
JOURNAL OF AIRCRAFT
Vol. 29, No. 2, March-April 1992

Computational Study of Incipient Leading-Edge Separation on
a Supersonic Delta Wing

S. Naomi McMillin,* James L. Pittman,t and James L. Thomas^
NASA Langley Research Center•, Hampton, Virginia 23665

A computational study on a 65 deg delta wing at a freestream Mach number of 1.60 has been conducted by
obtaining conical Reynolds-averaged, Navier-Stokes solutions on a parametric series of geometries that varied
in leading-edge radius and/or circular-arc camber. The computational results showed that increasing leading-
edge radius or camber delay the onset of leading-edge separation on the leeside of a delta wing at a specific
angle of attack. The Reynolds number was varied from 1 x 106-5 x 106 for a turbulent boundary layer and
was shown to have a minor effect on the effectiveness of leading-edge radius and/or camber in delaying the
onset of leading-edge separation. Both laminar and turbulent boundary-layer models were investigated at a
Reynolds number of 1 x 106, and the predicted flow pattern was found to change from attached flow for the
turbulent boundary-layer model to separated flow for the laminar boundary-layer model.

Nomenclature
b = span, in.
c = root chord, in.
Cp = surface-pressure coefficient
M = freestream Mach number
MN = Mach number normal to the leading edge, M cos

A(l + sin2a tan2A)1/2

Mx = crossflow Mach number
R = radius of curvature, in.
Re = Reynolds number
r = leading-edge radius in the crossflow plane, in.
x = longitudinal position from wing apex, in.
y = span wise position from wing centerline, in.
z = vertical position from wing centerline, in.
a = angle of attack, deg.
ac = angle of span wise camber, deg.
aN = angle of attack normal to the leading edge, deg.

tan"1 (tana/cos A)
A5 = distance from the surface of the wing to the first

grid point, in.
( = z/(local semispan)
TJ = y/(local semispan)
A = leading-edge sweep, deg.

Introduction

T HE prospect for supersonic wing design procedures based
on the use of Reynolds-averaged, Navier-Stokes codes

is becoming a reality with the development and experimental
validation of these computational techniques. In the past,
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aerodynamic designs have been limited by the computational
flow techniques1"3 employed since these techniques often were
only valid for a certain type of flow, i.e., separated or at-
tached. However, the aerodynamicist prefers not to be limited
to a particular type of flow so that an optimum design may
make use of both attached and separated flows. One means
of achieving this increased design flexibility is to employ meth-
ods that can reliably predict flow separation. The Reynolds-
averaged, Navier-Stokes equations model the physical flow
properties of both attached and separated flow. However,
flow solvers for the equations only provide approximate so-
lutions containing numerical approximations and truncation
errors and using "models" for important physical phenomena
such as turbulence.

The particular problem of interest in this study is the super-
sonic flow over highly swept, thin, delta wings at moderate
angles of attack. The leeside flow over this type of geometry
is especially interesting because of the existence of well-
defined systems of vortices that significantly affect the overall
aerodynamic performance of the wing. Several researchers
have experimentaly investigated and classified the leeside flow
over slender swept wings in supersonic flow. Stanbrook and
Squire4 originally classified separated and attached leeside
flow regimes using the similarity parameters Mach number
MN and angle of attack aN normal to the leading edge. White-
head et al.,5 Szodruch and Ganzer,6 Szodruch,7 Miller and
Wood,8 Seshadri and Narayan,9 and Covell and Wesselmann10

extended this work by identifying other flow regimes de-
pendent on MN and aN.

In a previous effort to validate the use of a Navier-Stokes
code in the supersonic wing design process,11 a thin-layer,
Navier-Stokes code12 was used to numerically simulate the
experimentally observed flow structures of Ref. 8. These flow
structures included attached flow, crossflow shocks, separa-
tion bubbles, and a complex vortical system of primary and
secondary vortices. The computational solutions demon-
strated the capability to accurately predict the qualitative flow
structures of the six flow regimes identified in Ref. 8 for sharp-
edged delta wings considered in the study. However, the
boundaries between the experimentally derived flow regimes,
especially between attached- and separated-flow regimes, are
sensitive to changes in leading-edge radius, wing thickness,
and Reynolds number.4'7-9'13 Therefore, it becomes important
to determine the ability of the Navier-Stokes code to predict
the effects of such parameters on the flowfield.

This article presents the results of a parametric computa-
tional study conducted to investigate the effect of leading-
edge radius, leading-edge camber, Reynolds number, and
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boundary-layer model on the incipient separation of a delta
wing where incipient separation is defined as the onset of
leading-edge separation. The thin-layer, Navier-Stokes com-
putational code of Ref. 12 was utilized in this computational
study.

Geometry Definition
A conical 65 deg delta planform at M = 1.6 was chosen as

the baseline geometry. This selection is based on the Mach
number and angle of attack normal to the leading edge as
shown in Fig. 1. As angle of attack increases, the 65 deg delta
planform traverses the Stanbrook-Squire boundary that de-
lineates attached-flow and separated-flow regimes. The ef-
fects of leading-edge radius, leading-edge camber, Reynolds
number, and boundary-layer model (laminar or turbulent) on
leading-edge separation would be expected to be most pro-
nounced in the region of the Stanbrook-Squire boundary.
Sensitivity of the, flow pattern due to the computational
boundary-layer model has been previously demonstrated.11

Two angles of attack were examined in this study. The a
= 4 deg point lies on the boundary and is representative of
a cruise condition. The a = 8 deg point is well into the
separated-flow region and is representative of a maneuver
condition.

The effect of leading-edge radius and camber on leading-
edge separation is examined by varying the cross-sectional
geometry. The cross-sectional shapes examined during the
investigation are presented in Fig. 2. The constants were the
leading-edge sweep (65 deg) and the ratio of the centerline
thickness to the semispan (0.10). The effect of leading-edge
radius was examined by way of three cross-sectional shapes
with the following leading-edge radii: rl(b!2) = 0.0 (sharp),
r/(b/2) = 0.0025 (20:1 ellipse), and r/(b/2) = 0.01 (blunt).
The elliptic geometry was used as a baseline cross section in
examining the effect of camber. A spanwise circular-arc cam-
ber was imposed on the elliptical cross-sectional geometry in
the crossflow plane. The definition of the circular arc camber
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Fig. 1 Location of 65 deg delta wing at M — 1.60 on the aN vs Mv
chart at various angles of attack.

Leading-edge Radius Variations

r/(b/2) = 0.0 r/(b/2) = 0.0025 r/(b/2) = 0.01
(Sharp) (20:1 Ellipse)

Camber Variations (20:1 Ellipse)

ac=10°

Fig. 2 Variations of the cross-sectional geometry of the 65 deg delta
wing: a) a = 4 deg; and b) a = 8 deg.

is as follows: y2 + (z + K)2 = R2, where R = (b/2)/sin ac.
Angle of camber ac corresponds to the spanwise camber angle
at the leading edge. The following three angles of camber
were examined: 4, 8, and 10 deg. At a - 4 and 8 deg, the
effects of Reynolds number (Re = I x 106, 2 x 106, and 5
x 106) and boundary-layer model (laminar or turbulent) on
leading-edge separation were examined.

Computational Method
The computational method utilized in the Navier-Stokes

code has been discussed in detail in Refs. 12 and 14-19. The
three-dimensional, time-dependent, compressible Navier-
Stokes equations are transformed to a generalized coordinate
system. The thin-layer approximations are then applied to the
equations. The conservation form of the equations are solved
with a finite-volume approach. The convective pressure terms
are differenced with the upwind-biased flux-difference split-
ting approach of Roe,15 whereas the shear stress and heat
transfer terms are centrally differenced. The time-differencing
algorithm used in the Navier-Stokes code is a spatially split
approximate-factorization method.

The turbulent boundary-layer calculations are made with
an isotropic, algebraic, two-layer, eddy-viscosity model de-
veloped by Baldwin and Lomax.20 The model includes the
modifications Degani and Schiff21 incorporated to ensure that
the viscous length scales are determined by the boundary layer
on the body or wing in the presence of vortical flows. New-
some and Adams22 used the model in the accurate prediction
of elliptical missile body flows at large angles of attack and
yaw. However, the turbulent boundary-layer model does not
directly account for many effects such as compressibility, non-
equilibrium, rotation, freestream turbulence, relaminariza-
tion of the boundary layer, or the location of boundary-layer
transition.

The Navier-Stokes code of Ref. 12 was selected for this
investigation because it had been verified previously with ex-
perimental data obtained for similar planforms and flow con-
ditions.11 Reference 11 documents the success of the code in
predicting qualitative flow features (i.e., separation bubble,
crossflow shock, vortex, separation lines, and reattachment
lines) as experimentally observed in vapor-screen and oil-flow
photographs and quantitative flow features such as experi-
mental surface-pressure measurements.

The leeside surface of a flat delta wing is obviously conical
and the uncambered delta wing experimental data23 have shown
the leeside flow to develop nearly conically. The computa-
tional study of Ref. 11 demonstrated that the conical Navier-
Stokes solutions adequately represented the flows being in-
vestigated; thus, conical solutions were used during the pre-
sent investigation. The assumption of conical flows signifi-
cantly reduced the required computational resources and made
it possible to examine a large number of cases.

For conical solutions, a single array of crossflow volumes
is constructed such that the inflow and outflow planes are
scaled by a conical transformation. At each iteration, the
inflow conditions are updated with the results of the previous
iteration until convergence occurs. The solutions in all cases
were started impulsively from freestream initial conditions.
Boundary conditions consisted of reflection conditions in the
crossflow symmetry plane, no-slip and adiabatic wall tem-
perature conditions on the body surface, and freestream con-
ditions on the outer boundary. The bow shock and embedded
shocks were captured in the grid.

For all configurations examined in this computational study,
the spanwise cross-sectional geometry was nondimensional-
ized by the distance from the apex of the cross-sectional ge-
ometry. The conical self-similarity assumption implies that
the cross-sectional geometry is extended conically forward to
the apex and aft to infinity. The Reynolds number is based
on the distance from the apex to the local cross-sectional
geometry under consideration.
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The grids used with the Navier-Stokes code were generated
numerically using the code Sorenson24 originated, which is
based on the elliptic grid-generation method of Steger and
Sorenson.25 Each grid associated with a conical Navier-Stokes
solution consisted of 93 radial and 121 circumferential (93 x
121) points. The grid is in the y-z plane and had a minimum
spacing As/c of 0.00003 at the wall, where c is the root chord
of the wing. This minimum spacing was based on the criterion
of having 1-2 points in the viscous sublayer. The radial grid-
point stretching distribution was exponential at the body, with
a smooth transition to a milder geometric stretching in the
outer portion of the grid. This spacing was constructed to
allow 15-20 points in the laminar boundary layer.

Computational Solutions
Shown in Table 1 are the conditions at which conical Navier-

Stokes solutions were obtained in this investigation. Mach
number was held constant at 1.60.

Converged solutions were usually obtained within 3500 it-
erations. Shown in Fig. 3 are samples of the two different
types of flowfields predicted by the code throughout this in-
vestigation. The solutions presented are for the elliptic ge-
ometry at a = 4 and 8 deg with a turbulent boundary-layer
model at Re = I x 106. The crossflow Mach-number contour
data of Fig. 3 are presented from half of the semispan to the
leading edge to focus on the leading-edge flow characteristics.
Note that the significant flow structures have been identified
in Fig. 3. The a - 4 deg solution (Fig. 3a) has attached flow
at the leading edge with a recompression occurring inboard.
This recompression is sufficiently weak that it is not evident
in total pressure ratio contour data (not presented here) and,
thus, cannot be considered as a crossflow shock. The a = 8
deg solution (Fig. 3b) has a separated-flow pattern corre-
sponding to a leading-edge vortex with a stronger recompres-
sion occurring atop the inboard edge of the primary vortex.
Since the core of the primary vortex lies close to the surface,
the vortex can be classified as a leading-edge separation bub-
ble, as defined in Refs. 8 and 11. The code also predicts the
formation of a secondary vortex beneath the primary vortex.
This secondary vortex is not readily evident in the crossflow
Mach-number contours of Fig. 3b, but is evident upon close
examination of the velocity vectors.

Typically, attached-flow cases converged more rapidly than
the separated-flow cases. The interaction of the secondary
vortex and the turbulent boundary-layer model partially ex-
plains this observation. Basically, the problem is that the
boundary layer and secondary vortex are merged. Thus, the
basis of the turbulent length scales fluctuates between vortex
properties and boundary-layer properties. The result is a fluc-
tuation in the feeding-sheet strength and location with iter-
ation. Because the a = 8 deg solution has converged to 2.5
orders of magnitude in residual and the unsteadiness in surface
pressure distribution (not presented here) is confined to the
secondary vortex/boundary-layer interaction region, the so-
lution was considered to be acceptable.

Another convergence problem that arose concerned vor-
tical flow solutions obtained using the laminar boundary-layer

Table 1 Conditions of computational solutions obtained

Reynolds number
Cross-sectional geometry 1 x 106 2 x 106 5 x 106

r/(b/2)
r/(b/2)
r/(b/2)
r/(b/2)
r/(b/2)
r/(b/2)

= 0.0, ac
= 0.0025,
- 0.0, ac
= 0.0025,
= 0.0025,
- 0.0025,

=
ac
=
<*c
otc
ac

0

0

deg
= Odeg
deg
= 4 deg
= 8 deg
= 10 deg

T,
T,
T,
T,
T,
T,

La,b

La
L
La
La
La

T,La
T
T
T
T
T

T,La
T
T
T
T
T

L—Laminar boundary-layer model.
T—Turbulent boundary-layer model.
"Time-step constant through boundary layer for a = 4 deg.
bTime-step constant through boundary layer for a = 8 deg.
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Fig. 3 Crossflow Mach number contour data from the turbulent
boundary-layer solutions for the elliptical cross-sectional geometry at
a = 4 and 8 deg, M = 1.60, and Re = 1 x 106.

model. For such solutions, the size and location of the primary
vortex was unable to converge. This corresponded to an order
of magnitude reduction of less than two in residual and an
unsteadiness in the surface pressure distribution from the edge
of the vortex to the leading edge (not presented here).

In the code, the time step is allowed to vary locally from
cell to cell based on the Courant number and the cell con-
ditions. In an effort to correct the above convergence prob-
lem, the time-step routine was modified to hold the time step
constant for the first 20% of the cells away from the surface,
corresponding essentially to the boundary-layer region. Thus,
the time step used through this region was the time step as-
sociated with the edge of the region and the modification
increased the Courant number of the small cells close to the
surface. This modification resulted in a dramatic improvement
in the convergence of the laminar boundary-layer solutions.
All laminar boundary-layer solutions that were obtained using
the modified time-step routine are denoted in Table 1. No
improvement in convergence history was noted when the
modified time-step routine was used for the turbulent bound-
ary-layer solutions with separated flow at the leading edge,
such as that shown in Fig. 3b. This observation supports the
hypothesis that the convergence problem with the turbulent
boundary-layer solutions is related to the interaction of the
secondary vortex and turbulent boundary-layer model.
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Fig. 4 The effect of leading-edge radius on the turbulent boundary-
layer solutions at a = 4 deg, M = 1.60, and Re = 1 x 106.
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Fig. 5 The effect of leading-edge radius on the turbulent boundary-
layer solutions at a = 8 deg, M = 1.60, and Re = I x 106.

Results and Discussion
The effects of geometry and flow conditions on the flow

separation characteristics of a 65 deg delta wing at M = 1.60
are discussed here. The data is presented in the form of cross-
flow Mach-number contours and surface-pressure coefficient
distributions.

Leading-Edge Radius and Camber Effects
Presented in Fig. 4 are the data from the turbulent

boundary-layer solutions for a variation in leading-edge radius



MCMILLIN, PITTMAN, AND THOMAS: LEADING-EDGE SEPARATION 207

at a = 4 deg and Re = 1 x 106. The crossflow Mach-number
data for the sharp leading-edge [r/(b/2) = 0.0] solution form
a series of closed elongated contours just above the upper
surface that indicate a separation bubble forming at the lead-
ing edge. This bubble is weak as determined by the diffused
core; however, upon close examination of the crossflow ve-
locity vectors (not presented here) a separation at the leading
edge clearly exists to form a recirculation region in the flow.
The elliptic [r/(b/2) = 0.0025] and blunt [r/(b/2) = 0.01] data
illustrate that by imposing a leading-edge radius on the cross-
sectional geometry the flow remains attached at the leading
edge. The crossflow Mach-number data of these rounded
leading-edge solutions show a recompression occurring just
inboard of the leading edge. The separated- and attached-
flow patterns yield different surface-pressure coefficient dis-
tributions with the attached-flow cases yielding a much smoother
distribution out to the leading edge as seen in Fig. 4b. The
inflections in the surface-pressure coefficient distribution of
the sharp leading-edge solution correspond to the recircula-
tion region in the predicted leading-edge separation bubble.

The effect of leading-edge radius at the higher angle of
attack of 8 deg is presented in Fig. 5. The contour data of
Fig. 5a for the sharp leading-edge geometry show that by
increasing the angle of attack the separation at the leading
edge forms a well-defined feeding sheet and core with a re-
compression occurring atop the inboard edge of the primary
vortex. The elliptic and blunt solutions also predicted a pri-
mary vortex separating at the leading edge. Thus, the effec-
tiveness of leading-edge radius in preventing leading-edge
separation lessens as angle of attack increases.

However, the data of Fig. 5 show that leading-edge radius
still influences the primary vortex field at the higher angle of
attack. The contour data of Fig. 5a show that with an increase
in leading-edge radius the primary vortex becomes slightly
elongated such that the inboard edge of the vortex moves
slightly inboard. This observation is more readily evident in
the surface-pressure coefficient distributions of Fig. 5b where
the sharp decrease in surface-pressure coefficient indicates
the inboard edge of the primary vortex moves inboard with
an increase in leading-edge radius. The well-defined pressure
coefficient minimum between 77 = 0.50 and 17 = 0.70 dimin-
ishes with an increase in leading-edge radius. This corresponds
to a decrease in the maximum crossflow Mach number of the
vortex core with increasing leading-edge radius as is evident
in Fig. 5a. Also shown in Fig. 5a is a decrease in the strength
of the recompression atop the primary vortex with increasing
leading-edge radius. Thus, at the higher angle of attack the
effect of leading-edge radius is to weaken the primary vortex
and recompression.

The elliptical cross-sectional geometry was used as the base-
line geometry for examining the effects of spanwise circular-
arc camber. The turbulent boundary-layer solutions for the
ac = 4, 8, and 10 deg geometries at a = 8 deg and Re = I
x 106 are presented in Fig. 6. The corresponding solution for
the uncambered elliptical cross-sectional geometry is pre-
sented in Fig. 5a. The crossflow Mach-number data of Figs.
5a and 6a show that as the camber angle is increased from 0
to 4 deg the primary vortex predicted for the uncambered
elliptical cross-sectional shape weakens; that is the crossflow
Mach number of the vortex core lessens and the surface-
pressure coefficient minimum decreases. At ac = 8 deg, the
primary vortex is even weaker as is evident by the diffused
core. However, the crossflow velocity vectors for this case
(not presented here) clearly show a recirculation region be-
ginning at the leading edge. The inflections in the surface-
pressure coefficient distribution for the ac = 8 deg case cor-
respond to this recirculation region. Finally at ac = 10 deg,
the flow is attached at the leading edge with a recompression
occurring inboard. Thus, the effect of increasing the spanwise
circular-arc camber is to weaken and eventually eliminate
leading-edge separation.

Reynolds Number Effects
Turbulent boundary-layer solutions were obtained for each

geometry at Re = 1 x 106, 2 x 106, and 5 x 106. A com-
parison of these solutions shows that a variation in Reynolds-
number (in this range of 1 x 106-5 x 106) did not significantly
alter the effectiveness of leading-edge radius and camber in
delaying the onset of leading-edge separation. However, a
variation of Reynolds number affects the strength of the pri-
mary and secondary flow structures.

.8 .9 1.0

Fig. 6 The effect of camber on the turbulent boundary-layer solutions
at a = 8 deg, M = 1.60, and -A* = 1 x 106.
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Presented in Fig. 7 is the typical effect of Reynolds number
for a fully turbulent boundary layer for a separated-flow case.
The separated-flow case is the uncambered elliptical cross-
sectional geometry at a = 8 deg. The flow pattern predicted
for this geometry at a = 8 deg is evident in Fig. 5a (for Re
= 1 x 106) and is that of a primary vortex separating at the
leading edge with a recompression atop the primary vortex.
Figure 7 presents the surface-pressure coefficient distributions
from the turbulent boundary-layer solutions for this case at
Reynolds numbers of 1 x 106, 2 x 106, and 5 x 106. These
data and the crossflow Mach-number contour data (not pre-
sented here) show that Reynolds number did not affect the
prediction of separated flow for this case. An increase in
Reynolds number increases the well-defined pressure mini-
mum that occurs between 77 = 0.60 and 17 = 0.70. This in-
crease corresponds to an increase in the crossflow Mach num-
ber of the vortex core with an increase in Reynolds number.
The crossflow Mach number and surface-pressure coefficient

Re = 1.0 x 106
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Fig. 7 The effect of Reynolds number on the turbulent boundary-
layer solution for the elliptical cross-sectional geometry at a = 8 deg,
M = 1.60, and Re = 1 x 106.

-.50

-.45

-.40

-.35

-.30

Cp,25

-.20

-.15

-.10

-.05

Re = 1.0 x 106

Re = 2.0 x 106

Re = 5.0 x 106

.2 .3 .9 1.0

Fig. 8 The effect of Reynolds number on the turbulent boundary-
layer solution for the 10-deg cambered geometry at a = 8 deg, M =
1.60, and Re = 1 x 106: a) crossflow Mach number contours; and
b) surface-pressure coefficient distributions.
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Fig. 9 The effect of boundary-layer model on the prediction of flow
for the 10-deg cambered geometry at a — 8 deg, M = 1.60, and Re
= 1 x 106.

data also show that the vortex core moves slightly outboard
with increasing Reynolds number. Thus, the predicted pri-
mary vortex becomes stronger and more compact with an
increase in Reynolds number.

Presented in Fig. 8 is the effect of Reynolds number for an
attached-flow case. The attached-flow case is the ac = 10 deg
geometry at a = 8 deg. The flow pattern predicted for this
geometry is evident in Fig. 6a and is that of attached flow at
the leading edge with a recompression occurring slightly in-
board. Figure 8 presents the surface-pressure coefficient dis-
tributions from the turbulent boundary-layer solutions for this
case at Reynolds numbers of 1 x 106, 2 x 106, and 5 x 106.
For all Reynolds numbers, the flow remains attached at the
leading edge. However, the inflections in the surface-pressure
coefficient distributions in the region of the crossflow shock
indicate that separation at the base of the recompression oc-
curs as Reynolds number increases. This separation is very
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weak and is evident only upon close examination of the ve-
locity vectors.
Boundary-Layer Effects

The sensitivity of predicted flow pattern due to boundary-
layer model has been documented in Ref. 11. This sensitivity
is limited to the region on the MN and aN chart where the
flow transitions from separated flow at the leading edge to
attached flow at the leading edge (i.e., near the Stanbrook-
Squire boundary). The transitional flow pattern was identified
in Ref. 11 as the leading-edge separation bubble with shock
flow pattern. As discussed previously, the 65 deg delta wing
of this investigation at M = 1.60 and a = 0 to 8 deg falls
within this transition region (Fig. 1).

Laminar boundary-layer solutions were obtained for each
geometry at Re = 1 x 106. These solutions were compared
with their corresponding turbulent boundary-layer solutions.
For those turbulent boundary-layer solutions that predicted
separated flow at the leading edge, the effect of boundary-
layer model was limited to the strength of the secondary vor-
tex as documented in Ref. 11.

However, a significant effect of boundary-layer model was
observed for those cases where the turbulent boundary-layer
solutions predicted attached flow at the leading edge. Pre-
sented in Fig. 9 is the effect of boundary-layer model on the
ac = 10 deg geometry at a = 8 deg and Re = 1 x 106. The
contour data of Fig. 9a show that the turbulent solution pre-
dicts an attached flow at the leading edge with a recompres-
sion occurring slightly inboard of the leading edge. However,
the laminar boundary-layer solution predicts a primary vortex
separating at the leading edge with a crossflow shock occurring
atop the vortex. These different flow patterns yield different
surface-pressure coefficient distributions as evident in Fig. 9b.
The same trend with boundary-layer model was found to be
true of all cases that yielded attached-flow patterns with the
use of the turbulent boundary-layer model.

Concluding Remarks
A computational study has been conducted to investigate

the effect of leading-edge radius and camber on the incipient
separation of a 65 deg delta wing at M = 1.60. The study
was conducted by obtaining conical, turbulent boundary-layer
Navier-Stokes solutions on a parametric series of geometries
that varied in leading-radius and/or spanwise circular-arc cam-
ber. Solutions were obtained at 4- and 8-deg angle of attack
at Reynolds numbers (based on root chord) or 1 x 106, 2 x
106, and 5 x 106. At 4-deg angle of attack, increasing the
leading-edge radius allowed the flow to remain attached at
the leading edge. At 8-deg angle of attack, the effectiveness
of leading-edge radius in delaying leading-edge separation
decreased. However, increasing the angle of spanwise
circular-arc camber allowed the flow to remain attached at
the leading edge for a moderately rounded leading edge.

Reynolds number was varied from 1 x 106-5 x 106 for
the turbulent boundary-layer model during this investigation.
In this range of Reynolds number, no influence of Reynolds
number was observed on the effectiveness of leading-edge
radius and camber to delay leading-edge separation although
the strength of the primary and secondary flow structures was
affected. For separated flow at the leading edge, the primary
vortex became slightly stronger and more compact with in-
creasing Reynolds number. For attached flow at the leading
edge, a weak separation at the base of the crossflow shock
occurs as Reynolds number increases.

The effect of boundary-layer model (laminar vs turbulent)
was investigated at Re = 1 x 106. For cases that yielded
attached flow for the turbulent boundary layer, separated flow
was predicted for the laminar boundary layer. For those cases
that yielded separated flow with the use of the turbulent
boundary-layer model, the laminar boundary-layer model also
predicted separated flow.
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