|

Nasy Ti-F45T7

NASA Technical Memorandum 84589 NASA-TM-84589 19850007388

COMPARISON OF ANALYTICAL AND EXPERIMENTAL
STEADY- AND UNSTEADY-PRESSURE DISTRIBUTIONS
AT MACH NUMBER 0.78 FOR A HIGH-ASPECT-RATIO
SUPERCRITICAL WING MODEL WITH OSCILLATING
CONTROL SURFACES

WILLIAM E. MCCAIN

JANUARY 1983

RERIRE AR
NMA E25usatts & ERER
National Aeronautics and My Fa
Space Administration FER 23 1983
Langley Re_search Center LANGLEY RESFARCH CENTER
Hampton, Virginia 23665 LIZRARY, NASA

HANPTCON, VIRGIHIA






COMPARISON OF ANALYTICAL AND EXPERIMENTAL STEADY- AND UNSTEADY-PRESSURE
DISTRIBUTIONS AT MACH NUMBER 0.78 FOR A HIGH-ASPECT-RATIO
SUPERCRITICAL WING MODEL WITH OSCILLATING
CONTROL SURFACES

William E. McCain
SUMMARY

The results of a comparative study using the unsteady aerodynamic
lifting-surface theory, known as the Doublet Lattice method, and experimental
transonic steady- and unsteady-pressure measurements, are presented for a
high-aspect-ratio supercritical wing model. Comparisons of pressure
distributions due to wing angle of attack and control-surface deflections were
made. Because both the steady and unsteady experimental aerodynamics contained
viscous and transonic effects (which cannot be predicted by the inviscid linear
lifting-surface theory), some discussion of these effects is also included with
the discussions of the experimental and theoretical comparisons. The more
significant deviations fouﬁd between experimental and theoretical data (due to
changes in angle of attack and control-surface deflections) were in the vicinity

of the outboard control surface,
INTRODUCTION

The substantial improvements in aircraft characteristics envisioned for
energy-efficient transports can be a direct result of effectively combining
active controls with advanced aerodynamic features such as winglets and

supercritical airfoils. The design and analysis of such aircraft require the
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use of multipurpose computer programs such as ISAC (ref. 1), SYNPAC (ref. 2),
DYLOFLEX (refs. 3 and 4), and the aerodynamic energy method (ref. 5), all of
which are currently used at the Langley Research Center. The design of active
control systems are very sensitive to the quality of the steady and unsteady
aerodynamics employed, particularly at transonic conditions. All the computer
programs in refs. 1 through 5 incorporate the unsteady aerodynamic
lifting-surface theory known as the Doublet Lattice method.

For comparison and validation of unsteady aerodynamic theories, the National
Aeronautics and Space Administration (NASA) conducted a series of wind-tunnel
tests in the Langley Transonic Dynamics Tunnel (TDT) to provide a comprehensive
data base of measured transonic unsteady pressures, using a semispan model of a
high-aspect-ratio supercritical wing with oscillating control surfaces. Two
wind-tunnel entries provided measured steady and unsteady pressures for two
trailing edge control surfaces and one leading edge control surface (refs. 6 and
7). The wind-tunnel test conditions included variations in Mach number, Reynolds
number, wing angle of attack, control-surface deflection angle, and
control-surface oscillation amplitude and frequency.

This paper compares experimental steady- and unsteady-pressure distributions
with calculations using the Doublet Lattice method at a Mach number of
0.78. Similar comparisons have been made at M = 0.60 in ref. 8. (A preliminary
comparison has been made at M = 0.78, using the unsteady aerodynamics of a Kernel
function method (refs. 9 & 10), in ref. 11). The comparisons of the present
paper will assist in the development and verification of empirical correction

methods that can be applied to the Doublet Lattice calculations.
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SYMBOLS

aspect ratio, bg2/s

wing semispan, m

wing root semichord, m

streamwise local chord, m

wing average chord, m

section 1ift coefficient

section pitching-moment coefficient about the leading edge
pressure coefficient

pressure coefficient at the critical Mach number

lifting-surface steady-pressure coefficient, Cp] <.

Cpu.s.
increment in section 1ift coefficient per change in angle of
attack, deg"1

increment in section 1ift coefficient per change in control-
surface deflection, deg‘1

increment in section pitching-moment coefficient about the

leading edge per change in angle of attack, deg"1

increment in lifting-surface pressure coefficient per change

in angle of attack, deg'1

increment in lifting-surface pressure coefficient per change
in control-surface deflection, deg"1



Aa

Ad

Al e,

magnitude of 1ifting-surface unsteady-pressure coefficient
frequency of oscillating control surface, Hz
reduced frequency, bw/V

free-stream Mach number

free-stream dynamic pressure, kPa

Reynolds number based on wing average chord
total wing planform area, mZ
thickness-to-chord ratio

free-stream velocity, m/sec

streamwise coordinate, m

fraction of local streamwise chord

spanwise coordinate, m

vertical coordinate, positive up, m

wing angle of attack, deg

control-surface deflection angle, positive trailing edge
down, deg

change in wing angle of attack, deg

change in control-surface deflection angle, deg
Teading-edge sweepback angle, deg

fraction of semispan, 2y/bg

phase angle of unsteady pressure, referenced to control-
surface motion (negative for pressure changes lagging
the control-surface motion)

circular frequency of oscillating control surface, rad/sec




Subscripts and Abbreviations

c.S. control surface
1.e. leading edge
T.s. lower surface
ref. reference

u.s. upper surface

MODELS

Wind-Tunnel Model

A sketch depicting the geometric properties of the wind-tunnel model is
presented in fiqure 1. The wing has an aspect ratio of 10.76, a leading edge
sweep-back angle of 28.8°, and a semispan of 2.286 meters. The table in fiqure 1
lists the designated spanwise stations for each of the nine chordwise sets of
static-pressure orifices. The wing has a total of 252 static-pressure orifices
and a total of 164 dynamic-pressure transducers at locations closely
corresponding to the static-pressure orifices. Both the static-pressure orifices
and dynamic-pressure transducers were installed in chordwise opposing sets on the
upper and lower surface to facilitate obtaining lifting-pressure distributions.
A total of 10 independently oscillating control surfaces were available on the
wing, however, only two at the trailing edge, with hinge lines on the 80 percent
chord, were considered in this study: an inboard control surface located between
10 and 24 percent semispan and an outboard control surface between 59 and 79
percent semispan (identified as numbers 6 and 9 in refs. 6 and 7).

The cross-sectional shape of the model consists of NASA super-critical-
airfoil sections of varying chord length and thickness as shown in
figure 2. Further details of the wind-tunnel model, including airfoil shape

quality and structural rigidity are described in refs. 6, 7, and 12.



Analytical Model

An aerodynamic model was generated for use in the subsonic unsteady
lifting-surface theory known as the Doublet Lattice method (ref. 13). The
arrangement of aerodynamic boxes representing the wind-tunnel model is shown in
figure 3. To provide more calculated pressure points for comparative purposes,
the chordwise and spanwise distributions of aerodynamic boxes were increased
over the planform areas near and on the control surfaces. The aerodynamic boxes
in figure 3 with asterisks identify the control surfaces and the cross-hatched
strips identify the locations corresponding to the nine semispan stations shown
in figure 1. There were 42 streamwise strips, a total of 325 aerodynamic boxes,
used to comprise the model layout. In creating this box layout, an attempt was

made to keep the aspect ratio of each box as close to 1.0 as possible.
EXPERIMENTAL DATA

A1l the experimental data presented herein were obtained at the test
conditions of M = 0.78, R = 2.2 x 106 (based on the wing average chord), and
q = 3.9 kPa.

Steady-Pressure Data
A summary of the conditions at which the steady-pressure data were taken is
presented in Table I. All the steady-pressure data for this study are presented
in ref, 6, which identifies each data set by the test point numbers also listed
in Table I for convenience. The test conditions included angles of attack

ranging from -3° to 4°, and control surface deflection angles ranging



from -6° to 6°. The steady-pressure data for both inboard and outboard control
surface deflections were obtained at a 2.05° angle of attack.

The experimental data from ref., 6 consisted of tabulated steady-
pressure coefficients, Cp, on both upper and lower surfaces of the wing with

the corresponding lifting-surface steady-pressure coefficients, Cé =

cP].s. - Cpu.s.' The section 1ift coefficient, ¢,, and section
pitching-moment coefficient about the leading edge, c, at each of the nine
spanwise stations were obtained by numerically integrating equations (1) and

(2), respectively.

g =1] ¢ o (1)
co0 P

Cp =1 } ' x dx (2)
2 0 P

Calculations were also made for the incremental changes in those coefficients

due to angle of attack or control-surface deflection changes, as follows:

8Cp = % - Copef (3)
Ao aQ - aref




ACy  _ C - Coref (4)

AS s - Gref
Alm - Cm ~ Cmpef (5)
F o - Gref

c C. -¢
A P - P Pref (6)
A_G_- aQ - aref
AC, c. -c¢

P _ P Pref (7)
X § - Sref

The reference quantities correspond to the zero-valued test conditions (apef =
0° and 6ref = 00)-
The status of the experimental steady-pressure data is presented in Table

II. Cb data were unavailable at only a few orifice locations for certain test
points as noted in Table II. Some Cé data were considered unusable due to

their abnormal excursions from trends observed at similar test conditions. The

available Cb data was enhanced by the geometric curve-fit method of ref. 14

to provide a well defined chordwise distribution before being numerically

integrated by a cubic spline routine.

Unsteady-Pressure Data
A summary of the conditions at which the ‘unsteady-pressure data were taken
is presented in Table III. Again, the test point numbers identify the data as

obtained from ref. 6 or 7. Each control surface was oscillated about a zero



mean deflection angle with an amplitude of £6° for three frequencies of
oscillation (5, 10, 15 Hz). Depending on the exact tunnel speed for a given
test point, the corresponding reduced frequencies varied slightly about the
average values of 0.105, 0.210, and 0.315, respectively. Test conditions also
included two angles of attack, 0° and 2.05°. The unsteady-pressure
measurements are presented in the form of the magnitude of the l1ifting-surface

unsteady-pressure coefficient, 'C , and phase angle, 4. All phase

'
ol
angles were referenced to the control-surface motion, with negative values for
pressure changes lagging the control-surface motion. Although unsteady-pressure
measurements were made at all nine semispan stations, only the chordwise
distributions at two locations (one near the center of each control surface;
rows 1 and 6 in figure 1) were considered in this study.

The status of the experimental unsteady-pressure data is presented in Table
IV. To provide thorough chordwise unsteady-pressure distributions at the two
semispan stations presented, corresponding results from both wind-tunnel entries
(refs. 6 and 7) were used. Data available from ref. 7 provided the most
measurements aft of the hinge line at both of the two semispan stations. Again,

as previously discussed for the steady data, there were a few data points

considered unusable.
ANALYSIS

The Doublet Lattice formulation solves the linearized acceleration or
pressure potential-flow equations on zero thickness lifting surfaces at subsonic
speeds with nonplanar boundary conditions. The Doublet Lattice method (ref. 13)
was used to generate the theoretical steady and unsteady aerodynamics herein.

The calculations were performed by the version of the Doublet Lattice program



which is used in a NASA computer program system known as ISAC (Interaction of
Structures, Aerodynamics, and Controls, ref. 1). The results of ref. 12
indicated that the wind-tunnel model was essentially rigid and that pressure-
measurement results were not significantly influenced by model flexibility.
Therefore, only four rigid body modes (plunge, pitch, inboard, and outboard
control-surface deflections) of the model were included in the analysis at a
Mach number of 0.78. The average reduced frequency values of 0, 0.105, 0.210,
and 0.315 were used in the analysis, corresponding to those at which
experimental data were available in refs. 6 and 7.

For each mode and at each reduced frequency, the output from the Doublet
Lattice program consists of complex lifting-surface pressure coefficients on
each aerodynamic box. Since the program performs the necessary numerical
integrations internally, the complex section lift and moment coefficients are
also listed. At zero reduced frequency (steady), the imaginary parts of these
complex quantities are zero. The real and imaginary parts of the unsteady
quantities were converted to magnitudes and phase angles for direct comparison

to the experimental values from refs. 6 and 7.

COMPARISON OF ANALYSIS AND EXPERIMENT

Steady-Pressure Results
A typical comparison of incremental lifting-surface pressure distribution
for each of the incremental angles of attack is shown at semispan station n =
0.51 in figure 4. The "bulge" in the experimental chordwise steady-pressure
distributions forward of the midchord (from x/c = 0.1 to x/c = 0.5) and the
significant magnitudes in experimental scatter can be attributed to transonic
effects. The bulge in pressure is due to the compression, or shock, regions in

the steady flow, which move with each change in angle of attack (ref. 15).
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Note that the experimental scatter at each chordwise location varies nonlinearly
witﬁ each incremental angle of attack.

Further comparisons at all nine semispan stations are shown in figures 5(a)
through 5(i) for average values of incremental 1ifting-surface pressure
distributions per incremental angle of attack with vertical lines through each
symbol to indicate the experimental scatter. The Doublet Lattice data
underpredict the average chordwise steady-pressure distributions foward of the
midchord and overpredict values aft of the midchord. As discussed in ref. 9,
this general trend in deviation between experimental and theoretical data is
typical of airfoil thickness (viscosity) effects.

The movement of critical flow regions (local pressure coefficients exceed

the critical pressure coefficient, C;) influences the experimental scatter in

chordwise steady-pressure distributions. Figure 6 illustrates the critical flow
regions at semispan station n = 0.51 for three angles of attack. Usually the
chordwise steady-pressure distribution forward of an aft critical point is
characterized by critical flow. Therefore, the movement of critical flow
regions with changes in angle of attack can be qualitatively observed by the
chordwise movement of aft critical points, as shown in figure 6. Figure 7
depicts the effect of angle of attack on aft critical point locations at each
semispan station. The nonlinear movement of the aft critical points shown in
figure 7 especially for the outboard half of the wing can be regarded as an
indication of the sensitivity of the critical flow region to changes in angle of
attack. Obviously, the magnitude in experimental scatter of the chordwise
steady-pressure distribution is directly influenced by the sensitivity of the
critical flow regions to angle of attack.

The integrated results of the local incremental 1ifting-surface pressure
distributions for section 1ift and pitching-moment coefficients are compared

11



with Doublet Lattice results in figures 8(a) and 8(b). The experimental average
values of the section 1ift and pitching-moment coefficients are consistently
underpredicted by the Doublet Lattice program. Although the integration is a
smoothing process, there is still considerable experimental scatter, especially
at the outboard semispan stations. Figure 9 presents the spanwise distribution
of local aerodynamic center locations. The experimental average values of local
aerodynamic center locations closely match the Doublet Lattice calculations.
This result can be misleading since the aerodynamic center values are based on
the ratio of the section pitching-moment coefficients to section 1ift
coefficients, both of which are underpredicted by the Doublet Lattice program.
The incremental lifting-surface pressure distributions for incremental
control-surface deflections are shown in figures 10 and 11. Figure 10 presents
comparisons for the inboard control-surface data at semispan station n = 0.19;
figure 11 presents comparisons for the outboard control surface data at semispan
station n = 0.71. The comparisons are at 2.05° angle of attack for three
positive and negative incremental control-surface deflection angles (a8 = £2°,
+4°, +6°). In comparing the Doublet Lattice and experimental pressure
distributions, there are two discrepancies which indicate the presence of
transonic effects in the experimental data (ref. 15): (1) near the leading edge
(forward of the 20 percent chord), the reduced magnitude of experimental
pressures compared to analytical pressures; and (2) near the midchord, the bulge
in the experimental pressures compared to analytical pressures. The
experimental outboard control surface results show considerably more sensitivity
to transonic effects. Note the large excursions between the experimental
outboard control-surface data for positive and negative deflection angles, shown

in figure 11, compared to the smoother trends shown in figure 10, for the
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experimental inboard control-surface data. The experimental outboard
control-surface data exhibited possible separated ffow toward the trailing edge
of the deflected control surface. For positive outboard control-surface
deflections, there was a rise in the steady-pressure distribution at the 95
percent chord location after a drop in pressure at the 90 percent chord
Tocation. In general, these are the most significant deviations between
experimental and theoretical comparisons, along with the Doublet Lattice
overprediction of experimental pressures aft of the control-surface hinge lines
(x/c = 0.80).

Figure 12 presents the chordwise movement of aft critical points at the
inboard and outboard semispan stations due to control surface deflections. The
outboard aft critical points move more rapidly toward the control surface hinge
Tine than the inboard aft critical points. This may be an indication of the
greater sensitivity of the experimental outboard control surface results to
transonic effects (compared to inboard control surface results), previously
discussed.

The incremental section 1ift coefficient distributions for both inboard and
outboard incremental control-surface deflections are shown in figures 13(a) and
13(b), respectively. The average experimental values are taken over the six
incremental control-surface deflections presented in figures 10 and 11. The
experimental scatter is again indicated by vertical lines through each symbol.
The experimental averages for both sets of control-surface data deviate
noticeably from the Doublet Lattice calculations at the outboard semispan
stations. The analytical results for the inboard control-surface data
consistently underpredict the experimental averages outboard from the inboard
control surface. The analytical results for the outboard control-surface data

overpredict the experimental averages on the outboard control surface.

13



Unsteady-Pressure Results

Comparisons of the chordwise unsteady-pressure distrfbutions in the form of
magnitude and phase angle are presented in figures 14 and 15. Figure 14
contains comparisons at n = 0.18 (near the center of the inboard control
surface) for the inboard surface oscillating at all three frequencies. Figure
15 contains comparisons at n = 0.71 (near the center of the outboard control
surface) for the outboard surface oscillating at all three frequencies. The
amplitude of both oscillating control surfaces was § = *+ 6°. The experimental
data for both angles of attack (0° and 2.05°) are presented for the two separate
test entries (open symbols for ref. 6 data and solid symbols for ref. 7 data).
Similar to the steady-pressure comparisons, the Doublet Lattice program
overpredicted the experimental unsteady-pressure magnitudes toward the leading
edge and aft of the control-surface hinge line. The bulge in pressure near the
midchord due to transonic effects was also apparent. The two trailing edge (x/c
= 0.90, 0.95) experimental unsteady-pressure measurements exhibited the same
separated flow effect on the outboard control surface, as previously shown for
the steady-pressure data. The experimental chordwise unsteady-pressure
magnitudes and phase angles for the outboard control surface show considerable
experimental scatter between the two angles of attack. For the inboard control
surface, the Doublet Lattice phase angles, are consistently more negative than
the experimental values. This comparison in phase angles is notably better for
the inboard surface than for the outboard surface, possibly due to variable
transonic effects. There is a noticeable deviation between the theoretical and
experimental phase angles at the same trailing edge locations of the outboard
control surface which have shown possible separated flow effects in the pressure

magnitude data.
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CONCLUDING REMARKS

This paper presents comparisons of theoretical and experimental steady-
and unsteady-pressure distributions on a high-aspect-ratio supercritical wing
model at a Mach number of 0.78. The theoretical calculations were performed
using the unsteady aerodynamic lifting-surface method of Doublet Lattice.
Both the steady and unsteady experimental aerodynamics show considerable
deviations from calculated values due to viscoué and transonic effects, that are
not accounted for in the present analysis. Comparisons for the steady data
include: chordwise incremental Tifting-surface pressure distributions per
incremental angle of attack; spanwise incremental 1ift distributions per
incremental inboard and outboard control-surface deflections. Comparisons of
theoretical and experimental lifting-surface unsteady-pressure coefficient
magnitude and phase angle are shown for both inboard and outboard oscillating
control surfaces.

The following observations highlight the more significant differences
between the experimental and Doublet Lattice results:

1. For the steady aerodynamics due to incremental angles of attack;

(a) The Doublet Lattice program underpredicts the experimental
chordwise steady-pressure distributions forward of the midchord
and overpredicts values aft of the midchord (typical of viscous
effects).

(b) Transonic effects in the experimental chordwise steady-pressure
distributions are evident by the bulge forward of the midchord
and by the magnitude of scatter throughout the range of
incremental angles of attack.

(c) The Doublet Lattice program underpredicts the experimental

spanwise 1ift and moment distributions.
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For the steady aerodynamics due to incremental control-surface

deflections;

(2a) In general, the Doublet Lattice program overpredicts the
experimental chordwise steady-pressure distributions forward of
the 20 percent chord and aft of the 80 percent chord.

(b) There is evidence of flow separation at the trailing edge of the
outboard control surface due to positive deflections.

(c) The maximum deviations between the Doublet Lattice spanwise 1ift
distribution and the experimental average values, due to
incremental outboard control-surface deflections, occur within the
extent of the outboard control surface.

(d) The experimental average values of spanwise 1ift distribution,
due to incremental inboard control-surface deflections, depart
significantly from the Doublet Lattice results over the semispan
stations outboard of the inboard control surface.

For the unsteady aerodynamics due to oscillating control surfaces;

(a) In general, the Doublet Lattice program overpredicts the
experimental chordwise unsteady-pressure magnitudes forward of the
20 percent chord and aft of the 80 percent chord.

(b) There is evidence of flow separation at the trailing edge of the
oscillating outboard control surface.

(c) The Doublet Lattice phase angles, due to the oscillating inboard
control surface, are consistently more negative than the experi-

mental values at the leading edge of the inboard semispan station.
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TABLE I. - SUMMARY OF EXPERIMENTAL STEADY-PRESSURE
TEST CONDITIONS AT M = 0.78

Test Point No. o 6

(See Ref. 6) deg deg

Angle of Attack

198 0 0
200 4

201 3

199 2.58

202 2

203 1

205 -1

206 -2

207 -3

Inboard Control Surface

409 2.05 0
413 6
414 4
415 2
416 0
417 -2
418 -4
419 -6

Qutboard Control Surface

420 2.05 0
422 6
423 4
425 2
426 0
429 -2
430 -4
431 -6




0¢

TABLE II. - STATUS OF EXPERIMENTAL STEADY-PRESSURE DATA

¥/ .01 .03 .05 .07 .12 .20 .30 .35 .45 .50 .60 .70 .75 .85 .90 .95
n
.19 (1) (1) (2)
.23 (*) | (%) (*) |
.25 (*) | (%) (*) (3)
.33 (*) | (%) (*) (1)
.51
J1 (1)
.78 (*) | (%) (*) 1 | )] ()
.81 (*) | (%) (*)
.92 (3) | (1)

(*)No orifices installed at these locations.

(1)C'p unavailable at these locations for all test points in Table I.

(2)C'p unavailable at this location for test point nos. 198 to 207.

(3)C'p considered ususable at these Tocations for test point nos. 409, 419, 429, and 431.




TABLE III.

SUMMARY OF EXPERIMENTAL UNSTEADY-PRESSURE

TEST CONDITIONS AT M = 0,78

Test Point No. a § f k
Ref. 6 Ref.7 deg deg Hz Ref. 6 | Ref, 7
Inboard Control Surface
271 16 +6 5 0.105 0.105
272 17 10 0.210 0.210
273 18 15 0.313 0.316
310 37 2.05 5 0.105 0.106
311 38 10 0.210 0.212
312 39 15 0.315 0.317
OQutboard Control Surface
375 21 0 6 5 0.105 0.105
377 22 | l 10 0.208 | 0.209
378 23 15 0.313 0.316
343 24 2.05 ' 5 0.105 0.105
344 25 10 0.210 0.209
345 - 15 0.314 -

21
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TABLE IV. - STATUS OF EXPERIMENTAL UNSTEADY-PRESSURE DATA

x/c
n .05 12 .20 .30 .35 45 .50 .60 .70 .75 .85 | .90 .95
(1)
.18 (4) (3) | (1)
(4)
J1 | () (1) | (1) (1)

(1) C'p| and ¢ unavailable at these locations for the ref. 6 points in Table III.
(2) Cbl and ¢ unavailable at this location for the ref. 7 test points in Table III.

(3) bl and ¢ considered unusable at this location for the ref. 7 test point nos. 16, 17, & i8.

(4) bl and ¢ considered unusable at these locations for the ref, 7 test point nos. 37, 38, & 39.



Orifice Semispan Stations
Row No. N

0.19
0.23
0.25
0.33
0.51
0.71
0.78
0.81
0.92

VO NGOG D OUN ~

% ®

Inboard Control Surface

Outkoard Control Surface

A

2.286 - T

Figure 1. - Sketch of wing planform geometry and orifice semispan stations.
Linear dimensions in meters.
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supercritical airfoil at n = .38

local-to-average chord ratio

— — — — thickness-to-chord ratio

2 .2
c/Cav 1 .1 t/c
0 | | | | 0
0 2 L .6 8 1.0
n

Figure 2.- Sketch of supercritical airfoil for 3-dimensional wind-tunnel
model and plot of local chord and thickness variation along
semispan.
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Figure 3.- Sketch of Doublet Lattice aerodynamic model.
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