero-
dynamics within the range of Mach number and angle of at-
tack previously defined as the feasible high-lift, separated-
flow, design space. However, excellent agreement between
theory and experiment was obtained at higher Mach numbers
(M>2.0).
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Presented in Fig. 11 is a sketch showing the region of accep-
table solutions obtained from the SWINT code for sharp
leading-edge delta wings (shaded region). The results of this
study indicate that this particular Euler code,16 although ex-
tremely user friendly, is not well suited to the analysis of wings
with separated flow at low to moderate supersonic speeds
(M/v<0.9). These results are not intended to be generally
applicable to all Euler codes, but are rather specific and apply
to the SWINT code only. A further review of the literature un-
covered a wide range of opinions on the applicability of Euler
codes to the analysis of wing leading-edge separated flow.13'14

In summary, before the true potential of a high-lift,
separated-flow, supersonic wing design can be assessed, the
development of nonlinear analysis/design methods is re-
quired. These methods would fill a significant void in the
existing aerodynamic analysis capabilities.
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Mach number and angle of attack on the vortex strength for flat delta
wings.

2. O r

\ 1.0

0 10 20 30 40 50
°N

Fig. 11 Evaluation of SWINT code.

1.0
.9
.8

V?
.6
.5
.4

1.0
.9
.8

V7
.6
.5
A

I °XNX

- M = 1 . 7 , ^
3 5 10 15 20 1

a
—— - — Vortex

0

O n- M = 2.0 u

I I I

I----"
"° 0 0 o

"a =8° ,
.5 2.0 2.5 :

action ^^

o Experimental
. _— ITQTAP

>0 60 70 80 v / n o ^ A A A

5.0

data

Modified Linear Theory Methods
The majority of the original separated-flow prediction

methods were based upon linear theory4 and failed to account
for the effect of compressibility at supersonic speeds. In 1966,
Polhamus derived the leading-edge suction analogy for sub-
sonic flows and, in 1971, extended his analogy to supersonic
speeds.15 This provided the supersonic aerodynamicists with a
separated-flow prediction method for uncambered wings
having straight leading edges. In 1980 and 1981, Carlson and
Mack16 and Lan and Chang,17 respectively, refined and ex-
tended the application of the full-suction analogy to cambered
wings having arbitrary planforms.

The Carlson code, LTSTAR,16 is a linearized-theory
method modified to account for both nonlinear attached-flow
effects (lower surface) and nonlinear separated-flow effects
(upper surface). The leading-edge separated flow is
represented by a technique which uses the Polhamus suction
analogy to determine the leading-edge separated-flow force
and then modifies the upper-surface attached-flow pressures
to distribute this additional force over the wing upper surface.
The separated-flow force is distributed about a "vortex action
point" located downstream of the wing leading edge. In this
code, the vortex action point is determined from an empirical
relationship that is a function of angle of attack only. The
code also corrects the upper-surface lift force by limiting the
distributed pressure values to the vacuum limit. The Lan code,
VORCAM,17 is also a linearized-theory method modified to
account for the nonlinear separated-flow effects (upper sur-
face). This method uses the Polhamus suction analogy in com-
bination with a semiempirical relationship to determine the
suction force. The suction force is then positioned aft of the
wing leading edge at a distance determined through considera-
tion of the momentum principle. This second method does not
attempt to distribute the suction force or limit the upper-
surface lift force in any manner.

The ability of the two later modified linear theory computer
codes to predict the isolated vortex characteristics as well as
the longitudinal aerodynamics of delta wings will now be
determined. As was done for the SWINT code, the evaluation
of these two codes is based upon a comparison of pressure and
force data and the ability of each code to model the location
and strength of a wing leading-edge vortex.

The evaluation of both aerodynamic analysis codes was
limited to delta wings with leading-edge sweep angles of 60 to
75 deg, Mach numbers of 1.4 to 2.8, and angles of attack of 0
to 20 deg. In each case, the codes were applied in a conven-
tional and consistent manner to evaluate their treatment of
leading-edge vortex flows. Shown in Figs. 12-14 are represen-
tative results of this analysis.

The effects of angle of attack, Mach number, and leading-
edge sweep on the vortex position for flat delta wings are
shown in Fig. 12. As indicated by both experimental and
theoretical results, the most pronounced effect is seen for a
change in angle of attack. These changes in vortex location
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Fig. 12 Modified linear-theory-predicted and experimentally mea-
sured effect of Mach number, angle of attack, and leading-edge sweep
on the vortex position for flat delta wings.

Fig. 13 Modified linear-theory-predicted and experimentally mea-
sured effect of Mach number and angle of attack on the vortex
strength for flat delta wings.
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Fig. 14 Predicted lifting characteristics for flat delta wings.
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Fig. 15 Experimental and LSTAR-predicted spanwise pressure
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Fig. 16 Measured and predicted flat delta wing upper-surface
normal-force characteristics.

with angle of attack are predicted by the LTSTAR code, and
not by the VORCAM code. A comparison of the computed
results with experimental data for changes in Mach number
and leading-edge sweep shows similar results; the LTSTAR
code predicts both the position and trend of the vortex. The
VORCAM code consistently locates the vortex too near the
wing leading edge, and the method actually predicts an out-
board progression of the vortex for an increase in Mach
number. In general, the experimental vortex location is usually
inboard of the predicted location for both methods.

Presented in Fig. 13 is the effect of increasing Mach number
and angle of attack on vortex strength. The effect of changes
in wing leading-edge sweep on vortex strength was small and is
not discussed herein. Theoretical predictions by the LTSTAR
code are in much closer agreement with the experimental data
than the VORCAM predictions. The good correlation between
the LTSTAR code and the experimental data can be attributed

to the treatment of the vortex strength within the code (i.e.,
distribution and vacuum limit). The VORCAM code con-
sistently overpredicts the vortex strength and does not predict
the correct variation of vortex strength with either changes in
Mach number or changes in angle of attack. The most signifi-
cant discrepancy exhibited by the VORCAM code is the
quadratically increasing vortex increment with angle of attack.
Although this quadratically increasing vortex increment would
be expected by a direct application of the Polhamus suction
analogy, there is no evidence of this vortex behavior in the
experimental data.

The predicted lifting characteristics for flat delta wings with
leading-edge separation are summarized in Fig. 14. The data
show that for /3cotALE values less than 0.50, both methods
agree with the experimental data. For /3cotALE values greater
than 0.50, both methods overpredict the lift-curve slope
parameter and fail to predict its leveling-off character.

The results of Figs. 12-14 indicate that the LTSTAR code is
in much better agreement with experimental data than the
VORCAM code in predicting the isolated vortex
characteristics and the lifting characteristics of delta wings. In
addition, the LSTAR code treats the vortex force increment in
a realistic fashion by distributing vortex-induced pressures and
it also modifies the lower-surface pressures to account for
nonlinear compression effects. To evaluate both of these
nonlinear corrections, LTSTAR predicted pressure distribu-
tions and wing upper- and lower-surface normal-face
characteristics are compared to experimental data in Figs.
15-17.

The predicted upper-surface pressure distributions of Fig.
15 are in excellent agreement with the experimental data;
however, the lower-surface pressures predicted by the
LTSTAR code are lower than the experimental data. This
lower-surface behavior is typical of a linear-theory-based solu-
tion. An important point to notice in these results is that the
leading-edge singularity in the pressure distribution remains
large and unaffected by the superposition of the linear-theory
solution and the nonlinear corrections. At high angles of
attack, these large leading-edge pressures significantly in-
fluence the individual upper- and lower-surface normal forces
as seen in Figs. 16 and 17.

Presented in Fig. 16 is a comparison of the predicted and
measured upper-surface normal-force characteristics for un-
cambered delta wings. Experimental and theoretical results are
shown for Mach numbers of 1.50 and 2.00. Each experimental
curve is comprised of a range of wing leading-edge sweeps bet-
ween 58 and 85 deg. When correlated in the same way, the
predicted data failed to collapse into a single curve which was
independent of leading-edge sweep. As a result, LTSTAR
results for only two leading-edge sweeps of 63 and 75 deg are
presented. Linear-theory predictions taken from the LTSTAR
code are also presented for comparison. The LTSTAR predic-
tions show a large effect of sweep, angle of attack, and Mach
number on the upper-surface normal force. At low angles of
attack, the predicted normal force is less than that observed
experimentally, however, as the correlation parameter is in-
creased the theoretical and experimental curves cross. The
figure also shows that increasing wing sweep delays the
crossover to a higher value of the correlation parameter. The
LTSTAR results show considerable improvement over the
linear-theory results, especially at high angles of attack and
high Mach numbers.

The predicted and measured wing lower-surface normal-
force characteristics are presented in Fig. 17. The data shows
that the lower-surface corrections in the LTSTAR code im-
prove the linear-theory predictions (dashed line) at high angles
of attack and for large wing leading-edge sweeps.

The results of Figs. 16 and 17 show that the capability of the
LTSTAR code to predict the individual upper- and lower-
surface normal-force coefficient is inconsistent with variations
in angle of attack, Mach number, and wing leading-edge
sweep. The code failed to predict the effect of wing sweep on
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normal-force characteristics.
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Fig. 18 Predicted drag-due-to-lift characteristics for cambered delta
wings.

the upper-surface normal-force characteristics. In addition to
the data of Figs. 16 and 17, the data of Figs. 13 and 14 also
show that the effect of wing sweep was not accounted for
properly in the prediction of either vortex position or strength.
These effects must be reproduced properly to attain a reliable
vortex-flow prediction technique.

To illustrate the ability of the two modified linear-theory
codes to predict supersonic vortex-flap performance, ex-
perimental and theoretical drag-due-to-lift polars are shown in
Fig. 18 for a delta wing (ALE = 71.565) with a conical leading-
edge flap comprising the outboard 15% of the local semispan.
At Mach numbers of 1.40 and 1.80, results are presented for
flap deflection angles of 36.45 and 60 deg, as shown in the
sketches. The LTSTAR code predictions are in excellent agree-
ment with experimental data, and the VORCAM code under-
predicts the drag due to lift for lift-coefficient values above
0.10. These results can be explained by information shown in
Figs. 12 and 13. The flat-wing analysis revealed that the
VORCAM code consistently positioned the leading-edge
vortex too near the wing leading edge and overpredicted the
vortex strength. The combination of these effects, although
not critical in the analysis of flat wings, allows the over-
predicted suction force to remain on the forward-facing
deflected leading edge to a higher angle of attack. In sum-
mary, the VORCAM code will consistently produce optimistic
drag values for wings with deflected leading edges because it
does not distribute or limit the suction force and because
it locates the vortex too near the wing leading edge.

Concluding Remarks
A theoretical investigation of the aerodynamic of sharp

leading-edge delta wings at supersonic speeds has been con-
ducted. The supporting experimental data for this investiga-
tion 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 objec-
tive of this study was to determine the applicability of existing
theoretical methods to predict wing leading-edge separated-

flow characteristics at conditions conducive to high-lift super-
sonic flight.

Experimental data were compared with predicted results
from two modified linear-theory methods. Comparison of the
two methods for uncambered delta wings revealed that the
LTSTAR code is in much better agreement with experi-
mentally measured vortex strength, vortex position, and total
lifting characteristics than the VORCAM code. The VOR-
CAM code consistently overpredicted the vortex strength and
positioned the vortex too near the wing leading edge. The im-
pact of this incorrect treatment of the vortex by the VORCAM
code was most evident in the analysis of wings with deflected
leading-edge flaps. The VORCAM code underpredicted the
drag due to lift consistently, whereas the LTSTAR code results
were in better agreement with the experimental data. Selected
analysis was also performed with the SWINT Euler code.
These results indicated that the SWINT code was not well
suited to the analysis of wings with separated flow at high lift
and low supersonic speeds.
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