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A procedure for the design of a strake mounted on a large forebody at a typical supersonic cruise condition
is described. The design goal is attached flow on the upper surface of the strake at the low lift condition. Strake
camber and thickness are systematically varied until an attached-flow, surface-pressure distribution is achieved.
The surfice pressures are computed by a full-potential solver, NCOREL, and an empirical guideline is used to
prevent leading-edge flow separation. Experimental surface-pressures and flow-visualization data verified that
the design goal was achieved. The high alpha flowfield is also investigated experimentally and computationally.
A large vortex is observed above the strake leeside, and a pair of vortices is found on the forebody upper surface
aft of the canopy. A shock that forms aft of the canopy probably causes the forebody vortices. The strake
leading-edge vortex is predicted by an Euler method but not by the full-potential method. Experimental forces
and pitching moment are well predicted by both computational methods, but the Euler pitching-moment

predictions are clearly superior.

Introduction

ING strakes appear on several currerit-generation,

high-performance tactical aircraft (e.g., F-16, F-18,
and Mig-29) to improve high lift capability at subsonic and
transonic speeds. The efficiency of the strake is because of a
strong, well-organized vortex that is created at the strake
leading edge at high «. For improving C; __, the additional
planform area of the strake is more effective than adding the
same area to the wing planform. A comprehensive discussion
of strake aerodynamics at subsonic and transonic speeds is
provided in Ref. 1.

Although current generation straked aircraft possess a su-
personic dash capability, future aircraft mission scenarios em-
phasize efficient supersonic cruise to improve survivability.? It
is also reasonable to assume that a maneuver capability will be
required at supersonic conditions. For these reasons, it is
important to develop an understanding of strake flowfields at
supersonic speeds. )

This study of strake aerodynamics in supersonic flow is
conducted in two parts. The first part is a systematic computa-
tional design of the strake camber and thickness mounted on
a large forebody, and the second part is the experimental
validation of a design chosen from part 1. The computational
design study is aimed exclusively at a typical supersonic cruise
point, whereas the experimental study validates the computa-
tional results and explores the flowfield at a high angle of
attack.

The computational design study focuses on a design point
of Mach 1.80 and aw=4 deg. The goal is to computationally
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design a cambered strake the would maintain attached flow on
the strake upper surface at the design point. This design proce-
dure requires a computational tool that accurately predicts
pressures on the surface of the geometry, especially the critical
leading-edge region, and an empirical criterion for preventing
leading-edge separation. The computational tool selected is a
three-dimensional, full-potential, supersonic marching code
referred to as NCOREL.?

The configuration for this study is an idealized fighter-type
forebody and strake with the aft body and wing truncated at
the spanwise plane where the wing and strake would intersect.
This approach simplifies the computational design effort and
allows the construction of a large wind-tunnel model for ex-
perimental study. A large model is more suitable for extensive
pressure instrumentation and permits accurate machining in
the critical leading-edge region of the strake.

This paper describes the computational design study and the
experimental validation. Results from the computational de-
sign study include geometry development and a description of
the attached-flow pressure distribution that is used as the
figure of merit for this study. Following a brief discussion of
the wind-tunnel model design, experimental verification re-
sults are presented for low angle of attack by comparing
experimental and full-potential surface-pressure data and by
examining flow-visualization data. The high angle-of-attack
flowfield is investigated similarly with additional predictions
from an Euler solver. Finally, the full-potential and Euler
surface-pressure predictions are integrated to compare lift,
drag, and pitching-moment coefficients with experimental
values.

Computational Design Study

Carefully choosing the proper tools for the stated problem
directly relates to the success of any design effort. Choosing
the proper computational tool requires knowledge of the fol-
lowing areas: 1) the physics of the flowfield, 2) the assump-
tions found in different mathematical models that describe
fluid flow, and 3) the computer codes that solve these mathe-
matical models. The rationale for selecting the NCOREL full-
potential solver as the primary tool for this study is given
below.

The design goal of maintaining attached flow on the upper
surface of the highly swept strake requires a prediction
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method that accurately computes surface pressures, especially
in the critical leading-edge region. This requirement rules out
linearized potential theory in favor of a nonlinear flow solver,
which models either the full-potential, the Euler, or the Rey-
nolds-averaged Navier-Stokes equations. Because the occur-
rence of separation is a viscous-dominated phenomenon, the
Reynolds-averaged Navier-Stokes equations are the most ap-
propriate flow model. However, solvers for this flow model
are considered to be impractical tools for a parametric investi-
gation involving a complex three-dimensional geometry.

Euler solvers have demonstrated an ability to model lead-
ing-edge separation for the special case of a highly swept,
sharp leading-edge lifting surface*® because of the numerical
artificial viscosity that is required for stable numerical solu-
tions. This study, however, considers rounded leading edges;
therefore, Euler solvers cannot reliably predict leading-edge
separation.

The design Mach number of 1.80 and the low « do not
produce strong bow shocks, therefore an assumption of isen-
tropic flow is valid. Consequently, a full-potential solver
should provide a similar level of accuracy as an Euler solver
with significantly reduced computational time. Because the
full-potential equation does not model rotational flow, an
empirical guideline must be used with the computed surface
pressures to achieve the goal of specifying a strake camber and
thickness that have attached upper-surface flow at the design
point.

An attached-flow, surface-pressure distribution is not speci-
fied by a certain pressure level at each point on the surface but
instead is characterized by the absence of strong flow gradi-
ents. The pressure distribution is examined in the spanwise
plane because the flow gradients are strongest in this plane. At
high «, suction pressure peaks at the leading edge and strong
crossflow shocks on the upper surface must be avoided. For
these study conditions, the crossflow remained subcritical
and, consequently, crossflow shocks did not develop. The
only empirical guideline this study required was simply to
avoid large leading-edge suction peaks. Camber and leading-
edge radius satisfy this guideline, which has been experimen-
tally verified®’ for wing-alone geometries with sweep angles of
57 and 65 deg at Mach 1.62. .

The physical issue of leading-edge flow separation is tied to
the numerical issue of grid density. An insufficient number of
grid points results in poor flowfield resolution. Therefore, the
effects of grid density on the surface-pressure prediction must
be examined. A crossflow grid density of 57 points around the
half body and 57 points from the body surface (inner
boundary) to the bow shock (outer boundary) provided an
accurate resolution of surface pressures. The circumferential
points were clustered by a cosine function near the strake
leading edge because this was the region of strong flow gradi-
ents. The radial points were evenly spaced between the inner
and outer boundaries, and the marching step size was approx-
imately 3% of body length, yielding 1.17 X 10° grid points.

The geometry investigated in this effort can be described as
an idealized, advanced fighter forebody and a body-mounted
wing strake. The forebody, the strake planform, and the inter-
section lines of the strake with the body were held constant.
The strake thickness distribution and camber surface were
varied systematically to achieve an attached-flow pressure dis-
tribution. An inverse full-potential method does not exist for
supersonic flow; therefore, the design study became a design-
by-iteration process. An analytic geometry specification is
highly beneficial because this allows the rapid creation of
many geometries for analysis.

A family of strake camber surfaces and a family of strake
thickness distributions were selected for the computational
design study. The following equation describes the family of
camber surfaces:
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This is the equation for a family of circular arcs in a given
spanwise plane (see Fig. 1) for the local X,Y system. The
origin of the X, ¥ system is tied to the intersection of the strake
with the forebody and therefore varies down the length of the
body. The parameter X; & is the known location of the leading
edge of the strake for each cross section (spanwise plane). The
tip camber angle O, expressed in radians, is a user-specified
variable that fixes the camber surface for analysis.

The following equation defines a thickness distribution that
completes the construction of the surface of the strake:
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This is a modified elliptic equation where a is the local semi-
major axis defined as the distance from the origin of the local
X, Y system to the X g of each cross section. Similarly, b is the
semiminor axis. The exponent ¢ is a user-specified variable
that fixes the thickness distribution for analysis. This thick-
ness distribution is then added vertically to the camber line to
define the upper surface of the strake and subtracted vertically
from the camberline to define the lower surface of the strake.
Therefore, for each analysis of forebody-strake geometry, a
value of O and ¢ is selected to complete the geometry specifi-
cation. The resulting full-potential calculations are examined
at several cross sections to determine if the attached-flow
pressure distribution is achieved.

A typical result from the analysis study is shown in Fig. 1
for Mach 1.80 and « = 4 deg. A cross section at 65% of the
body length is examined for two different camberlines:
Or = 20 and 40 deg for e = — 1.80. The computed surface-
pressure results are from the NCOREL full-potential code on
a 57 x 57 grid. The computed surface pressures for these two
cases illustrate an undesirable leading-edge suction spike for
the O = 20-deg case and a desirable pressure distribution for
the Oz = 40-deg case.

Computed results for two different thickness distributions
at a cross section location 87% of body length are compared
in Fig. 2. Values of e = — 1.00 and — 1.80, O = 40 deg for
Mach 1.80 and « = 4 deg are shown. Both pressure distribu-
tions have basically the same characteristics and reflect the
absence of large surface-pressure gradients near the tip. The
e = — 1.80 strake has a lower drag because of decreased vol-
ume. This strake would be expected to allow the flow to
separate more easily as « is increased because of its smaller
leading-edge radii.

The parametric evaluation of strake camber and thickness

‘resulted in a design that was chosen for experimental valida-

tion. Values of O, = 40 deg and ¢ =. — 1.80 were selected for
all cross sections to define the strake. The particular thickness
distributions represented by e = — 1.80 were chosen because
the research plan included an experimental investigation of the
high « flowfield. Under high « conditions, a well-defined
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Fig. 1 Typical comparison of computed effect of variation in strake
tip camber angle; M =1.80, o =4 deg, x/¢=0.65, and ¢= —1.80.
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Fig. 2 Typical comparison of computed effect of variation in strake
thickness envelope; M= 1.80, o =4 deg, x/{=0.87, and Og =40 deg.
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Fig. 3 Spanwise geometry definition and computed surface pressures
for M =1.80; o =4 deg; x/{=0.43, 0.65, and 0.87, Og =40 deg, and
e=—1.80.

strake vortex was desired for study. Three cross sections from
this geometry at forebody stations 43, 65, and 87% of body
length are shown in Fig. 3 along with the calculated full-poten-
tial results. The strake does not produce lift initially, as evi-
denced by the nearly equal pressure on the upper and lower
surfaces, but provides a significant lift force as the strake
becomes larger. These three forebody stations were used as
evaluation stations throughout the design study.

Experimental Verification Study

The transformation from a numerical model suitable for
computational analysis to a physical model suitable for testing
is a time-consuming task. Once the final forebody-strake de-
sign was established, a high-density numerical model was de-
fined for wind-tunnel model design. Examination of the high-
density numerical model indicated a wavy surface definition
and an irregular intersection of the strake and forebody. Re-
solving these deficiencies in the surface definition required
several man months. Also, the minimum leading-edge radius
for an aluminum model is 0.0035 in. The leading-edge radius
of the strake was increased on approximately the aft 50% of
the strake to meet this requirement.

The forebody-cambered strake model was tested in the
NASA Langley Unitary Plan Wind Tunnel® for Mach num-
bers of 1.60, 1.80, and 2.00 for a Reynolds number of 2 x 106/
ft. The angle-of-attack range was from about 0 to 14 deg for
a sideslip angle of 0 deg. Strips of transition-producing sand
grit were placed 1.2 in. behind the nose of the model and 0.4
in. aft of the leading-edge of the strake to insure fully turbu-
lent boundary-layer flow over most of the model surface.
Surface-pressure data were obtained at three spanwise planes
43, 65, and 87% of body length or 15.0, 22.5, and 30.0 in. aft
of the nose on a 34.5-in.-long model. Surface-pressure data
were also obtained on the upper and lower centerlines. Force
and moment data were obtained simultaneously with the pres-
sure data. The force and moment data were corrected for sting
bending caused by model loads and for tunnel flow angularity;
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Fig. 4 Photograph of forebody-cambered strake model installed in
NASA Langley Unitary Plan Wind Tunnel.
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Fig. 5 Computation grid from NCOREL full-potential code; fore-
body-strake grids 57 X 57.

the static pressure on the model base was adjusted to
freestream conditions. Oil-flow and vapor-screen data were
obtained subsequently. A photograph of the final forebody-
cambered strake wind-tunnel model mounted in the NASA
Langley Unitary Tunnel is presented in Fig. 4. The camera
housing for obtaining vapor-screen photographs can be seen
on the right side of the figure.

The design procedure is verified based on the following: 1)
a comparison of the experimentally obtained surface-pressure
data with the NCOREL calculations, and 2) an inspection of
the low o oil-flow and vapor-screen flow-visualization data,
which qualitatively shows the basic flow patterns. The
NCOREL calculations were made on a 57 x 57 grid for i-in.
step sizes on a 34.5-in.-long model. The numerical model
corresponded to the wind-tunnel model definition. Figure 5
presents the forebody-strake grids in the crossflow plane at the
three data stations where the NCOREL calculations are com-
pared with the experimental surface-pressure data.

The geometry of both the original design study model and
the actual experimental test article for the three spanwise data
stations are shown together in Figs. 6-8, respectively, to em-
phasize the changes that occurred in the wind-tunnel model
design process. Also shown in these three figures are the
surface-pressure distributions from the experiment and the
NCOREL predictions for both the experimental wind-tunnel
model and the design study model at three different . Be-
cause of tunnel flow angularity, the design o of 4 deg was not
achieved; therefore, the data shown are for o =3.29, 5.21,
and 7.26 deg.
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The data shown in Fig. 6 are for the forebody station 15 in.
aft of the nose, or 43% of body length. The agreement be-
tween the experimental surface-pressure data and the
NCOREL calculations for the experimental geometry is good
except for the upper surface of the strake at a = 7.26 deg. The
vapor-screen photograph for this station and condition did
not indicate flow separation, therefore, the attached-flow as-
sumption of full-potential theory should be valid. The reason
for the error is that the full-potential prediction is unknown.
Note also that the NCOREL estimates for the design study
and experimental geometries are in close agreement except for
the strake upper surface.

The second data station is 22.5 in. aft of the nose, or 65%
of body length, and is shown in Fig. 7. The agreement between
the experimental surface pressures and the NCOREL calcula-
tions for that station is also good. The NCOREL calculations
on the upper surface of the strake generally underpredict the
expansion levels with a somewhat larger error at a = 7.26 deg.
NCOREL correctly computed the shock on the upper surface
of the forebody at y = 0.4, but the computed position is some-
what inboard of the actual location. At «=7.26 deg,
NCOREL overestimates the strength of this shock. The
NCOREL computations were repeated on a 0.5-in. step size
for the same crossflow grid density. A small improvement in
the location of the forebody upper surface shock was found,
but otherwise the computed results were generally unchanged.
Notice that the changes in the design study and experimental
geometries are reflected in the NCOREL-predicted surface
pressures. The relatively small change in the forebody geome-
try significantly influenced the predicted strength of the fore-
body shock.

The final spanwise data station, shown in Fig. 8, is 30 in. aft
of the nose, or 87% of body length. The overall quality of the
NCOREL pressure estimates is similar to that shown previ-
ously. In particular, the NCOREL calculations for the strake
upper surface are in very good agreement with experimental
data except for the local region where the strake and forebody
intersect near 5 = 0.5. A comparison of the two geometries

«=3,20" =521 = 7.26°
Upper surface

Experimental geometry -.4 Upper surface ~ Upper surface
----- — Design study geometry 3

O Expertment

| Lower surface

Fig. 6 Comparison of design study with actual wind-tunnel ge-
ometries, NCOREL-computed pressure distributions, and experimen-
tal data at x =15 in. and M =1.80.

@=3,29° «=5,21° «=7.26°
-4 Upper surface r Upper surface r Upper surface

Experimental geometry Cp '
------ Design study geometry
o Experiment

[ Lower surface

o}

.
46 .8 1.0

Fig. 7 Comparison of design study with actual wind-tunnel ge-
ometries, NCOREL-computed pressure distributions, and experimen-
tal data at x =22.5 in. and M =1.80.
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shows that changes caused by the wind-tunnel model design
process were fairly significant at this station.

A plot of the centerline geometry of the forebodies from the
design study and the experimental model is shown in Fig. 9
along with the corresponding pressure data. Waviness on the
upper surface centerline aft of the canopy is apparent. The
effect of this waviness can be seen in the calculated centerline
pressures at all «. The small changes to the geometry on the
nose and canopy regions have a surprisingly large effect on the

pressure calculations.

Comparing the NCOREL pressure estimates for the experi-
mental geometry and the experimentally obtained pressure
data shows good agreement, except for the upper surface
centerline aft of 60% of body length. For all three «, the
computed centerline pressures in this region are more positive
than the experimental pressures. The difference between com-
puted and experimental pressures in that region increases with
increasing «. This error in the full-potential calculation on the
top centerline aft of the canopy was also shown in a figure
presented in Ref. 9 for a similar geometry and computational
method. No explanation for the difference was offered in that
publication.

A photograph of the experimentally determined upper sur-
face streamlines as indicated by the oil-flow technique is
shown in Fig. 10. The angle of attack is roughly 4 deg. The
flow pattern is basically smooth without any indication of
upper surface flow separation except for the centerline region
aft of the canopy. In this region, the classic herringbone
pattern that occurs under a vortex is noted on either side of the
centerline. The pair of symmetric vortices on either side of the
centerline and aft of the canopy is the likely source of the
discrepancy between full-potential and experimental pres-
sures. It is believed the upper surface shock noted at x = 22.5
in. causes these vortices.

A vapor-screen photograph of the upper surface flowfield
near the trailing edge at oo = 7 deg is shown in Fig. 11. The

«=3,29° «=5,21° «=7.26°
~ Upper surfoce ~ Upper surfoce ~ Upper surface

——- Experimentol geometry
------- Design study geometry
O Experiment

%

-
-3

yis
-1
0
1

Fig. 8 Comparison of design study with actual wind-tunnel ge-
ometries, NCOREL-computed pressure distributions, and experimen-
tal data at x =30 in. and M =1.80.

e~ EXperimental geometry
------- Design study geometry
©  Experiment

*=7,26"

/

ls
“Upper surfacej

£ ‘ E'

Fig. 9 Comparison of design study with actual wind-tunnel ge-
ometries, NCOREL-computed pressure distributions, and experimen-
tal data at ¥ =0.0 in. and M =1.80.
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AFT SECTION

FORE SECTION
Fig. 10 Oil flow on the upper surface; M =1.80, a=4 deg.

Fig. 11 Vapor screen for M =1.80, o=7 deg, x =34 in.

observer is behind the model looking forward. The light
source is on the left side of the model. According to the
vapor-screen technique, the flow over the strake upper surface
is attached, i.e., a leading-edge vortex does not form. How-
ever, a pair of vortices on the forebody upper surface center-
line can be seen. The forebody vortices are indicated by the
herringbone pattern of the oil-flow presented in Fig. 10. These
vortices could be identified for « as low as 2 deg.

High Alpha Flowfield

The computational study focused on low « where the flow-
field is expected to remain attached over the geometry. How-
ever, during the experimental verification study, the high o
flowfield was also investigated. In the preceding section, it was
noted that an attached flowfield on the upper surface of the
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Fig. 12 Comparison of full-potential and Euler results with experi-
mental pressure data at M =1.80 and «=11.29 deg.
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Fig. 13 Comparison of full-potential and Euler results with experi-
mental pressure data at M =1.80 and o= 13.27 deg.
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Fig. 14 Vapor screens for M =1.80, a~13 deg, =0 deg.

" X=22.5 in.

strake was found for an « as high as roughly 7 deg. However,
for an additional « of approximately 2 deg, a leading-edge
vortex was observed in the vapor screens.

The full-potential equation cannot model the separated re-
gions of the flowfield. An Euler solver can model rotationality
in inviscid flow but cannot model the separation mechanism
that is a viscous effect. However, for a sharp leading-edge
lifting surface, an Euler solver can model the primary leading-
edge vortex.** A recently developed Euler solver'® was used to
calculate the flow on the forebody-cambered strake geometry.
The results shown in Figs. 12 and 13 compare the experimental
pressure data for three spanwise locations with full-potential
and Euler calculations at M = 1.80 and o = 11.29 and 13.27
deg, respectively.

The results given for both methods are for a 1-in. marching
step size and a 57 x 57 grid for the full-potential method and
a 68 x 57 grid for the Euler method. Both methods correctly
compute the pressure distribution on the lower body and
strake surfaces, and, in fact, the full-potential and Euler re-
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sults are virtually identical in this region. This is direct evi-
dence that the losses in stagnation pressure through the bow
shock are small for this Mach number « combination.

However, the computed results on the upper surface of the
strake are significantly different. The full-potential method
predicts a leading-edge overexpansion to the vacuum limit,
which recompresses sharply through a crossflow shock just
inboard of the leading edge. Experimental evidence does not
support this flowfield structure. On the other hand, the Euler
results agree very well with the experimental pressures on the
upper surface of the strake. Examining the Euler-predicted
velocity vectors clearly showed a leading-edge vortex flow on
the leeside of the strake. Two entirely different predicted
flowfields on the strake upper surface, i.e., an attached flow
field with strong crossflow shock from the full-potential
method and a leading-edge vortex flow from the Euler
method, do not seem to significantly affect the computed
pressures on the upper surface of the forebody as indicated by
the agreement between the full-potential and Euler results in
this region. At x = 22.5 and 30 in., both methods predict an
embedded flowfield shock that is also indicated in the experi-
mental surface pressures at n = 0.2. This embedded shock is
stronger in the full-potential calculations than in the Euler
results.

An additional comparison of full-potential and Euler calcu-
lations with experimental surface-pressure data for the three
spanwise data stations at M =1.80 and « = 13.27 deg is
shown in Fig. 13. The statements made in the preceding para-
graph for the o = 11.29 deg case also apply to the results at
this «, as expected. The trends of the comparisons between the
full-potential and Euler methods with the experimental data
are unchanged. The pressure drop across the two embedded
shocks predicted by full-potential theory is slightly larger at
this higher o, but the expansion pressure at the leading edge is
unchanged since the pressure plateau increased at a = 13.27
deg. The Euler method predicts a slightly stronger leading-
edge vortex as evidenced by the more negative pressure coeffi-
cients. The embedded flowfield shock is also stronger at the
higher «.

The complex nature of the high « flowfield can be seen from
the vapor-screen photographs presented in Fig. 14. Four pho-
tographs are presented at x = 15, 22.5, 26.3, and 30 in. for
a = 13.1 deg, 8 = 0 deg. In each of the four photographs, the
large vortex on the upper surface of the strake can be clearly
seen. The vortex core is well defined as is the feeding sheet that
originates from the leading edge. The pair of symmetric vor-
tices previously noted in Fig. 11 on the upper surface of the
forebody at o = 7 deg are, of course, still present. An embed-
ded flowfield shock is visible on the upper surface of the
forebody for three of the stations. The most forward station,
x = 15 in., is near the maximum height of the canopy. An
embedded shock is not apparent at this station. The next

Cp .ouf-

Q 1 1 i 1 L 1 1 J
=2 0 2 4 6 8 10 12 14
o, deg

O  Experiment
---—— Euler solution
——— NCOREL(full potenticl}

-2 0 2 4 6 8 10 12 14

=, deg

Fig. 15 Comparison of longitudinal force and moment data for
experiment and full-potential and Euler codes; M =1.80, =0 deg.
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photograph is x = 22.5 in., just aft of the canopy, where an
embedded shock is faintly visible well up on the body side. The
separated region has formed on either side of the centerline as
evidenced by the two dark regions. At station x = 26.3 in., the
photograph again indicates the strake vortex, the pair of cen-
terline vortices, and now a more clearly defined embedded
shock. Note that the position of the shock has moved about
halfway down the side of the body. The final vapor-screen
photograph at x = 30 in. shows that the embedded shock
continues to move outboard and now interacts with the strake
vortex.

Longitudinal Force and Moment Comparison

A comparison of lift, drag, and pitching-moment coeffi-
cients from the full-potential and Euler codes with the experi-
mental data is shown in Fig. 15. The drag comparison includes
a constant skin friction drag coefficient of 0.0071 from the
method used in Ref. 11, which is added to the full-potential
and Euler inviscid drag coefficients. These coefficients are
well computed by both methods, however, the Euler results
are clearly superior. The Euler results showed that, for this
particular geometry with a highly cambered strake, a region of
leading-edge vorticity developed on the lower surface of the
strake at low «. This is the primary difference between the
full-potential and Euler results at low «a.

At high o conditions, the lift and drag estimates are virtu-
ally identical and agrec well with the experimental data. How-
ever, the pitching moment prediction from the Euler solver is
significantly improved over the full-potential results and is
in excellent agreement with the experiment. Based on the
comparisons of surface-pressure data, the close agreement
between full potential and Euler lift and drag is somewhat
surprising.

Conclusions

A procedure for the design of strake camber and thickness
in supersonic flow at low lift mounted on a large forebody has
been developed and verified through an experimental test pro-
gram. The goal of the design effort was to maintain an at-
tached flowfield on the upper surface of the strake at the low
o conditions typical of cruise. The design procedure used a
full-potential supersonic marching code, which accurately
computed the flowfield on a-complex forebody-strake geome-
try. An empirical guideline coupled with the accurate surface-
pressure calculation from the NCOREL full-potential code
was used to determine the strake surface contours that yielded
attached flow at the design point.

Typical results of the computational design study were pre-
sented to describe the details of the geometry development. As
a result of this study, a cambered strake-forebody design was
selected for model fabrication. The experimental test pro-
gram, which consisted of force and moment, surface-pressure,
and flow-visualization data, confirmed that the design crite-
rion of attached flow on the strake was met for the design
conditions of Mach 1.80 and « = 4 deg.

The high « flowfield was also investigated both experimen-
tally and computationally. Vapor-screen data indicated the
presence of a large, well-defined strake vortex that filled the
strake-forebody intersection region for « approximately = 9
deg. Additionally, an embedded shock, which was indicated in
the surface-pressure data and visible in the vapor-screen data,
formed on the upper surface of the forebody aft of the canopy
for « approximately >2 deg. This shock apparently caused
flow separation that evolved into a pair of symmetric vortices)
also clearly evident in the vapor-screen and oil-flow data).

Surface-pressure data were compared to full-potential and
Euler code results to assess the validity of each method for
high o conditions. The full-potential equation does not model
the physics of a separated flowfield and, therefore, good
agreement is not expected in separated regions. However, the
full-potential method predicted the surface pressures well in
the attached flowfield at high «.
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Overall agreement between experimental surface-pressure
data and Euler predictions was excellent. The Euler method
correctly predicted the occurrence of a strake vortex at
o=11.29 and 13.27 deg. It is believed that the numerical
artificial viscosity in the Euler method and the sharp leading
edge of the strake cause a leading-edge vortex to form in the
inviscid computation. The only significant error in the Euler
surface-pressure predictions was in the region of the forebody
upper surface aft of the canopy. The Euler method computed
the embedded shock but not the vortices that formed aft of the
embedded shock.

Experimental lift, drag, and pitching-moment data were
compared with both the full-potential and Euler predictions
across the o range. Both methods accurately predicted the
experimental lift and drag data but the Euler calculations are
superior. The Euler preditions of pitching moment were
clearly superior to those of the full-potential method.
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