NASA
Technical
Paper
2628

1986
Forward-Swept-Wing
Configuration Designed
for High Maneuverability
by Use of a Transonic
Computational Method

Michael J. Mann and
Charles E. Mercer

Langley Research Center
Hampton, Virginia

NNASA

National Aeronautics
and Space Administration

Scientific and Technical
Information Branch



SUMMARY

A transonic computational analysis method and a transonic design procedure have
been used to design the wing and the canard of a forward-swept-wing fighter configura-
tion for good transonic maneuver performance. A model of this configuration was
tested in the Langley 16-Foot Transonic Tunnel. The computational method calculates
the transonic flow over a canard-wing-fuselage combination so that the strong tran-
sonic induced-flow effects of the canard on the wing are taken into account. The
transonic theory gave a reasonably good estimate of the wing pressure distributions
at transonic maneuver conditions. Comparison of the forward-swept-wing configuration
with an equivalent aft-swept-wing configuration showed that, at a Mach number of 0.90
and a lift coefficient of 0.9, the two configurations have the same trimmed drag.

The forward-swept-wing configuration was also found to have trimmed drag levels at
transonic maneuver conditions which are comparable to those of the HiMAT (highly
maneuverable aircraft technology) configuration and the X-29 forward-swept-wing
research configuration. The configuration of this study was also tested with a fore-
body strake in order to examine the effects of a vortex on a forward-swept wing at
subsonic and transonic maneuver conditions.

INTRODUCTION

Recent developments in composite structures have opened the possibility of
forward-swept wings which exhibit good static divergence characteristics with accept-
able levels of structural mass (refs. 1 to 3). These developments have led to
several studies of the application of forward sweep to highly maneuverable aircraft
(refs. 4 to 13). These studies have examined the various structural and aerodynamic
design requirements for a practical fighter aircraft that uses a forward-swept wing.
Part of these efforts has culminated in the design and flight test of the X-29
forward-swept-wing technology demonstrator aircraft.

Recent studies have examined the application of supercritical technology to the
improved maneuver performance of wings with moderately sweptback leading edges
(ref. 14). The primary purpose of the present investigation has been to study the
application of supercritical technology to a forward-swept-wing fighter configuration
and to make an assessment of the relative performance of forward sweep and aft sweep.
The wing and canard for this forward-swept-wing configuration were designed for tran-
sonic maneuver with a transonic computational analysis method and a transonic design
procedure. The computational method calculates the transonic flow over a canard-
wing-fuselage combination so that the strong transonic induced-flow effects of the
canard on the wing are taken into account. This study has also included tests to
examine the effects of a forebody strake on the maneuver performance of a forward-
swept wing.

A model of this forward-swept-wing configuration was tested in the Langley
l6-Foot Transonic Tunnel. The wing pressure distributions were measured and have
been compared with the theoretical calculations. The lift and drag characteristics
of this configuration have been compared with the characteristics of an equivalent
aft-swept-wing configuration, the highly maneuverable aircraft technology (HiMAT)
configuration, and the X-29 forward-swept-wing research configuration.



A tabulation of the experimental run schedule for the tests in the Langley
16-Foot Transonic Tunnel is presented in a "Supplement to NASA TP-2628." Also pre-
sented in the supplement are the tabulated force and pressure data for the configura-
tions tested. The supplement is available upon request, and a request form is
included at the back of this paper.

SYMBOLS

Wing geometric parameters A, 2, S, and A are for the basic trapezoidal wing
extended to the model centerline.

A wing aspect ratio

b wing span, ft

b, canard span, ft

Cp drag coefficient, D/gS

CD,o zero-1ift turbulent skin-friction drag coefficient

Cp,trim drag coefficient at Cy =0
Ct, total lift coefficient, L/gS

Cy, th theoretical 1lift coefficient of wing and canard (if present) in the
! presence of an infinite cylinder

Cm pitching-moment coefficient (referred to a moment center 23.9 in. from
fuselage nose for FSW), Pltchlng_moment
gsc
PZ - P
Cp pressure coefficient, ——:;——
c local chord of wing or canard, parallel to plane of symmetry, in.
c wing mean aerodynamic chord, in.
D drag, 1lbf
c 2
. . . . L
e correction factor for induced drag term in equation Cp = C + —
D D,O eTA
L total lift, 1bf
M free-stream Mach number
P free-stream static pressure, lbf/ft2
i local static pressure, lbf/ft2
q free-stream dynamic pressure, lbf/ft2
RE Reynolds number based on c
2




S wing reference area, ft2

sc,exp exposed canard area, ft2

St,exp exposed horizontal-tail area, ft2

t/c ratio of maximum wing-section thickness at a given spanwise station to the
local wing chord parallel to plane of symmetry

X local chordwise distance from wing or canard leading edge, parallel to
plane of symmetry, in.

x' distance from apex of strake measured parallel to plane of symmetry, in.

Xog center of gravity (moment reference) measured from fuselage nose, in.

y spanwise distance from plane of symmetry, ft

y' spanwise distance measured from apex of strake, in.

2,127 upper and lower airfoil vertical ordinates, measured from FRP, in.

o angle of attack, deg

o' = 0 + Constant; constant is selected to make @' = 0° when Cy, = 0, deg

Gc canard deflection, positive with leading edge up, deg

af,LE leading-edge flap deflection measured chordwise, positive with leading
edge down, deg

6f,TE trailing-edge flap deflection measured chordwise, positive with trailing
edge down, deg

dt horizontal-tail deflection, positive with leading edge up, deg

Acp,sh change in Cp across shock wave

n semispan location, E%E

nc canard semispan location, Bi%i

A wing taper ratio, %%ggsgggga

Abbreviations:

FRP fuselage reference plane (see fig. 1l(a))

FS fuselage station (distance from nose) of wing or canard leading edge, in.

FSW forward-swept wing



HiMAT highly maneuverable aircraft technology

SMF supercritical maneuvering fighter

APPARATUS AND TESTS
Model Description

Drawings of the wind-tunnel model are shown in figure 1, and photographs are
shown in figure 2. The geometric characteristics are given in table I. The model
represents a highly maneuverable fighter configuration equipped with a forward-swept
wing and a canard for pitch control (ref. 15). The incidence of the canard can be
varied, and the wing leading- and trailing-edge flaps can be deflected (figs. 1l(a)
and 1(b)).

In order to make an assessment of the relative performance of forward sweep
compared with aft sweep, the planform of the forward-swept wing was designed as a
counterpart of the planform of the SMF-1 aft-swept wing described in reference 14.
As shown in figure 3(a), the wings for these configurations have the same aspect
ratio, taper ratio, and wing area. The structural axes for these wings have been
assumed to lie along the 40-percent-chord line. The sweep of the 40-percent-chord
line on the forward-swept wing is the negative of the sweepback of the 40-percent-
chord line on the aft-swept wing. It was assumed for the present study that this
would make the structural weights of these wings approximately the same as on an
actual aircraft.

The section shapes of the wing and canard for the forward-swept-wing configura-
tion (tables II and III) and the SMF-1 aft-swept wing have been designed for good
transonic maneuver performance through the use of current transonic computational
methods and the supercritical technology development discussed in reference 14. The
forward-swept wing was designed for a range of Mach number from 0.85 to 0.95 and a
1ift coefficient of 0.9. The SMF-1 was designed for a Mach number of 0.90 and a lift
coefficient of 0.9. Table IV includes a comparison of the areas of the canard and
the horizontal tail for these configurations. The transonic maneuver drag levels of
these configurations are compared.

The canard planform of the forward-swept-wing configuration was chosen to be
aft swept because an aft-swept canard would seem to have a more favorable influence
on the wing than a forward-swept canard. The flow on the forward-swept wing sepa-
rates first at the root, and the flow on the aft-swept canard separates first at the
tip. Therefore, the downwash from the root region of the canard, where the flow
remains attached at maneuver conditions, helps to reduce the flow separation in the
root region of the wing.

The fuselage of the forward-swept-wing configuration was area ruled by the use
of the supersonic design and analysis method of reference 16 (figs. 1(d) and 1(e)).
The area distribution was designed to reduce the zero-lift wave drag subject to
certain requirements. These requirements included sufficient internal volume for
model instrumentation and external contour lines on the fuselage which are smooth in
the streamwise direction and provide a flat side on the canopy for canard rotation.
The wave drag was examined for Mach numbers between 1.00 and 1.60. The supersonic
code was also used to define the negative trailing-edge flap deflection angle neces-
sary for low drag at a Mach number of 1.20. The model was not configured to provide
for propulsion simulation.
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The wing and canard twist distributions of the forward-swept-wing configuration
are shown in figure 1(c). The vortex-lattice design method of reference 17 was used
to calculate the twist of the wing in the presence of the canard. The wing twist
shown in figure 1l(c) is a compromise between the optimum twist distributions for
transonic maneuver and cruise (corresponding to lift coefficients of 0.9 and 0.4,
respectively). The canard has the same planform as the transonic wing design of
reference 14. Therefore, the twist of that wing was reduced to allow for cruise
requirements and was then used as the canard twist for the present study.

The forward-swept-wing configuration was also tested with the forebody strake
shown in figure 1(f). The strake was constructed from a flat plate about 1/8 in.
thick (zero twist and camber) and had a sharp beveled leading edge, with a radius
normal to the leading edge of 0.002 to 0.003 in. The planform coordinates of the
strake leading edge are given in table V. The planform shape of the leading edge
was designed by the method of reference 18. The method of reference 18 determines
the planform shape of a flat isolated strake by the specification of the leading-edge
suction distribution in a simplified flow. For a sharp leading-edge strake, it is
assumed that there is a relationship between the calculated attached-flow leading-
edge suction distribution and the vortex stability which will be realized under
experimental conditions. One of the better strakes described in references 18 and 19
is called AD 14. The leading-edge suction distribution of AD 14 was used to design
the leading-edge planform shape of the current strake for a Mach number of 0.90 and
a strake width of 2.94 in.

Since the strake was designed as an isolated lifting surface and the wing was
designed to operate in the presence of a canard, it should be noted that the strake
and the wing have not been designed to operate in the presence of each other. How-
ever, this strake could be utilized in conjunction with the current forward-swept
wing to examine some of the basic characteristics of a strake—forward-swept-wing
configuration at high Mach numbers. 1In addition to the measurement of the overall
forces and moments, oil-~flow photographs have been used to examine the interaction
between the strake vortex and the forward-swept-wing flow field.

Comparison Configurations

The maneuver drag levels of the forward-swept-wing configuration have also been
evaluated by comparison with the HiMAT configuration (ref. 20) and the X-29 forward-
swept-wing research configuration (refs. 4 to 6). The HiMAT and the X-29 are
recently developed configurations for which supercritical technology has been uti-
lized to achieve good transonic maneuver performance at a Mach number of 0.90 and
lift coefficients of about 1.0. The version of the X-29 used in the current study
is a research configuration (ref. 4) of the X-29 forward-swept-wing technology
demonstrator aircraft. Since the research configuration does not have certain geo-
metric characteristics required for the X-29 aircraft, the research configuration
pbrovides a more appropriate comparison with the current forward-swept-wing configura-
tion than does the X-29 aircraft. The X-29 research configuration has lower trimmed
maneuver drag than does the X-29 airplane configuration for Mach numbers of 0.60,
0.90, and 1.20. Some geometric parameters for both the HiMAT and the X-29 research
configurations are given in table IV and drawings of the two configurations are
shown in figures 3(b) and 3(c). All the experimental results presented for the
HiMAT (and the X-29) are derived from wind-tunnel data.



Tests and Corrections

The major part of this investigation of a forward-swept-wing configuration was
conducted in the Langley l1l6-Foot Transonic Tunnel. Subsequent to these tests, addi-
tional tests were run in the Langley 7- by 10-Foot High-Speed Tunnel in order to
obtain oil-flow photographs on selected configurations. Both of these facilities are
continuous-flow, single-return atmospheric tunnels. The test section of the Langley
16-Foot Transonic Tunnel is octagonal, and the test section of the Langley 7- by
10-Foot High-Speed Tunnel is rectangular. A description of these tunnels is given
in references 21 and 22.

The tests were run at Mach numbers from 0.60 to 1.20 and angles of attack
between -4° and 17°. The Reynolds number, based on wing mean aerodynamic chord,
varied from 2.5 X 109 at a Mach numbexr of 0.60 to 3.0 X 10® at a Mach number of 1.20.

Boundary-layer transition strips were applied to the model according to the
method of reference 23. Strips approximately 0.1 in. wide of No. 120 carborundum
grains were used. They were applied 0.6 in. streamwise behind the leading edges of
the wings, canards, strakes, and vertical tail and 1 in. behind the fuselage nose.

Aerodynamic forces and moments were measured by an internal, six-component,
strain-gauge balance. Model angle of attack was obtained by correcting the angle of
the model support system for deflections of the sting and balance under aerodynamic
load. The force data have been corrected to a condition of free-stream static pres-
sure over the fuselage base. The angle of attack for the 1l6-foot transonic tunnel
tests was corrected for flow angularity. The same sting was used in both wind tun-
nels to insure that the aft flow conditions on the model were approximately the same
in both tunnels.

The wing was instrumented with static-pressure orifices distributed in stream-
wise rows. The left-hand wing had orifices on the upper surface at semispan stations
of 1n = 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.65, and 0.85. The right-hand wing had
upper surface orifices at 1N = 0.25 and lower surface orifices at n = 0.25, 0.35,
0.50, 0.65, and 0.85. All surface pressures were recorded by the use of differential
pressure scanning valves mounted in the nose section of the model.

Tests of the SMF-1 aft-swept-wing model are described in reference 24, which
presents both plots and tabulations of the experimental data.

WING AND CANARD DESIGN
Computational and Design Methods

The airfoil sections of the forward-swept wing were designed in the presence of
the canard. The configuration was designed for a maneuver lift coefficient of 0.90
over the Mach number range of 0.85 to 0.95. The thin supercritical sections for the
wing and the canard were designed by the use of a three-dimensional transonic compu-
tational analysis method and a transonic design procedure. The transonic computa-
tional analysis method used is called PANDORA (ref. 25). The PANDORA computer code
was selected because it calculates the transonic flow over a canard-wing-fuselage
configuration and, therefore, accounts for the strong transonic induced-flow effects
of the canard on the wing.




Although the PANDORA code was used strictly as a transonic analysis method in
the current study, the PANDORA code can also be utilized as an automated design tool
through the combined use of the transonic analysis method and numerical optimization.
In the present study, however, an alternate design procedure was chosen that seemed
to provide a more direct method of achieving the desired type of wing pressure dis-
tributions at the selected maneuver design conditions. The transonic design proce-
dure described in reference 26 was utilized along with the PANDORA transonic analysis
method for the wing and canard airfoil-section design (ref. 27). This design proce-
dure provides a set of guidelines for the systematic alteration of airfoil-section
shape to achieve some desired pressure distribution. Some examples of the applica-
tion of this design procedure are discussed in reference 14.

Since the forward-swept-wing configuration was designed, additional developments
in transonic design methods have taken place. (See, e.g., refs. 28 and 29.) The
recently developed method of reference 29 is an improved version of PANDORA called
TRO-3D. In TRO-3D, the optimization process has been tailored to transonic aerody-
namic design so that better designs should result (more reliable optimums) and the
computational run times should be greatly reduced.

The flow equation used in the analysis by the PANDORA code (refs. 25 and 29) is
an "extended" transonic small disturbance equation. It is solved by the use of
finite~difference approximations in a global crude Cartesian mesh system with indi-
vidual embedded fine grids placed over the wing and the canard. The crude grid has
64 streamwise, 26 spanwise, and 31 vertical grid points. The fine grid is in verti-
cal planes with 133 streamwise and 25 vertical grid points. There are 15 fine grid
planes across the wing semispan and 8 fine grid planes on the canard semispan. The
fine grid density is reduced at the wing and canard tips. The effects of viscosity
on the wing and canard are included by the use of a modified two-dimensional Bradshaw
turbulent boundary-layer analysis and infinite swept-wing theory. For the maneuver
conditions calculated in this study, the solution was found to be essentially con-
verged with 100 crude grid iterations followed by 160 crude/fine grid iterations.
The boundary-layer solution was updated every 20 iterations during the crude/fine
grid calculations.

Figure 4 shows a correlation between the theoretical wing pressure distributions
of PANDORA and the experimental pressure distributions. The version of PANDORA con-
tained in the TRO-3D code was used to make the calculations. Results are shown with
the canard on for Mach numbers of 0.80 to 0.95 and with the canard off for Mach num-
bers of 0.85 and 0.90. Comparisons have been made at maneuver lift coefficients for
which the flow appears to be largely attached. In the calculations, the fuselage was
represented by an infinite cylinder. The experimental lift coefficients (given in
fig. 4) were chosen to be approximately 0.1 greater than the theoretical lift coeffi-
cients in order to account for the 1lift on the fuselage which is not accounted for by
PANDORA in the case of an infinite cylinder. All flap deflection angles and the
canard incidence are zero. The measured wing-section coordinates used in the calcu-
lations (table II) and the experimental upper-surface pressure distributions are both
for the left wing.

The correlation at all Mach numbers in figure 4, for both the canard on and the
canard off, is good considering the high levels of lift involved. As indicated by
the lack of good upper-surface trailing-edge pressure recovery in the experimental
data, the trailing-edge region of the wing has some separation. This separation
would tend to push the shock wave forward and therefore explain the differences in



shock location between the theory and the experiment on the inboard region of the
wing. The double shock predicted by the theory at 1N = 0.50 does not appear in the
experimental data; however, at lower angles of attack, the experimental data (see
"Supplement to NASA TP-2628") indicate the presence of two flow accelerations on the
upper surface at TN = 0.50 (two "peaks" in the pressure). As the experimental angle
of attack is increased, the trailing-edge separation has apparently caused a second

shock wave to move forward and to merge with the upstream shock wave. The difference

in character between theory and experiment on the upper surface at n = 0.85 may be
caused by the reduction in the number of fine grid points in the theory from 70 over
most of the wing to 11 at the wingtip. The upturn in the theoretical pressure at the
inboard trailing edge for Mach numbers of 0.90 and 0.95 may be caused by some pecu-

|

liarity in the extrapolation of the boundary layer past the computed separation point.-

Design Considerations

The initial efforts of this study to design a forward-swept-wing configuration
without a canard indicated that, based on the studies of reference 14, the inboard
flow would experience extensive separation due to the presence of a strong inboard
shock wave preceded by a strong adverse pressure gradient. Therefore, a canard was
added to the configuration in order to utilize the induced downwash from the canard
as a means of lowering the local angle of attack on the inboard part of the wing.
When the wing sections were redesigned in the presence of the canard, the strong
inboard adverse pressure gradient was eliminated and the shock strength was slightly
reduced. Based on these theoretical results and the studies of reference 14, it was
felt that the wing would develop less flow separation for the case of the canard
configuration than for the case of the configuration designed without a canard. The
effects of the canard will be examined in the section "Discussion of Results.”

The objective of the design process was to reduce the shock strength and the
adverse pressure gradients at a 1ift coefficient of 0.9 over the Mach number range
of 0.85 to 0.95. The studies of reference 14 on the maneuver performance of aft-
swept wings (without canards) indicated the desirability of designing the wing so
that, at Mach numbers from 0.85 to 0.95, the upper surface pressure distribution
ahead of the shock wave is flattened or has a gradual compression. An effort was
made to design the forward-swept wing with these types of pressure distributions on
the outboard part of the wing for Mach numbers from 0.85 to 0.95 at a lift coeffi-
cient of 0.9. (See figs. 4(b) to 4(d).) The inboard part of the wing was designed
to eliminate strong shocks preceded by strong adverse pressure gradients. The resul-
tant inboard flow tends to have moderately strong shocks preceded by a favorable
pressure gradient. (See figs. 4(b) to 4(d).) These inboard pressure distributions
are not necessarily optimum; however, they appeared to be a significant improvement
over the configuration designed without the canard.l

Since the canard has the same planform as the SMF-1 wing, the midspan airfoil
section of SMF-1 was modified and was used on the canard. The modifications were
based on calculations with PANDORA and resulted in two new sections, one for the root
and one for the tip. Only two sections were defined in order to simplify the model
construction process.

lThe downstream pressure peak in figure 4 at n = 0.50 was not so pronounced
in the calculations made during the wing design process. Those calculations were
made with the early version of PANDORA (ref. 25) and involved a different method for
estimation of boundary-layer effects than the Bradshaw method.
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PRESENTATION OF RESULTS
The results of this study are presented in the following figures:

r Figure
Flap effects:
Effect of trailing-edge flaps on longitudinal aerodynamic characteristics.
Strakes off; §_ = 0°; af,LE = 0 ettt et et 5
Effect of leading-edge flaps on longitudinal aerodynamic characteristics.
Strakes off; §_, = 0°; df,TE =‘lO°........................................ 6
Canard effects:
Effect of canard incidence on longitudinal aerodynamic characteristics.

Strakes off; 6f,TE = Gf,LE S 7
Effect of canards on longitudinal aerodynamic characteristics.
Strakes off; §_ = 0°; Gf,TE = af,LE SO 8

Strake effects:
Effect of strakes on longitudinal aerodynamic characteristics.
Canards off; 6f,TE = df,LE T 0 e e e ettt e e e e 9
Effect of strakes in combination with canards and trailing-edge flaps
on longitudinal aerodynamic characteristics. S = 0°; 6f,LE = 0°;

6f,TE = lO°.-.............................................................. 10
Effect of strakes in combination with canards on longitudinal
aerodynamic characteristics. &g = -109; 0g,TE = 0,1 = 0% eeverinnnnnn.. 11

Comparison of canard and strake configurations:
Effect of strakes and canards on longitudinal aerodynamic characteristics.

60 = Oo; Gf,TE = Sf,LE = Oo...........-................................... 12

Canard and strake effects on wing pressure distribution:
Effect of canards on wing upper and lower surface pressure

distributions. Strakes off; &, = 0°; SE,mE = OfF,1E = 0% evennennnnnnnn.. 13
Effect of strakes on wing upper and lower surface pPressure
distributions. Canards off; & = 6 S O R 14
f,TE f,LE

|
|
\ Canard and strake effects illustrated by oil-flow patterns:

; Upper surface oil-flow patterns with and without canards. Strakes off;
} =

8o = 0°; & =6 P 15
c £,TE f,LE .
‘ Upper surface oil-flow patterns with and without strakes. Canards off;

(Sf,TE = (Sf,LE = Oo.-..-.....-...--..-.......-.........-.....-.-..-..-.....- 16

Evaluation of forward-swept-wing configuration:
i Variation of trimmed drag with center-of-gravity location and static

7 margin for C; = 0.9. Canard on; strakes S 17
Comparison of experimental results with ideal and zero-suction
polars. Strakes off....................................................... 18
Spanwise variation of shock strength on forward-swept and SMF-1 aft-
swept wings. Strakes off; S = 0°; df,TE = df,LE = 0% ittt 19
Comparison of forward-swept~ and SMF-1 aft-swept-wing configurations.
Strakes off....iveiinnnnnnnnnn.. L T T T T T T T 20
Comparison of forward-swept-wing configuration with HiMAT configuration.
‘ Strakes off................................................................ 21
: Comparison of forward-swept-wing configuration with X-29 research
* configuration. Strakes S 22



DISCUSSION OF RESULTS

First, the separate effects of the flaps, the canard, and the strakes are
examined. Then the performance of the forward-swept-wing configuration is evaluated
by comparisons with the ideal and zero-suction polars, the equivalent aft-swept-wing
configuration, the HiMAT configuration, and the X-29 configuration.

Flap, Canard, and Strake Effects

The force and pressure data of figures 5 to 14 and the oil-flow photographs of
figures 15 and 16 are, in general, for untrimmed conditions. These data are used to
examine the effects of the wing leading- and trailing-edge flaps, the canards, and
the forebody strakes.

Flap effects.- The effects of the trailing-edge and the leading-edge flaps are
shown in figures 5 and 6. Figure 5 shows that, at Mach numbers of 0.60 and 0.90 and
1ift coefficients greater than the design value of 0.9, deflection of the trailing-
edge flap substantially reduces drag and increases the lift-drag ratio. At the
design 1ift coefficient itself, the flap deflection has practically no effect. At a
Mach number of 1.20, the negative flap deflection of -14° reduces the drag at the low
1ift coefficients. The selected flap deflection angles have trimmed the configura-
tion for several values of 1lift (fig. 5(c)).

Deflection of the leading-edge flap reduces the drag at a Mach number of 0.60
for 1ift coefficients greater than about 1.1 (fig. 6). At a Mach number of 0.90,
however, the leading-edge flap deflection causes the drag to increase for all values
of the lift coefficient.

Canard effects.- The effects of canard incidence are shown in figure 7. Effects
of the canard on longitudinal aerodynamic characteristics, wing pressure distribu-
tions, and wing oil-flow patterns are shown in figures 8, 13, and 15, respectively.
For these three figures, the canard and flap deflection angles are zero. All the
oil-flow photographs were obtained in the lLangley 7- by l0-Foot High-Speed Tunnel,
with the exception of figures 15(i) and 15(3), which were obtained in the Langley
16-Foot Transonic Tunnel.

The pitching-moment increments generated by deflection of the canard at Mach
numbers of 0.60 and 0.90 can be obtained from figure 7(c). The moment increments
needed to trim the configuration with the flaps deflected and with a zero canard
deflection are shown in figures 5 and 6. The moment increments produced by deflec-
tion of the canard in figure 7(c) would be sufficient to trim the canard-wing con-
figuration with appropriate flap deflections (flaps deflected only at high lift
coefficient).

The addition of the canard to the configuration (fig. 8) reduced the drag and
increased the lift-drag ratio for lift coefficients greater than about 0.7 over the
entire range of Mach number from 0.60 to 1.20. For maneuver 1lift coefficients on
the order of 1.0, there was a substantial reduction in drag. This reduction in drag
for a given level of lift is apparently caused by two effects, as follows: First,
the additional lifting area provided by the canard which lowers the required angle
of attack and, second, favorable interference of the canard on the wing.
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The lift-drag ratio of an ideal polar with an elliptical span load (100-percent
suction) and a zero-suction polar of a thin flat-plate wing are plotted in fig-
ure 8(c).2 For Mach numbers up to 0.95, the configuration with the canard on tends
to develop a larger percentage of the available suction although both the canard-on
and canard-off configurations are approaching zero suction at the highest 1lift coef-
ficients. At a Mach number of 1.20, both configurations have lost all the suction.
When the canard is added to the configuration, the additional lifting area provided
by the canard lowers the angle of attack necessary to produce a given 1lift coeffi-
cient. Since the drag varies as Cy, tan o' when the lifting surfaces are operating
close to zero suction, the lower angle of attack due to the additional area results
in lower drag. Of course, a reduction in angle of attack at maneuver conditions
generally results in less flow separation so that the lifting surfaces will develop
more of the available suction and, because of this, achieve a lower level of drag.

The second reason given for a lower drag with the canard on, namely favorable
interference of the canard on the wing, has been the subject of numerous experimental
and theoretical investigations (refs. 11 and 30 to 34, for example). The studies of
references 11, 30, and 33 have measured the interference effects by the use of a
dual-balance system which separates the canard-forebody loads from the wing-afterbody
loads. Some aspects of canard configurations designed to utilize this interference
for improved maneuver performance have been studied in references 32 and 34. For
the current study, the wing pressure distributions and the oil-flow photographs of
figures 13 and 15 and the computed shock strengths of figure 19 can be used to
examine the interference of the canard on the wing.

Figures 19(a) and 19(b) show the spanwise variation of theoretical shock
strength on the forward-swept-wing configuration and its aft-swept counterpart
(SMF-1). The pressure increase through the shock wave has been computed with the
PANDORA code. The fuselage for both configurations was represented by an infinite
cylinder. The calculations were made for a theoretical 1ift coefficient (excluding
fuselage lift) of 0.7 at Mach numbers of 0.85 and 0.90. This theoretical 1ift coef-
ficient would correspond to a total lift coefficient of about 0.8. In places where a
double-shock system exists, the stronger shock jump is plotted and these locations
are noted in figures 19(a) and 19(b). The shape of the chordwise pressure distribu-
tion is shown at selected spanwise stations.

As mentioned earlier, a canard was included on the forward-swept-wing configura-
tion in order to obtain an inboard chordwise pressure distribution which should
result in a reasonably attached flow at transonic maneuver conditions. The lower
parts of figures 19(a) and 19(b) show the distribution of shock strength on the
forward-swept-wing configuration with and without a canard. The calculations

~ were made at a fixed lift coefficient, and the same computational grid was used on

2The zero-suction drag is computed from Cp = CD,o + Cp, tan o', where
Q' = a + Constant and the constant has been selected so that o' = 0° at Cr = 0.
c2
The ideal polar is computed from Cp = CD,o + A
3The addition of the canard will also affect the spanwise distribution of load.
This may result in a favorable effect on the induced drag because the wing twist was

designed to account for the influence of the canard.
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the wing for both cases. These results do not show, of course, the differences that
would result if one wing were designed without a canard and the other wing were
designed in the presence of a canard. However, the results do graphically illustrate
the powerful influence of the canard on the wing flow field by the considerable
reduction in shock strength at the wing root. The decrease in shock strength is due
to the downwash behind the canard and to the somewhat lower angle of attack necessary
to develop the same value of 1ift (about 1° lower). When the effect of the canard is
calculated with the angle of attack fixed at the value for the case with the canard
on, the decrease in shock strength is on the order of 80 to 90 percent of that shown
in figures 19(a) and 19(b). This result would, therefore, indicate that the majority
of the canard effect shown in figures 19(a) and 19(b) is caused by the induced-flow
effects from the canard. The addition of the canard also produces a small increase
in the strength of the outboard wing shock, apparently due to the upwash induced by
the canard outboard of its tip.

A similar reduction in wing shock strength produced by the addition of the
canard can be seen in the experimental pressure distributions of figures 13(e) and
13(j). These figures are for Mach numbers of 0.85 and 0.90 at angles of attack of
approximately 4° and 6°, respectively (and 1ift coefficients of 0.65 and 0.85,
respectively, with the canard on, from fig. 8(b)). The flow for both configurations
at these conditions appears to be predominantly attached. The shock strength has
been reduced at n = 0.25 with the addition of the canard, as previously seen in
figure 19. With the canard on, there also appears to be a slightly stronger shock
at n = 0.50 for a Mach number of 0.85 and a small increase in the trailing-edge
flow separation at n = 0.50 for a Mach number of 0.90 (shown by less compression
at the trailing edge). These results would correspond to the small increase in the
strength of the outboard shock indicated in figure 19.

The oil-flow photographs of figure 15 and the pressure distributions of fig-
ure 13 can be used to further examine the influence of the canard on the flow pattern
over the wing for 1lift coefficients up to about 1.0 at Mach numbers of 0.60, 0.85,
and 0.90. Comparisons of the canard on with the canard off, shown in figures 13
and 15, are made at approximately constant angle of attack. These figures show the
progressive changes at each Mach number as the angle of attack is increased. The
angles of attack of the oil flows and the pressure distributions only approximately
correspond to each other because the data were obtained in separate tests.

At a Mach number of 0.60, the flow for both the canard on and off at angles of
attack from 3.66° to 7.76° appears to be essentially attached (figs. 15(a) and 15(b)).
The canard-off configuration at an angle of attack of 7.47° may have a small region
of separation at the inboard leading edge. Any leading-edge separation will, of
course, strongly contribute to the loss of suction shown in figure 8(c). At an
angle of attack of approximately 11° to 12°, the lift coefficient ranges from 0.9
tc 1.1 for the canard off and on (figs. 13(c), 15(c), and 8(b)). The flow for the
canard-on configuration is largely attached with a small region of trailing-edge
separation and with what appears to be some local leading-edge separation on the
outboard sections (the latter noticeable in both the oil flow and the pressure dis-
tribution at 1N = 0.65). This contrasts with the canard-off configuration that has
developed a region of separation on the inboard area of the wing although the
leading-edge separation on the outboard sections does not appear to be as great.
Thus, the downwash from the canard has reduced the separation on the inboard region
of the wing. It is expected that this reduced separation would result in signifi-
cantly lower drag on the wing (ref. 35). However, the aerodynamic forces on the
canard and wing cannot, of course, be separately determined without a dual-balance
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system. 1In this study, therefore, it cannot be determined what proportion of the
drag reduction with the canard on is due to the interference between the wing and the
canard. It is interesting to note that, with the angle of attack fixed at 12°, the
lift-drag ratio has increased by only about 0.2 with the addition of the canard

L(fig. 8(d)). As the angle of attack is increased to the 14° to 15° range (lift coef-~
ficient of 1.2 with the canard on), figures 13(d) and 15(d) show that the flow on the
jwing is separated for both canard on and canard off although the separation appears
ito be somewhat less severe with the canard on.

Similar results were obtained at a Mach number of 0.85. The flow is attached
for both configurations at an angle of attack of approximately 3° to 4° (figs. 13(e)
land 15(e)). At an angle of attack of approximately 6° to 7°, the 1lift coefficient
}ranges from about 0.7 to 0.9 for the canard off and on (figs. 13(f), 15(f), and 8(b)).
The addition of the canard has essentially eliminated a large region of flow separa-
Fion on the inboard area of the wing. It is interesting to note that, with the
icanard on, the inboard shock at x/c » 0.35 and the double or lambda outboard shock
are clearly visible in both the o0il flow and the pressure distributions. As the
angle of attack is increased to approximately 8° and 11° (lift coefficients approxi-
mately 1.0 and 1.15 with the canard on), the oil-flow photographs continue to show
less inboard separation with the canard on, and the pressure distributions seem
to indicate a slightly increased separation at N = 0.50 with the canard on
(figs. 13(g), 13(h), 15(g), and 15(h)). These effects of the canard at an angle of
attack of about 8° and 11° correspond with the theoretical results of the lower parts
of figures 19(a) and 19(b) which show a weaker shock inboard and a slightly stronger
iIshock outboard with the canard on.

At a Mach number of 0.90 and an angle of attack of approximately 10° (lift
coefficient of 0.95 to 1.1 for canard off and on), figures 13(k) and 15(j) also show
less separation inboard with the canard on, while figure 13(k) shows increased sepa-
ration at TN = 0.50 with the canard on.

Strake effects.- The addition of the strake (canard off) with zero wing-flap
deflections (fig. 9) reduced the drag and increased L/D at maneuver conditions

'over the entire Mach number range from 0.60 to 1.20. The L/D curves of fig-

Jure 9(c) show that there is little difference in suction level between the strake-
on and the strake-off configurations. The strake itself would not be expected to
roduce any suction because it is flat with a sharp leading edge. At the higher
Mach numbers, the strake configuration does not produce much suction at maneuver
{conditions and, as similar to the case of the canard, the suction is close to zero
at Mach numbers of 0.95 and 1.20. At the lower Mach numbers (0.60 and 0.80), the
:strake configuration does not have as high a level of suction for lift coefficients
near 1.0 as the canard configuration in figure 8. (Note that the canard-off data of

fig. 8 are the same as the strake-off data of fig. 9.)

Comparisons of the canard and strake configurations are shown in figure 12.
The canard configurations exhibit substantially lower drag for a wide range of
maneuver conditions. At a Mach number of 0.90 (fig. 12(a)), however, the canard
‘configuration has stalled at the highest lift coefficients so that its drag polar
crosses over the polar for the strake configuration. The configuration with both
the strake and the canard is best because it has the low drag levels of the canard
configuration but does not stall at the high-1ift coefficients. However, the
strake-canard configuration cannot be trimmed with the canard deflection angles of
figure 7(c) for the entire range of lift coefficients of figure 12(c).
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Figures 10 and 11 show the effects of the strake when the canard is installed
and when either the canard or the wing trailing-edge flap is deflected. The results
show that the addition of the strake can either increase or decrease the drag,
depending upon Mach number, angle of attack, and configuration. With the canard at
zero incidence and a trailing-edge flap deflection of 10° (fig. 10), the strake has
reduced the drag for lift coefficients greater than 1.0 at Mach numbers of 0.85 and
0.90. With the canard at -10° incidence and zero flap deflections (fig. 11), the
strake has significantly increased the drag at a Mach number of 0.60 but has had
only a small effect at a Mach number of 0.90.

References 12 and 13 describe the results of tests at very low Mach numbers of
forward-swept-wing configurations equipped with forebody strakes. These references
have oil-flow photographs which show the effects of the strakes on the wing flow
field at low Mach numbers. The pressure distributions and oil-flow photographs of
figures 14 and 16 of the current study can be used to examine the interference of the
strake on the wing. The conditions examined are 1ift coefficients up to about 1.0
for Mach numbers of 0.60 and 0.85. As in the case of the canard, the comparisons of
strake on with strake off are made with the angle of attack held approximately
constant.

As the angle of attack is increased at a Mach number of 0.60, the oil-flow
photographs of figures 1l6(a) to 16(d) show the development of a classical vortex flow
from the sharp leading-edge strake. (See, e.g., ref. 36.) At angles of attack of
approximately 11° and 14°, the strake has changed the flow on the inboard region of
the wing from the usual separated flow into an organized vortex flow. As might be
expected, a separate disturbance appears to be emanating from the strake wing
juncture (figs. 1l6(a) and 16(b)) at angles of attack of 3.63° and 7.67° (C;, = 0.52
and 0.82). At an angle of attack of 10.69° (Cy = 1.0), this disturbance has been
replaced by two small "eye" structures near the strake-wing juncture (fig. 16(c)).
Poll and Qui (ref. 13) observed similar results in their oil-flow studies at low
Mach numbers.

Since the shock strength on a forward-swept wing at transonic conditions is
greatest at the root, a forward-swept wing equipped with a forebody strake presents
a situation in which a strong vortex will interact with a strong shock wave. Fig-
ures 16(e) to 16(h) and 14 (e) to 14(h) can be used to examine this interaction at a
Mach number of 0.85. At an angle of attack of 2.70° (fig. 16(e)), there is no
apparent vortex. For angles of attack from 6.71° to 11.37° (figs. 1l6(f) to 16(h)),
the oil-flow photographs again show the existence of a vortex on the strake and the
inboard region of the wing. (Compare to fig. 16(c).) For this angle-of-attack
range, the lift coefficient with the strake on varies from 0.8 to 1.1 (fig. 9(b)).
The pressure distributions at N = 0.50, 0.65, and 0.85 (figs. 14(f) to 14 (h)) and
the oil flows (figs. 16(f) to 16(h)) show the existence of a system of shock waves
on the outboard region of the wing. At an angle of attack of 6.71°, it appears
from the oil flow (fig. 16(f)) that a shock wave extending from the outboard region
of the wing has passed through the vortex. Evidence of the presence of this shock
wave in the region of the vortex flow is also seen in the pressure distribution at
n = 0.25 (fig. 14(f)).4 A similar situation seems to have occurred at an angle of
attack of 8.76° (figs. 14(g) and 16(g)). At an angle of attack of 11.37° (figs. 14(h)

4he strake-wing juncture is at N = 0.32 so that the row of orifices at
n = 0.25 is behind the strake. With the strake on, x/c still refers to x
measured from a line along the wing leading edge extended to the fuselage.

14




and 1o6(h)), the situation is not so clear with regard to the shock-vortex inter-
action. The outboard wing panel appears to have a swept-forward lambda shock at the
tip, with a sweptback shock farther inboard.

The addition of the strake at an angle of attack of 6.71° (figs. 14 (f) and 16(f))
appears to have strengthened the shock wave at n = 0.50. This may have been caused
by the outward induced flow from the vortex (toward the wingtip), which would tend to
reduce the effective wing sweep.

Evaluation of Forward-Swept-Wing Configuration

Low Mach number tests of the forward-swept-wing configuration of the present
study are reported in reference 15. Those results showed that a center-of-gravity
location (moment reference) of 23.9 in. would allow the canard configuration, with
the wing flaps deflected, to be trimmed from o = 4° to 'O = 22°, Because of the
small number of flap and canard deflections examined in the present tests, only a
limited study of the effect of center of gravity on trim drag could be conducted for
the higher Mach numbers. Figure 17(a) shows that, for a lift coefficient of 0.9,
small changes in center-of-gravity location from 23.9 in. do not have a large effect
on trimmed drag. The center-of-gravity location of 23.9 in. has been used to present
the data and to trim the forward-swept-wing configuration in this study. The trim
drag points of figure 17(a) are plotted in figure 17(b) as a function of static
margin, where the static margin is defined as the negative of 0C,/9Cy,.

Comparison of experimental results with ideal and zero-suction polars.- Fig-
ure 18 presents drag polars for the forward-swept-wing (FSW) configuration at Mach
numbers of 0.60 and 0.90. Since only a few trimmed points are available, fig-
ures 18(a) and 18(b) have untrimmed data for a configuration with fixed flap deflec-
tions and zero canard incidence. The chosen flap deflection angles reduce the drag
above the design lift condition and, of course, increase the drag at the low lift
coefficients. Figure 18 also shows the ideal polar corresponding to an elliptic
lift distribution (100-percent suction) and the curve of Cy, tan o' that corresponds
to a zero-suction condition of a thin flat-plate wing; CD,o is a zero-lift turbu-
lent skin-friction drag coefficient. The skin friction was calculated with the
Von Karman-Schoenherr formula for incompressible turbulent flow on a flat plate at
zero incidence (ref. 37). The skin-friction drag was then corrected for compressi-
bility by the Sommer and Short T' method (ref. 38) and corrected for thickness by
the method of Hoerner (ref. 39).

At a Mach number of 0.60 and design lift coefficient of 0.9, the FSW configura-
tion has achieved most of the available potential for drag reduction based on the
limits indicated by the two calculated curves. However, at a Mach number of 0.90 and
the same lift coefficient, the experimental results are only about midway between the
theoretical limits. Although the theoretical minimum of this ideal polar cannot be
achieved, it would seem that there is potential for further drag reduction at a Mach
number of 0.90 and a lift coefficient of 0.9. Any transonic maneuver drag reduction
must be done, of course, for the entire range of transonic speeds and not just for a
Mach number of 0.90. An improved transonic computational design code such as TRO-3D
would appear to offer potential for further improvements.

Comparison of forward and aft sweep.- Figure 19 can also be utilized to examine
the effect of wing sweep on the spanwise variation of shock strength. Although flow
separation is governed by the presence of various pressure gradients as well as the
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shock strength, figure 19 provides a useful means of examining some of the aero-
dynamic differences between forward and aft sweep. The upper parts of figures 19(a)
and 19(b) and both parts of figure 19(c) show the effects of sweep on the pressure
increase through the shock wave for wing-body configurations with the wing planforms
shown in figure 3(a). The forward-swept wing was designed with a canard, as dis-
cussed previously, and the aft-swept wing (SMF-1) was designed without a canard.
However, it was found during the forward-swept-wing design study that this type of
distribution of shock strength for the forward-swept-wing—body configuration (no
canard present) is generally representative of a wing designed with or without a
canard. Figures 19(a) and 19(b) show the theoretical distribution of shock strength
at Mach numbers of 0.85 and 0.90 for a theoretical 1lift coefficient of 0.7 or a total
lift coefficient, including fuselage effects, of approximately 0.8. Figure 19(c)
shows the experimental distribution of shock strength at the same Mach numbers as in
figures 19(a) and 19(b) and a lift coefficient of 0.7. The experimental values of
pressure jump at the shock wave for a Mach number of 0.90 are substantially lower
than the theoretical values in figure 19(b). Although there is some difference in
lift coefficient between fiqures 19(b) and 19(c), this difference in pressure jump
is also apparent in figure 4(f) and is probably due to some local separation at the
experimental shock location. However, the general trends in the spanwise variation
of pressure jump at the shock wave are the same for theory as for experiment.

The results of figure 19 show that the shock strength on the forward-swept wing
is greatest on the inboard region. As previously discussed, this result provides the
opportunity to include some aerodynamic device on the aircraft which will have a
strong favorable interference effect on the region of the wing where the flow first
separates. As discussed in the section on canard effects, an example of such a
device is a canard with positive 1lift that will induce a downwash on the inboard part
of the wing and, therefore, lower the local angle of attack on that part of the wing.
If the wing is designed to operate in the presence of this canard-induced flow field,
the lower local angle of attack will reduce the flow separation and should result in
improved maneuver performance. The lower parts of figures 19(a) and 19(b) illustrate
the effects of the induced flow from the canard on the wing shock strength.

As figure 19 also shows, the shock strength on the aft-swept wing is greatest at
the wingtip. 1In this case, then, the wingtip region is where the flow separation
first develops as the angle of attack is increased. (See, e.g., the aft-swept-canard
oil-flow patterns in figs. 15(g) and 15(h).) Since the separation first occurs at
the wingtip for an aft-swept wing, the favorable interference effects of a canard are
not quite so clear as in the case of a forward-swept wing. The downwash from the
canard unloads the wing root, which, in turn, produces less upwash at the wingtip.
However, the canard itself produces an upwash at the wingtip, which tends to increase
the local angle of attack in that region.

The lift and drag characteristics of the forward- and aft-swept configurations
are shown in figure 20 for Mach numbers of 0.60 and 0.90. The untrimmed data for
FSW are for zero flap deflections. (SMF~1 does not have leading- or trailing-edge
flaps.) The aspect ratios of the two configurations are the same, and the test
Reynolds numbers are very close. The locations of the center of gravity for SMF-1
were selected to produce minimum trimmed drag at cruise and maneuver conditions for
the available tail deflection angles (only negative tail settings being tested).
Both configurations are unstable at the chosen center-of-gravity locations; their
stability levels in terms of 0Cp/dC;, are listed in figure 20. The values of
8Cm/3cL were determined at trim conditions for a 1ift coefficient of 0.9.
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Both the SMF-1 and FSW configurations were designed for good performance at a
Mach number of 0.90 and a lift coefficient of 0.9. At M = 0.90 and Cr, = 0.9,
the two configurations have the same trimmed drag. Oil-flow photographs of these
configurations at a Mach number of 0.90 show the SMF-1 to have a small amount of
trailing-edge and wingtip separation at Cr, = 0.85 and the FSW to have some separa-
tion in the trailing-edge region at Cr, = 0.83. (See fig. 15(i).) For conditions
somewhat above the design lift coefficient, however, the FSW configuration has lower
drag than the aft-swept SMF-1. This lower drag is probably due to less flow separa-
tion on the FSW caused by the favorable influence from the canard. Similar results
were obtained at a Mach number of 0.60.

The comparisons of figure 20 suggest that additional studies need to be con-
ducted in order to evaluate the influence of the canard on the aft-swept SMF-1
configuration.

Extensive analytical and experimental studies have been conducted by other
investigators in order to examine the relative capabilities of forward- and aft-
swept wings. A good discussion of some of these results, particularly with regard
to highly maneuverable tactical aircraft, is given in references 1, 3 to 5, and
7 to 9. Some experimental tests on forward- and aft-swept wings are reported in
references 11 to 13.

Comparison of FSW configuration with HiMAT configuration.- The forward-swept-~
wing configuration is further evaluated by comparison with the HiMAT configuration.
Figure 21 compares wind-tunnel results for the HiMAT with those for the FSW configu-
ration at Mach numbers of 0.60, 0.90, and 1.20. The results for the HiMAT at Mach
numbers of 0.60 and 0.90 are for the maneuver configuration, and the results at a
Mach number of 1.20 are for the cruise configuration (ref. 20). The maneuver con-
figuration has more camber than the cruise configuration because of the deflection
of leading- and trailing-edge devices and also has additional twist built into the
wing in order to simulate aeroelastic deformation. The HiMAT data are trimmed and
the FSW data are both trimmed and untrimmed. The untrimmed data in figure 21 for
FSW at Mach numbers of 0.60 and 0.90 have the same flap deflections as in figure 18.
The untrimmed data for FSW at a Mach number of 1.20 are plotted for two flap deflec-
tion angles in order to estimate trimmed conditions. The HiMAT data of fig-
ures 21(a) to 21(c) have been corrected from an aspect ratio of 3.85 to 3.28 for
the FSW (assuming an induced-drag correction factor e = 1.0 and assuming Cp,o
and S are constant). Since fixed transition was utilized on both wind-tunnel
models, the difference in Reynolds number shown in figure 21 is expected to have
only a minor effect on the drag. This difference in Reynolds number changes the
calculated value of Cp o for FSW by less than 20 counts (0.0020). The values of
acm/BCL are again noted in figure 21. Figures 21(a) to 21(c) compare the 1lift and
drag in the form of conventional lift and drag coefficients. Figures 21(d) to 21 (f)
make the comparison on the basis of L/(gb?) and D/(gb2). This method of non-
dimensionalization has been developed by Harold J. Walker of the Ames-Dryden Flight
Research Facility to evaluate the performance of dissimilar aircraft (ref. 40).
Since the lift and drag are nondimensionalized with b2, it is not necessary to
correct the HiMAT data for aspect ratio. A 1lift coefficient of 0.9 corresponds to

L .
= 0.234 and 0.274 for the HiMAT and the FSW, respectively.
gb

Figures 21(a) and 21(b) show that, at Mach numbers of 0.60 and 0.90, the HiMAT
has lower drag than FSW although the drag levels are reasonably close at maneuver
conditions. A Mach number of 0.90 and a lift coefficient of 0.9 approximates the
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transonic maneuver design point for both configurations. When the actual value of e
is used to correct the HiMAT data for aspect ratio and the effect of the winglets on
the HiMAT is accounted for, the trimmed drag at a Mach number of 0.90 and a lift
coefficient of 0.9 is essentially the same for these two configurations. The high
drag for FSW at the low levels of lift is due to the large amount of camber in the
wing. This camber is required for maneuver and could be reduced by means of variable
geometry, as illustrated in figure 21(c) for Gf g = —14° Figure 21(c) shows that
the FSW and the HiMAT have comparable performance at a Mach number of 1.20. At a
1ift coefficient of 0.082, corresponding to level flight of the HiMAT at an altitude
of 30 000 ft with one half fuel load, the two configurations have about the same
value of trimmed Cp. In terms of L/(qb2) and D/( b2), the curves of fig-

ures 21(d) and 21(e) cross so that at Mach numbers of 0.60 and 0.90 the FSW has

lower drag than the HiMAT at the higher levels of lift.

Comparison of FSW configuration with X-29 research configuration.- Comparisons
of the FSW configuration with the X-29 forward-swept-wing research configuration are
shown in figure 22 for Mach numbers of 0.60, 0.90, and 1.20. The results are again
presented in terms of both Cp, Cp and L/ ( qb2), D/(qb2) All the X-29 data are
trimmed, and the results shown in figures 22(a) to 22(c) were corrected from an
aspect ratio of 4.00 to 3.28 (assuming e = 1.0). The FSW data are the same as in
figure 21. The difference in test Reynolds number for the two configurations was
found to change the value of Cp S for FSW by only 10 to 15 counts (0.0010
to 0.0015). Note that the X—29 is trimmed for an even higher level of instability
than the FSW.

At a Mach number of 0.90 and a lift coefficient of 0.9, which again approximates
the transonic maneuver design condition for both configurations, figure 22(b) shows
that the X-29 and the FSW have the same trimmed drag. At a Mach number of 0.60, the
X-29 polar crosses to higher drag levels than the FSW polar at the higher 1ift coef-
ficients (fig. 22(a)). At a Mach number of 1.20, the drag levels of the two conflgu-
rations are comparable (fig. 22(c¢)). Conversion from Cp, Cp to L/(qb2), D/ ( qb )
has slightly rotated the X-29 curves with respect to the FSW curves (figs. 22(d)
to 22(f)), as occurred for the HiMAT curves with respect to the FSW curves
(figs. 21(d) to 21(f)).

CONCLUSIONS

This study has examined the application of supercritical technology to a
forward-swept-wing fighter configuration, and some assessment has been made of the
relative performance of forward and aft sweep. The wing and the canard of the
forward-swept-wing configuration were designed for transonic maneuver by a transonic
computational analysis method and a transonic design procedure. A model of this
configuration was tested at Mach numbers from 0.60 to 1.20 and at angles of attack

from approximately -4° to 17°. The results of this study may be summarized as
follows:

1. The PANDORA transonic computational method predicted wing pressure distribu-
tions which showed reasonably good correlation with experimental results for Mach
numbers from 0.80 to 0.95 with the canard on and for Mach numbers of 0.85 and 0.90
with the canard off. The correlations were made at maneuver lift coefficients for
which the flow appeared to be largely attached.
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2. The use of the PANDORA code and the transonic design procedure indicated
that, if the forward-swept wing were designed in the presence of the canard, a
chordwise pressure distribution could be developed at transonic maneuver conditions
which should produce less flow separation than the pressure distribution that results
for a wing designed without the canard. Oil-flow photographs at Mach numbers of
0.60, 0.85, and 0.90 and lift coefficients on the order of 1.0 showed that for the
wing designed in the presence of a canard, the flow separation was much less at a
given angle of attack with the canard on than with the canard off.

3. The canard produces sufficient pitching-moment increments to trim the canard-
wing configuration with appropriate flap deflections for the conditions of this
study.

4. The addition of the forebody strake to the forward-swept-wing—Dbody configu-~
ration significantly reduced the drag at lift coefficients on the order of 1.0 for
Mach numbers from 0.60 to 1.20; however, this configuration could not be trimmed with
the canard for all conditions.

5. 0il-flow photographs of the strake-wing configuration at Mach numbers of 0.60
and 0.85 showed the presence of a classical vortex flow on the strake and wing, and
at a Mach number of 0.85, a wing shock wave appeared to pass through the vortex.

6. Trailing-edge flap deflections reduced the drag of the canard-wing configura-
tion at Mach numbers of 0.60 and 0.90 for 1lift coefficients above the design value
of 0.9. Leading-edge flap deflections reduced drag at a Mach number of 0.60 for lift
coefficients greater than 1l.1.

7. Comparison of the drag polar for the canard-wing configuration with the ideal
polar and the flat-plate wing or zero-suction polar at the design lift coefficient
of 0.9 showed that, at a Mach number of 0.60, most of the available potential for
drag reduction had been achieved; however, at a Mach number of 0.90 and a lift coef-
ficient of 0.9, there appears to be some potential for further drag reduction.

8. The forward-swept-wing configuration and an equivalent aft-swept-wing con-
figuration were both designed for good maneuver performance at a Mach number of 0.90
and a 1lift coefficient of 0.9. These two configurations had the same trimmed drag at
a Mach number of 0.90 and a lift coefficient of 0.9; however, at higher 1lift coeffi-
cients, the forward-swept-wing configuration had lower drag, probably due to the
favorable influence of the canard.

9. The forward-swept-wing configuration (equipped with a canard) showed maneuver
performance at Mach numbers of 0.60, 0.90, and 1.20 which was comparable with the
maneuver performance of the HiMAT (highly maneuverable aircraft technology) fighter
configuration and the X-29 forward-swept-wing research configuration. At a Mach
number of 0.90 and a lift coefficient of 0.9, which approximates the transonic
maneuver design point for all three configurations, the trimmed drag was essentially
the same for all three configurations.

NASA Langley Research Center
Hampton, VA 23665-5225
September 4, 1986
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TABLE I.- GEOMETRIC CHARACTERISTICS OF MODEL

Wing (based on trapezoid extended to fuselage centerline):
Aspect ratio ¢.iviieecrinananan. Gttt ece et e et sece s ccce et eacsareestanannan
Forward sweep Of leading €dge, QEJ e eieieeeeeeeerensensecacnnosnseeoesnsas
Forward sweep Of trailing €dge, @G e eeeeeereeeseeeaseeseonconsssenoenenns
Forward sweep of quarter—-chord 1ine, deg ....i.ieeeeeeeseeeeoscoecscscncnonss
Taper Yatio ctuiveeeieeeeeeeeeeeneeeaaconcenonnannos et ssecsscanctecanaas ceeecns
Area, ft® ..iiiiiiiiitiieetnnnnan e eeece et st esecnss s tac e enene
SPAN, IN. tiieeieneeceansoesaascennoaneen cetecresraneans cessesesseccsenanene
Mean aerodynamic chord, in. .oc.ieieiieiierienrienennncennn e tececicstsenanans
Wing spanwise station of mean aerodynamic chord, diN. c.eeeeeeeeeeeeeoenenenas
Fuselage station of 25 percent wing mean aerodynamic chord, in. .......c...
Root chord (at fuselage centerline), iN: c.civieeieeeeeeeneeeeenoanneanennnn
Tip chord, in. .......... e eseeseesesesens ettt aananas cececesseessscarasas
Dihedral, Qg sueeeeeeteieeeeaeeneseteseoaassssceessoosoesnnnsannanssosesnsa
Twist (wash in from root tO tipP), Q@G v.veieirneeeeesoeensonsoonesneennnens
INCLidence (FOOL), QOO cuuueveeenneceeoeoeeensosoeaesonssoccsessescneenesenss

3.28
20.234
49.184
29.505
0.2142

1.50
26.649

9.259
5.225
23.770
13.383
2.867
0

6.0
-2.0

Airfoil sections ....... cecessacscssascass 4.2- to 4.6-percent-thick supercritical

Canard (based on trapezoid extended to fuselage centerline, except as noted)
Leading-edge SWEEP, @G tveuererecoeoeessasneeceneeesesnsnenonsasscsossasss
Aspect ratio ....... G eesecceesscn e et s ce s tacses sttt s aasaatcecaceosssonecen s
Taper ratio ...eeeereeceiaeronsecssccancanaans Ceecectsssescnenaen ceceeacnsans

Area, 1nN“ ....eees L

SPAN, LNt et teteneoeoecsseaensansosasnsesscensoencensonnsoansosasssessansnssss

Root chord (at fuselage centerline), IN. .c.vieeecieeeeeneceeeennennannnnans
Tip ChOTXdA, IN. teiiieiennoeseesocoosacasasosntosnocosnsennenoannnnonss cesane
Dihedral, A€g «.veeeeeeeeeenecannennnss et e s esececesacsssescecneesesaceanoos

45
3.28
0.2142
54.122
13.324
6.691
1.433
10

Airfoil section ....ciieeeeeceseeessrsssnassseeess 5S.l-percent-thick supercritical

Ratio of exposed area to wing reference aread ......eeeeeeeeeeeenasenns ceaas

Fuselage:
Base cavity area, in? L. ceseassesens e eeceseescesscssteteanens

Vertical tail (based on exposed area):
Leading-edge SWEEP, AT 4eeseesccsossocasassnonsnssonnssossonnssacansannsas
ASPECt Faldo .+ttt enneeneneseasenassossscsacsssssseansnaancacnnnsonnses
TAPEY FAEL0 i ittt tieeceeeeeceasesossoacsssssesnscsosessasesaensocnsasosnnsess
AY A, LN 4ttt teeeeeeceaoosanncesasosnossassssssosssscscesonsesasesacssoesasssass

P8I, LNt ittt ienceeeoacsesacesessosonssosensacassoeesscsnsnsnnssesananseas
ROOL ChOXA, IN. teeteeeeeeeeeeenoeoeneeassoessocstsosscasencsnansecnsosassnss
Tip Chord, In. .ttt iieieneeeeeneeecoeeaaoeasansososasssssosesnsssessnacanoanenss .

0.156

54
1.02
0.310
29.76
5.50
8.26
2.56

Airfoil sSection ...veeeeeeeeeeenoecenaassssssseasss 4A-percent circular-arc biconvex

Strakes (based on exposed area of each strake, except as noted):
6 Lo o Y 5 o
Root chord, in. ....ieieerineeennnncans ceecere e ceececcenanne ceceeerncaneean
Slenderness ratio (Length/Width) ..eececiecrsscocsnesensosnsscsasacsanannene
Area, 1IN tii.iitieeeeeeoanasesonennaas cecentesscerecsccseececcec s oo nn
Dihedral, Q@G ..uueeceeeeerennecaonssssaesonsocsssssnssaansnns e
Ratio of exposed area of both strakes to wing reference area ........ecee...

2.94
17.7
6.02
26.10

0.241
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TABLE IV.- COMPARISON OF CONFIGURATIONS

[a11 wing quantities refer to basic trapezoidal wing

extended to model centerline]

S S
Configuration A A —Eé?ﬁg —Eéfﬁg
FSW 3.28 0.2142 0.156
SMF-1 3.28 .2142 0.245
HiMAT 3.85 .25 .301
X-29 research model 4.0 .4 .191

TABLE V.- STRAKE PLANFORM LEADING-EDGE COORDINATES

x', in. y', in.
0 0
.058 .052
.132 .104
.220 .156
.318 .208
.428 .261
.744 .395
1.114 .529
1.535 . 665
2.004 .803
2.520 .941
3.083 1.081
3.695 1.222
4.356 1.364
5.070 1.508
5.840 1.653
6.673 1.800
7.577 1.949
8.568 2,100
9.662 2.254
10.889 2.411
12.304 2.573
14.039 2.743
16.803 2,941

29



*po3EOTPUT SSTMISYJO SSOTUN
S8YOUT UT 9Je SUOTSULWTJ °TOPOW JO SOTISTISIORIBYD DTAISUWOSD -*1 @2I0bT4d

*Topow JO jusuwbueiie TeIdUDD (°)

13)Udd aJuaisjal Juauwow \/

- 00 '8¢ -
- 06°€2 -
[ ——
- d¥d
87 61
I
€71 o0
= ™~ SIXe UoljejoJ pJeue?) .
¢ el

8¢ Gl —————

. 00 1T SIXe UOl}ejod |

N pJeue) J

N -

30




Body fiy /—Body fill
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Flap brackets

15 percent chord

n=1.00

(b) Wing sections and flap locations.

Figure 1l.- Continued.
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(c) Twist distributions for wing and canard.

Figure l.- Continued.
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Aft-swept wing Structural axis
(SMF-1) 40% chord line

-I 15 12°

— - 1

A=373
Structural axis )\fo'Zl 2
structural S =150 ft
% chord line t/c= 0,044

Forward-swept wing

(FSW)
d

(a) Comparison of forward-swept-wing configuration with an
equivalent aft-swept-wing configuration (SMF-1).

459
A=3285
0.25

B A

(b) HiMAT configuration.

Figure 3.- General arrangement of configurations examined. Dimensions

are in inches unless otherwise indicated.
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(c) X-29 research configuration.

Figure 3.- Concluded.
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(a) Canard on; M = 0.80; Cr, = 0.81.
n=0,25 n=203
L2 o a
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c 4 C)(DCD 00 O @) Experiment 6,2
Ll 09~ o 38 [~ -4
A =
gbu—1v 1 1o Ly
12~ n = 0.50 _ n=20665 n=08
. OO
~8 ~ o} - 0”00
Cp '.4_' — OO —
0F - -
O

O
Co
W
A
.8“ | | | | ]
.2 .4 .6 .8 1.0

0
x/c

(b) Canard on;

M = 0.85; Cp, = 0.83.

Figure 4.- Comparison of theoretical and experimental wing pressure

distributions.

Strakes off; 6c =0° ¢

£,TE Gf,LE = 0°.
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(c) Canard on; M = 0.90; Cy = 0.85.
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-8k | |
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gb—1 1t 1 1y L [ N B B L L [ N
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(d) Canard on; M = 0.95; Cy, = 0.65.

Figure 4.- Continued.




— @)

a
TRO-3D 6.5°
Experiment 6,0°

(e) Canard off; M = 0.85; Cy, = 0.75.

n= 025

O

4 .6 .8 L0
x/c

a

TRO-3D 6.4°

Experiment 6,0°

(f) Canard off; M = 0.90; Ci, = 0.73.

Figure 4.~ Concluded.
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CRIGINAL PLGE IS

OF POOR QU ALITY

Strake Off; o = 3.69°

(a) M= 0.60; o =~ 4°,

Strake on; X = 3.63°

L-86-372

Figure 16.- Upper surface oil-flow patterns with and without strakes.

: _ th @
Gavards off; S¢,qp = O = 0%

le3




Strake off;

1L-86-373

(b) M = 0.60; o= 7°.

Figure 16.- Continued.
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CRICINAL PASE 18

Strake off; o = 2.66°

(e) M = 0.85;

a

OF POOR QUALITY

Strake on; o = 2.70°

1-86-376

x 3°,

Figure 16.- Continued.
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Strake off, o = 6.84° Strake on; o = 6.71°

1L-86~-377

(f) M = 0.85; o =x 7°.

Figure 16.- Continued.
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CRIGINAL PAGE 18

OF POOR QUALITY

Strake off; o = 10.5° Strake on; o = 10.69°

L-86-374
(c) M =0.60; o= 11°,

Figure 16.- Continued.
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1-86-375
(d) M= 0.60; o = 14°.

Figure 16.- Continued.
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ORIGINAL PAGE 1B
OF PCGR CQuALTY

Strake off; o = 8.58° Strake on; o = 8.76°

L-86-378

(g) M = 0.85; o = 9°.

Figure 16.- Continued.
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CRICINAL PASE
OF POOR QUALITY

Strake off; o = 10.65° Strake on; o = 11.37°

1L-86-379

(h) M = 0.85; o =x 11°.

Figure 16.- Concluded.
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Jdd -
(o e —— M=
J2 -
CD tri
i O-----OM=0.60
A0
.08 | | | 1 | | | |

23,4 23,6 23.8 24,0 24.2 24,4 24,6 24,8 25.0
Center-of-gravity location, in.

(a) Variation with center-of-gravity location.

14 —
F-—-————_——_——-—-—— OM=10.90
J2 -
CDtrim
T R O TmOmM=0.60
.08 1 | | 1 [ ]
-24 -2 -20 -21 -.28 -29 -30

Static margin

(b) Variation with static margin.

Figure 17.- Variation of trimmed drag with center-of-gravity
location and static margin for C; = 0.9. Canard on;
strakes off.
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f/’
_
A Untrimmed
A Trimmed
| | ]
42 .48 54
(a) M = 0.60; for untrimmed data: GC = 0° and 6f e = af,LE = 10°.
L5 CLZ
— /
1.2+ ,
/
// A Untrimmed
CL un </ A Trimmed
o / CD 0+ CLtan a'
/ ?
/
3 ~l/
/"
( | | ] ] I ! |

(b) M = 0.90; for untrimmed data: 60 = 0°, = 10°,

§

f,TE

- =]

and Gf,LE = 0°.

Figure 18.- Comparison of experimental results with ideal and
zero-suction polars. Strakes off.




Effect of sweep

L8
1.4 —-c:::§;;§:
o6 - R
p, sh .0 \\ i
o \ \ |
.6 Nex AC
24 B ’: p, sh
Effect of canard
1.4~
.-""'\
AC 1.0 /1““\\ \{-szggééa )
p, sh \ X Region of double shock;
.6 B |: SER stronger shock shown
2= QS; T
L l | | | ]
0 2 A4 6 8 1.0
n

(a) Theoretical shock strength with M = 0.85

and CL,th = 0.7.

effect of sweep

n
1.4 él_t |
1.0 7”\\\
s 6 /\.r !
\'B
2L ACp,sh

.4

Effect of canard

AC 1.0 -L.”‘\\\ =—;|

sh

(b) Theoretical shock strength with

:./WRegion of double shock;
o stronger shock shown
GNP\ NN

L | | | 1 J
0 .2 4 .6 .8 1.0

M= 0,90 and CL,th = 0.7.

Figure 19.- Spanwise variation of shock strength on forward-swept and SMF-1

aft-swept wings.

. - 0°. = - 0n° :
Strakes off; 6c 0°; 6f,TE 6f,LE 0°. Solid

symbols show shock strength corresponding to adjacent chordwise pressure
distributions.
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L4~ = 0.8

M
Psh oL B A——Ot{)ﬁ
2L *A O SMF-1

A FSW
1.0 M =0.90 X Region of

AC double shock;
p, sh .6{5 AA- / —<1, stronger shock
2 ~—A-——-A shown
L | 1 | 1 |

0 .2 4 .6 .8 1.0
n

(c) Effect of sweep on experimental shock strength with Cy,

I
o
~

Figure 19.- Concluded.
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15
L2k s
Trimmed 3 A R
9k C ¢
O SMF-1  No = 328 2.56x10°
6 ® SMF-1  Yes 0,05 3.28  2.56
A FSW No - 328  2.50
= AFSW  Yes .26 3.28  2.50
| | 1 i | |
0 .06 .12 .18 .24 .30 .36
Ch
(a) M = 0.60; xcg = 22.4 in. for SMF-1.
1.5
12
o,
Trimmed —— A R_
9| acL C
O SMF-1  No - 328  2.56%10°
= ® SVMF-1  Yes 0,06 3.28  2.56
A FSW No -~ 328 3.00
-3 A FSW Yes .25 3,28 3.00
A | ! | | | |
0 .06 .12 .18 .24 .30 .36 .42
Ch
(b) M = 0.90; X = 23.0 in. for SMF-1.

cg

Figure 20.- Comparison of forward-swept- and SMF-1 aft-swept-wing
configurations. Strakes off ; for untrimmed data: Gt = 0°,

60 = 0°, and df,TE = af,LE = Q°.
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L5

oC
1.2 . m
Trimmed 6CL A RE
9 .
) O HIMAT Yes  0.07 3.8 6.2 x 100
L corrected
6 to 3.28
A FSW No ~ 3.28 2.5
3 CAN
A FSW  Yes .26 3.28 2.5
] ] ]

| 0 .06 .12 .18 .24 .30
D

(a) variation of C with Cpi M = 0.60; for FSW untrimmed

data: SC = 0° and Gf TR = éf g = 10°; HiMAT maneuver
configuration. ! '
L5
L2 o
Trimmed W A RE
IO
CL O HIMAT Yes 0.015 3.8 6.2 X 106
6 corrected
: to 3.28
3k A FSW  No - 328 3.0
A FSW  Yes .250 3.28 3.0
] ] | | ] | J

0 06 .12 .18 .24 .30 .36 .42 .48

(b) variation of C;, with Cp; M = 0.90; for FSW untrimmed
data: 6, = Of, Gf,TE = 10°, and 5f,LE = 0°; HiMAT
maneuver configuration.

Figure 21.- Comparison of forward-swept-wing configuration with
HiMAT configuration. Strakes off.
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A A oC
A N m
A A Trimmed 6f,TE 3 A
A A L
Ay O  HiMAT Yes - -0.14 3.8
ae corrected
to 3.28
v A FSW No 0 .06 3.28
X FSW No -14° 06 3.28
————— FSW estimated trim
| | | | ] | | |
.06 .12 .18 .24 .30 .36 .42 .48
CD

(c) Variation of Cy, with Cpi M = 1.20; for FSW
untrimmed data: &, = 0° and df,LE = 0°; HiMAT
cruise configuration.

48 —
A2 -
36
30 , o€, . .
L Trimmed 5C g
2 24+ . L
ab O HIiMAT Yes 0.07 3.8 6.2 x 10

A FSW No - 3,28 2.5
A FSw Yes .26 3.28 2.5

| | [ l J
0 .02 06 .08 .10

.D/(qt;z)

(d) Variation of L/gb® with D/(gb?); M = 0.60; for FSW

untrimmed data: GC'= 0° and S¢,te = Sf,Lm = 10°;
HiMAT maneuver configuration.

Figure 21.- Continued.

3.0
3.0
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gb

.42
.36
.30

.24

.18

12

.06

(e) Variation of L/qb2

.42

.36

.30

.24

.18

12

(f) Variation of L/qb?

oC

i Trimmed W A

O HIMAT Yes  0.015 3.8

B A FSW  No - 328

— AFSW Yes 250 3.28
1 | | J

02 .04

untrimmed data:
HiMAT maneuver configuration.

.06 .08 .10 12
0/ (qv?)

with D/(gb?);
8. = 0°,

A
A A “
A
A A
QIA{ Trimmed bf,TE a—CL— A
O  HiMAT Yes -  -0.14 3.8
A FSW No 0 .06 3.28
X FSW No -14° .06 3.28

~—FSW estimated trim
| l l L 1

untrimmed data:
cruise configuration.

F

.06 .08 .10 .12 .14

o/ (o)

with D/ (qb?);

igure 21.- Concluded.

6.2x 10
3.0
3.0

M = 0.90; for FSW
6f,TE = lO°, and (Sf,LE = Oo;

6.7%x10
3.0
3.0

M = 1.20; for FSW




L5
1.2+ acm
Trimmed == A R_
acL C
S
, OX-29 Yes 040 4.00 1.6x 10
N corrected
-4 to 3.28
3k A A FSW No - 3.28 2.5
A FSW  Yes .26 3.28 2.5
| | | | ] | J
0 o6 12 .18 .24 .30 .36 .42 .48
CD
(a) Variation of Cy, with Cph:; M= 0.60; for FSW untrimmed
data: GC = 0° and df,TE = Gf,LE = 10°.
1.5
1.2 oC
Trimmed W A RE
9 .
C, OX-29 Yes 033 4.00 L6x10°
6 corrected
to 3.28
3 A FSW No - 3.28 3.0
A FSW  Yes .25 3.28 3.0
] | ] ] I J

0 .06 .12 .18 .24 .30 .36 .42 .48 .54
D

(b) Vvariation of Cp with Cp; M= 0.90; for FSW untrimmed
data: Gc = 0°, 6f,TE = 10°, and df,LE = 0°.

Figure 22.- Comparison of forward-swept-wing configuration with
X-29 research configuration. Strakes off.
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L5

oC
A A m
A __m
L2} NS frimmed & . 3¢ A R
N L J
ol A;%A’ O X-29 Yes - 0.15 4.00 1.6x 10°
: D corrected
to 3.28
ok KX
. 26 A FSW No 0 .06 3.28 3.0
Al @Q‘ X FSW  No  -l4° .06 3.28 3.0
————— FSW estimated trim
AY? ] ] | ] | | 1|
0 06 .12 .18 .24 .30 .36 .42 .48
CD
(c) Variation of CL with CD; M = 1,20; for FSW
untrimmed data: &, = 0° and Gf,LE = Q°,
.48 —
A2 -
36
30+
L
— oC
2 24 . m
qb Trimmed 3 A RE
A8 L 6
O O X-29 Yes 0,40 4.00 1.60x 10
A2 A FSW No - 3.28 2.50
A
061 A FSw Yes .26 3.28 2.50
] | ] | ]

0 .02 .04 .06 .08 .10
D/(qbz)

(d) Variation of L/qb2 with D/(qb2); M = 0.60; for FSW

untrimmed data: &_. = 0° and 6f,TE =g = 10°.

c f,LE

Figure 22.- Continued.




6

.36
L0 OCm
| Trimmed —— A R_
L 24 6CL C
qb” 18k O X-29 Yes 0.33 4,00 1.60x 10
) ®) A FSW No - 3.28 3.00
A2
A FSW Yes .25 3,28 3.00
06
1 ] ] 1

0 .02 04 .06 .08 .10 12
0/(qv?)

(e) Variation of L/qb2 with D/(qbz); M = 0.90; for FSwW
untrimmed data: &, = 0°, 6f'TE = 10°, and 6f,LE = g°.

.42[_‘ A
A A 4
36 A
A A

A /AK . aCl'Tl
L .24} 4/& Trimmed bf,TE 3 A RC
b gt ,ﬁ O  X-29 Yes ~ 015 4.0 Lex1®

2k ad A FSW  No 0 .06 3.28 3.0

" [5 X FSW  No  -14° .06 3.28 3.0

) AN - FSW estimated trim

| 1 ] | ] ] |

0 .2 .04 .06 .08 .10 .12 .14
o/ (a?)

(f) Variation of L/gb? with D/(gb?); M = 1.20; for FSW
untrimmed data: 6o = 0° and Gf,LE = 0°,

Figure 22.- Concluded.
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