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SUMMARY

The purpose of this investigation was to determine aileron effectiveness for a

subsonic energy-efficient transport (EET) model with a high-aspect-ratio supercriti-
cal wing. This investigation was conducted in the Langley 8-Foot Transonic Pressure

Tunnel. Data were taken over a Mach number (M) range of 0.30 to 0.86. The Reynolds

number was 3.0 × 106 per foot for M_ = 0.30 and 5.0 × 106 per foot for the other

Mach numbers. Data are presented for ailerons located at three positions along the
wing span. The ailerons were designed as a preliminary active-control concept with

gust-load alleviation, maneuver-load alleviation, and flutter-suppression systems.

The data indicate a linear variation of rolling-moment coefficient with angle of

attack for individual and multiple aileron deflections at Mach numbers up to 0.81.
For Mach numbers greater than 0.81, the rolling-moment-coefficient data become non-

linear with increasing angle of attack. At Mach numbers near the design value

(M = 0.81), increased aileron effectiveness resulted from aft transition locations,

which produced relatively thin boundary layers (higher effective Reynolds number) and

greater effective aileron deflections. Individual aileron deflections on the right
wing panel produced only small effects on yawing-moment and side-force coefficients.

INTRODUCTION

Since the development of advanced-technology supercritical airfoils by the
National Aeronautics and Space Administration, great strides have been made toward
improving the cruise performance of future jet transport aircraft. Extensive theo-
retical studies and experimental wind-tunnel investigations have produced aerodynami-
cally efficient transport wings which have higher lift-drag ratios, thicker airfoil
sections, less sweep, and higher aspect ratios than the wings on current wide-body
aircraft. The performance characteristics of these configurations have been docu-
mented in references I and 2; however, data on the effectiveness of lateral-control
surfaces for these supercritical wings have not generally been available.

The purpose of this investigation was to determine aileron effectiveness for a
high-aspect-ratio supercritical wing configuration. The control surfaces investi-
gated were representative of a preliminary active-control technology concept with
gust-load alleviation, maneuver-load alleviation, and flutter-suppression systems
(ref. 3). These controls did not correspond directly to conventional aileron
designs, either in size or location. It is anticipated, however, that this investi-
gation will provide insight into the sizing of a more conventional set of ailerons
for a high-aspect-ratio supercritical wing configuration.

SYMBOLS

Force and moment data presented in this paper have been reduced to conventional

coefficient form based on the wing trapezoidal planform area (extended to the fuse-
lage centerline). Longitudinal aerodynamic characteristics are referred to the

stability-axis system, and lateral-directional aerodynamic characteristics are

referred to the body-axis system. Moments are referenced to the quarter chord of the



mean geometric chord. All dimensional values are given in U.S. Customary Units.
Symbols are defined as follows:

al,a2,a 3 ailerons I, 2, and 3, respectively (fig. 2)

b wing span, 52.97 in.

CD drag coefficient• Drag
q S

Lift
CL lift coefficient,

q S

C rolling-moment coefficient• Rolling moment
1 q Sb

,C I ,C control-effectiveness parameter for ailerons I, 2, and 3,
C16ai 6a2 16a3 AC

1

respectively, _, per degree

C pitching-moment coefficient, Pitching momentm
q S_

Cn yawing-moment coefficient Yawing moment
• q Sb

Side force
Cy side-force coefficient,

q S

c local streamwise chord of wing, in.

c mean geometric chord of reference wing panel, 5.74 in.

M free-stream Mach number
co

q_ free-stream dynamic pressure, ib/ft2

R Reynolds number per foot

S wing planform reference (trapezoidal) area, 1.988 ft 2

t/c local wing maximum thickness-to-chord ratio

x chordwise distance from wing leading edge, positive aft, in.

y spanwise distance from model centerline, in.

z vertical coordinate of airfoil, positive upward, in.

angle of attack, deg

A incremental value



6a deflection angle of aileron, positive for trailing-edge down, deg

€ local wing incidence angle measured from fuselage waterline, positive for
leading edge up, deg

2y
semispan station, _-

Subscripts:

1,2,3 ailerons I, 2, and 3, respectively

EXPERIMENTAL APPARATUS AND PROCEDURES

Test Facility

This investigation was conducted in the Langley 8-Foot Transonic Pressure Tunnel
(ref. 4). This facility is a continuous-flow, single-return tunnel with a rectangu-
lar, slotted test section. Tunnel controls allow independent variation of Mach num-
ber, density, stagnation temperature, and dew-point temperature. The test section is
approximately 7.1 ft square (same cross-sectional area as that of a circle with an

8.0-ft diameter). The ceiling and floor are slotted axially and have an average
openness ratio of 0.06. These features permit the test-section Mach number to be
changed continuously throughout the transonic speed range. The stagnation pressure
in the tunnel can be varied from a minimum of 0.25 atm (I atm = 2116 ib/ft2) at all
Mach numbers to a maximum of approximately 2.00 atm at Mach numbers less than 0.40.
At transonic Mach numbers, the maximum stagnation pressure that can be obtained is
approximately 1.5 atm.

Model Description

Drawings of the model are shown in figures 1 and 2. A photograph of the model
in the Langley 8-Foot Transonic Pressure Tunnel is shown in figure 3.

Fuselage.- The fuselage used in this investigation had a maximum diameter of
5.74 in. and was 49.56 in. long. The fuselage wetted area was approximately
5.63 ft2. The fineness ratio of the fuselage (8.6) was typical of second-generation
or wide-body jet transports. The lower surface of the wing was faired into the fuse-
lage to produce a relatively flat bottom that extended from near the wing leading
edge to approximately 6.0 in. aft of the trailing edge.

Win_- The reduced-camber wing of reference 2 was used in this investigation.
The wing had 5° of dihedral and 30° of sweep at the quarter chord. Based on the
trapezoidal planform (extended to the fuselage centerline), the wing had a reference
area of 1.988 ft2, an aspect ratio of 9.80, and a taper ratio of 0.397. Twist and
thickness distributions are shown in figures 4 and 5, respectively. Airfoil sections
at several spanwise locations are shown in figure 6.

Ailerons.- An existing set of wing panels was modified for trailing-edge con-
trols. The three ailerons represented a preliminary active-control design and were
located on the right wing panel only. Details of the ailerons are shown in figure 2.
Each aileron had angle brackets which produced deflections of 0°, ±5°, and ±10°. A
plastic filler material prevented airflow through the gap between the wing and the



leading edges of the ailerons to simulate a sealed aileron configuration. The filler

material was shaped to provide a smooth contour between the wing and ailerons.

Transition Strips

Boundary-layer transition strips were applied to the fuselage and the wing.
These strips were comprised of a 0.10-in-wide band of carborundum grit set in a plas-
tic adhesive. The grit was sized on the basis of reference 5.

A transition strip of No. 120 grit was applied to the fuselage I in. aft of the
nose. The transition strip patterns on the wing are shown in figure 7. The transi-
tion strips on the wing were located rearward in an attempt to simulate a higher
effective Reynolds number (ref. 6).

Measurements

Force and moment data were obtained by use of a six-component electrical strain-

gauge balance housed within the fuselage cavity. Angle of attack was measured by an

accelerometer that was also housed within the fuselage. Static pressures were mea-

sured in the model sting cavity by using differential-pressure transducers referenced
to free-stream static pressures.

Corrections

The angle of attack of the model was corrected for flow angularity in the tunnel

test section. This correction (approximately 0.1° ) was obtained from upright and

inverted tests of the basic wing configuration. The drag data have been adjusted to

correspond to the condition of free-stream static pressure in the sting cavity. No

Mach number correction was made for blockage effects, which were estimated to be

negligible. Control-effectiveness-parameter values were computed using nominal
control-deflection angles and were not corrected for control deflections under load.

Test Conditions

Throughout the entire test, stagnation temperature was maintained at 120°F, and

the air was dried until the dew point was sufficiently low to prevent condensation

effects. The test conditions for which data were taken are presented in the follow-
ing table:

M_ _, deg R, per foot q_, lb/ft2

0.30 -4 to 14 3.0 x 106 210
.60 -4 to 16 5.0 660
.70 -4 to 10 5.0 747
.77 -4 to 6 5.0 802
.81 -4 to 8 5.0 833
•84 -4 to 8 5.0 853
.86 -4 to 8 5.0 867



PRESENTATION OF RESULTS

The results of this investigation are presented in the figures, as indicated in
the following table:

Aileron configuration Figure numbers

6ai' 6a2' 6a3' CD vs CL CL vs _ Cm vs CL C , C , and C vs
deg deg deg 1 n Y

0 0 0 8 18 28 38
-10 to 10 0 0 9 19 29 39

0 -10 to 10 0 10 20 30 40

0 0 '-10 to 10 11 21 31 41

-5 0 -5 12 22 32 42

5 0 -5 13 23 33 43
5 0 5 14 24 34 44

5 5 0 15 25 35 45

0 5 5 16 26 36 46

5 5 5 17 27 37 47

The variation of aileron-effectiveness parameter with Mach number is shown in
figure 48.

DISCUSSION OF RESULTS

The purpose of this investigation was to determine aileron effectiveness for a
subsonic EET model with a high-aspect-ratio supercritical wing. Since the ailerons
were located on the right wing panel only, data for positive and negative deflections
of each surface were summed in the calculation of the control-effectiveness values
(i.e., on the basis of asymmetric control deflections A6a = 6a - 6a ).

down up

Longitudinal Aerodynamic Characteristics

The static longitudinal aerodynamic characteristics of the model (figs. 8 to 37)
are not representative of an actual aircraft because ailerons were located on the
right wing panel only. The data are included and may be used judiciously, but they
are considered of secondary importance to the lateral aerodynamic characteristics and
will not be discussed.

Lateral-Control Characteristics

The static lateral aerodynamic data for the baseline configuration (no ailerons

deflected) indicate a slight asymmetry of the model (fig. 38). The model asymmetry
affects the absolute value of the baseline rolling-moment coefficient but has no

effect on the calculation of the control-effectiveness parameter, which depends on
increments in rolling-moment coefficient. Nolling-moment-coefficient values for the

baseline configuration are positive for most angles up to stall and increase slightly

5



with Mach number. Poststall rolling-moment-coefficient values become very nonlinear
for the baseline configuration at M = 0.60 (fig. 38(b)). This effect is probably
caused by varying amounts of flow separation and aeroelastic deformation at the wing

tip. A similar trend is shown for 5° and 10° deflections of the outboard aileron a3
(fig. 41(b)). Positive deflections of a3 increase the loading at the wing tip;
however, the increased loading is partially offset by aeroelastic deformation of the
wing (washout).

Data for individual aileron deflections (figs. 39 to 41) and multiple aileron
deflections (figs. 42 to 47) indicate a linear variation of rolling-moment coeffi-
cient with angle of attack up to stall for Mach numbers up to and including the
design Mach number (M = 0.81). For Mach n_nbers greater than 0.81, rolling-moment-
coefficient values become nonlinear with increasing angle of attack, probably as a
result of increased trailing-edge boundary-layer separation near the deflected aile-

rons. Aileron aI shows a control reversal anomaly in the rolling-moment data for
Mach numbers of 0.84 and 0.86 (figs. 39(f) and 39(g)). This anomaly is probably

caused by shock wave interaction between the wing and fuselage, since aileron aI is
located approximately 0.2 in. from the fuselage. _olling-moment data for multiple
aileron deflections can be estimated by summing the data for individual deflections.
The effect of individual aileron deflections (right wing panel) on yawing-moment and
side-force coefficients is very small.

Aileron Effectiveness

For the Reynolds numbers of this test, aileron effectiveness is highly dependent
on the transition location and growth rate of the boundary layer. Data in refer-
ence 7 indicate that thicker boundary layers (resulting from a forward movement of
the transition strips) caused reduced aileron effectiveness. The thickening of the
boundary layer on the ailerons may be considered as an effective reduction of the
aileron deflection.

As previously stated, the transition strips for this investigation were located
rearward to simulate a higher effective Reynolds number at near-cruise Mach numbers.
However, the actual point of transition varies as a result of changes in chordwise
pressure distribution with Mach number (ref. 8). For off-design conditions
(M < 0.70), the supercritical wing of this investigation exhibits "peaky"-type
chordwise surface pressure distributions. The adverse pressure gradient of this
upper-surface pressure peak causes transition near the leading edge instead of at the
transition strip location and results in a thicker boundary layer over the aft por-
tion of the wing. As the Mach number approaches the design value (M = 0.81), the
region of supersonic flow on the upper surface increases and forms a "plateau" in the
pressure distributions at typical cruise lift coefficients. The plateau region is
terminated by a relatively weak shock wave, which causes transition of the flow. The
chordwise extent of the plateau region increases with Mach number and results in
rearward movement of the transition point and relatively thin boundary layers (higher
effective Reynolds number). At design cruise conditions, the plateau region on the
wing upper surface extends from the leading edge to approximately 40 to 60 percent of
the chord. However, the transition strip is normally located ahead of this point to
prevent the formation of a laminar separation bubble at the base of the shock wave
and to insure a precise and repeatable transition point.

The relatively thin boundary layers associated with aft movement of the transi-
tion point at cruise Mach numbers result in greater control effectiveness. This
increase in control effectiveness is shown in figure 48, and the amount of the



increase is dependent on the local section wing loads. Aileron a2, which has the
largest product of area times moment arm and also has the highest section loads,
shows the largest gain in control effectiveness. A combination of low section load

and possible aeroelastic deformation (washout) causes the outboard aileron a3 to
show the least gain in effectiveness. The aileron-effectiveness values in figure 48
are nonlinear with increasing aileron deflection (_6a = 10°, 20°) because of varying
amounts of local flow separation. For Mach numbers greater than 0.83, strong shock
waves produce boundary-layer separation, which drastically reduces the effectiveness
of each of the control surfaces.

SUMMARY OF RESULTS

An investigation to determine aileron effectiveness for a subsonic energy-
efficient transport (EET) model with a high-aspect-ratio supercritical wing was con-
ducted in the Langley 8-Foot Transonic Pressure Tunnel. Data were taken over a _ch
number (M) range of 0.30 to 0.86. The Reynolds number was 3.0 × 106 per foot for
M = 0.30 and 5.0 x 106 per foot for the other Mach numbers. The results of this
investigation may be summarized as follows:

I. Individual and multiple aileron deflections produced a linear variation of
rolling-moment coefficient with angle of attack up to the design Mach number of 0.81.
For Mach numbers greater than 0.81, the rolling-moment-coefficient data become non-
linear with increasing angle of attack.

2. At Mach numbers near the design value (M = 0.81), increased aileron effec-
tiveness resulted from aft transition locations,_which produced relatively thin
boundary layers (higher effective Reynolds number) and greater effective aileron
deflections.

3. Individual aileron deflections on the right wing panel produced only small
effects on yawing-moment and side-force coefficients.

Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23665
October 7, 1983
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(a) D = 0.122.

Figure 6.- Wing airfoil sections.
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(d) q = 0.639.

Figure 6.- Continued.
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(e) D = 0.962.

Figure 6.- Concluded.
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aileron (6a2 in degrees). 6aI = 0°; 6a3 = 0°.

34



.30

,28

6a2
26

0 0

2u_ [] 5

0
22 A 10

l',,, -10

2O Ob

18

GD 16

12 ,,

10

.I.,,
08

i

•OB //_

.o_ --_

.o2 _:--__e___.--J_- _'_'_-

0

-.q -.2 0 .2 .q .6 .8 1.0 1.2
%

(b) M = 0.60.oo

Figure 10.- Continued.

35



,3O

,28

6a2

,26 0 0

,2u_ [] 5
-5

•22 A lO
-10

.20

,!8

•16 I'_
GI)

,12

•10 _-

•OY /

•02 m"'_l__._._ _..__

0

-.Y -,2 0 ,2 .Y .6 ,8 1,0 1.2

(c) M = 0.70.
03

Figure 10.- Continued.

36



,3O

,28

6a2
.26

0 0

,2u_ [] 5
-5

•22 ix 10

ix. -10
,20

,18

,16
CD

,12

,I0

,08

•08 _

•02 _-_

0

-.q -.2 0 ,2 .q .8 .8 1,0 1.2

(d) M = 0.77.
oo

Figure 10.-Continued.

37



,301

,28

6a2

,26 © 0

24 [] 5

22 A I0

_i. -io
2O

18

16
GD

14

.12 I
i0 <

t.!

•08 I

•O6 _ r_

•02 _ _--_ _- _--

0
-.4 -,2 0 .2 .Li .8 .8 1.0 1.2

(e) M = 0.81.

Figure 10.- Continued.

38



,3O

,28

6a2

•26 0 0

,2u_ [] 5
-5

•22 A lO

b, -10
.20

,18

,16
CD

•_ _
,12 _

•10 _T

•08 "1

.o6b, r,_

.o___,,,, ;_-.o2 _-_"

0
_.u, -.2 0 .2 .£ .6 ,8 1.0 1..2

%

(f) M = 0.84.
o0

Figure 10.- Continued.

39



,30

.28

6a2

.26 0 0

.2u_ [] 5
-5

.22 a i0

IX. -I0
,20

,18

,16
CD

.lq

,12

.lo l_

/,,0[3
b_

•06 \\ ._

.o_ _ P
-_ _._.02

0

_.u, -.2 0 .2 ._ .6 .8 1.0 1.2

(g) M = 0.86.
oo

Figure 10.- Concluded.

4O



.3O

.28

8a3

•28 © 0

•2_ [] 5
-5

•22 ,_ 10

-i0 r_=

,20

,18

12

i0

h
o8 #

o6
i

O_ _

0
-.'--i -,2 0 ,2 .q ,6 .8 1,0 1.2

%

(a) M = 0.30.

Figure 11.- Variation of drag coefficient with lift coefficient for deflections of

aileron 3 (6a3 in degrees). 6a I = 0o; 6a 2 0o.

41



.3O

,28

6a3
,26

0 0 _,,3
,2q [] 5

-5
0•22 ,A 10

r'x. -10

•20 _.)_-_

,18

,16
CD

,12

.i0

•08 _"

.06 ,)
•0'4 2

•02 _--_ ---4_ _---

0

-,'-{ -,2 0 ,2 ,q ,6 ,8 l,O ].,2

(b) M = 0.60.OD

Figure 11.- Continued.

42



3O

.28

6a3

•26 0 0

•2q [] 5
G -5

,22 A i0

K. -i0
.20

,18

,16
CD

,ILl

,12

-]
.I0

.08- -_

.06

•Oq _

•02 _ _.__ _

0
-.q -.2 0 .2 .q .6 .8 1.0 1.2

(c) M = 0.70.
oo

Figure 11.- Continued.

43



3O

.28

6a3

.26 © 0

•2_ [] 5
0 -5

,22 /x 10

Ix. -10
,20

[8

16
CD

12

I0

J

o6

0

-._ -.2 0 .2 .4 .6 .8 1,0 1,2
CL

(d) M = 0.77.
co

Figure II.- Continued.

44



,3O

,28

6a3

•26 0 0

,2u_ [] 5

,22 A i0

l'x -i0
,20

,18

16
CD

12

I0

08

o__, /

0

-.LI -.2 0 .2 .LI .8 .8 1.0 1.2
CL

(e) M = 0.81.
co

Figure II.- Continued.

45



.3O

,28

6a3
.26

0 0

,2u_ [] 5

•22 zl 10

l-x -10
,20

18

16
CD

12 _!

10_ t

08 ,_i_

2"O6 _

\

•02 "_ _;_

0

_.u, -.2 0 .2 .£ .6 .8 1.0 1.2
CL

(f) M = 0.84.
co

Figure 11.- Continued.

46



30

28

6a3
26,-

© 0

2_ [] 5
-5

22 _ i0

t_ -i0
2O

18

16
_D

J.

I'12

, /.08

/.06

O4 k
• ,_

.02

0

__.u_ -.2 0 .2 .u_ .6 .8 t.O 1.2

(g) M = 0.86.
oo

Figure 11.- Concluded.

47



3o II I
•28 6al 6a2 6a3

0 0 0 0
,26

[] -5 0 -5

.2u_

.22

€
.20

.18

.16
CD

(

[

12

10

O8

_S
0_ I

02 L-_:__ .r_,/- ----..d::_l)__ ,..I_L_,-- --

0
-.Y -,2 O .2 .Y .6 .8 1.0 1.2

(a) M = 0.30.
oo

Figure 12.- Variation of drag coefficient with lift coefficient for

6a I =-5 o, 6a 2 = 0 o, 6a 3 =-5 o.

48



3o IIIII
•28 8ai 6a2 8a3

© 0 0 0
,26 [] -5 0 -5

.2_

•22 O

•20 0

,18

.18
CD

• IL_ j

,12

.10
i

)
,08

•08 /
•OL_ Y

02 Eg._• _"_0-_ _ _""_ _r"_

0

_.u_ -.2 0 .2 .q .8 .8 1.0 1.2
CL

(b) M = 0.60.

Figure 12.- Continued.

49



.30 i i i i i
•28 6al 6a2 6a3

0 0 0 0
.26

[] -5 0 -5

.2_

.22

,20

18

16
CD

14

E

12

i0

O8

/
u(

.o2 _"..... _¢"

0
-.4 -,2 0 ,2 ,q ,6 .8 1,0 1.2

%

(c) M = 0.70.
co

Figure 12.- Continued.

5O



30 I lilt
•28 6a1 6a2 6a3

© 0 0 0
,26

[] -5 0 -5

,2_

,22

.20

,18

.16
CD

.i_

.12

.i0

.o8, b

!
•06 _

•02- "_-- '-'_"_3_ k_

0

-.4 -.2 0 .2 .4 .6 .8 1.0 1.2
%

(d) M = o.77.
co

Figure 12.- Continued.

51



3o IIIII
•28 6ai 6a2 6a3

C) 0 0 0
.26

[] -5 0 -5

,2_

,22

,2O

,18

,16
GD

,12
[-

,10

•08 i.06

02 :L _.. ,-_'r '_

0

-,4 -,2 0 .2 .u_ .6 .8 1.0 1..2

(e) M = 0.81.
co

Figure 12.- Continued.

52



3o IIIII
•28 6a1 6a2 8a3

0 0 0 0
.26

[] -5 0 -5

.2_

.22

,16
CD

• 12 i)
•I0 n"

••O6_"

•OLt _

• --t_Z]'_ J

O;

__.u_ -.2 0 .2 .u_ .6 ,8 1.0 1.2
cL

(f) M = 0.84.

Figure 12.- Continued.

53



30 III I
,28 6ai 6a2 6a3

O 0 0 0
,26

-5 0 5

,2_

,22

,2O

.18

,16
%

)

,12

.I0

,08

/
.06-__

.,,,,W

.o_ \ ?_ .¢:5
,02

0

-.£ -,2 0 ,2 .u_ ,6 .8 1,0 1,2
%

(g) M = 0.86.
oo

Figure 12.- Concluded.

54



3o III II
•2B 6ai 6a2 6a3

© 0 0 0
.26

[] 5 0 -5

,2Li

,22
(-

20

18

16
CD ]

<

12

i0

O8

//
0_

02 _"-- - "-_ f

0

_.L} -.2 0 .2 ._ .6 .8 i.O 1.2
%

(a) M = 0.30.
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Figure 17.- Variation of drag coefficient with lift coefficient for

6aI = 5o, 6a2 = 5o, 6a3 = 5°.
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Figure 33.- Variation of pitching-moment coefficient with lift coefficient for
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Figure 34.- Variation of pitching-moment coefficient with lift coefficient for

6aI = 5o, 6a2 = 0o, 6a3 = 5o.
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Figure 47.- Variation of rolling-moment, yawing-moment, and side-force coefficients

with angle of attack for 6aI = 5°, 6a2 = 5°, 6a3 = 5°.
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Figure 48.- Variation of control-effectiveness parameter with Mach number.
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