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PRESSURE DISTRIBUTIONS ON A 1- BY 3-METER SEMISPAN WING
AT SWEEP ANGLES FROM 0° TO 40° IN SUBSONIC FLOW

Long P. Yip and Gary L. Shubert*
Langley Research Center

SUMMARY

A 1- by 3-meter semispan wing of taper ratio 1.0 with NACA 0012 airfoil
section contours has been tested in the Langley V/STOL tunnel to measure the
pressure distributions at five sweep angles, 0°, 10°, 20°, 30°, and UOO, through
an angle-of-attack range from -6° to 20°. The pressure data are presented as
plots of pressure coefficients at each static-pressure tap location on the wing.
Flow-visualization wing-tuft photographs are also presented for a wing of 40°
sweep. A comparison between theory and experiment using two inviscid theories
and a viscous theory shows good agreement for pressure distributions, normal
forces, and pitching moments for the wing at 0° sweep.

INTRODUCTION

In recent years, there has been an increasing effort to develop methods
to compute the flow-~field properties of aircraft wings in three-dimensional,
subsonic, viscous flow. Several methods have been developed to compute the
potential-flow characteristics of an arbitrary wing-body configuration and are
being widely utilized by both NASA and industry to design and analyze aircraft
wing performance. In addition, other methods are currently under development
within NASA and industry to compute the properties of boundary layers in three
dimensions. (See refs. 1 to 3.) The next step in the development of a complete
three-dimensional viscous-flow method involves the coupling of the potential-
flow and boundary-layer methods. Experimental pressure distributions and
boundary-layer properties are needed to verify the viscous-flow method. How-
ever, relatively little experimental work has been done to measure the boundary-
layer properties on three-dimensional wings. One experiment, described in
reference U4, provides a data base for boundary-layer flows under infinite swept-
wing conditions. In the experiment of reference 4, a pressure gradient was
induced on a flat plate to simulate the desired infinite swept-wing conditions,

and boundary-layer properties and static pressures were then measured on the
flat plate.

The present investigation was undertaken to provide detailed experimental
data on finite, three-dimensional wings for validation of new three-dimensional,
viscous computational methods. Previous pressure data on wings (see refs. 5
and 6) generally did not provide sufficient information needed in boundary-layer

*
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computations. This report presents pressure distributions on a 1- by 3-meter
semispan wing with a taper ratio of 1.0 at various sweep angles. The semispan
pressure wing was tested in the Langley V/STOL tunnel at five different sweep
angles (0° to 40°), and through an angle-of-attack range of -6° to 20°. Pres-
sure data were obtained at 600 pressure tap locations with 60 pressure taps
distributed on each of 10 chordwise rows. The wing was tested at free-stream
dynamic pressures ranging from 0.48 kPa (10 1bf/ft<) to 2.87 kPa (60 1bf/ft2).
These pressures correspond to_a Reynolds number range based on a 1-meter
(3.281-ft) chord of 1.92 «x 106 to 4.71 x 106. The pressure data are presented
as plots of pressure coefficients at each pressure tap location on the wing.
Flow visualization using tufts at a wing sweep angle of 40° is shown in
photographs.

Comparisons between experimental and theoretical pressures, normal forces,
and pitching moments were made. Although tests were conducted at several sweep
conditions, only the zero sweep test data were compared with theory because no
interpolation was necessary to obtain chordwise pressures. .A viscous-flow pro-
gram as well as two inviscid-~flow programs was used. The inviscid programs
include the approximate method of reference 7 and the more exact method of ref-
erence 8. The approximate method uses a vortex-lattice and a source-lattice
scheme on the wing chord plane to represent the perturbation velocities due to
1ift and thickness. The more exact method uses finite-strength surface singu-
larity distributions to compute the potential-flow velocities. The viscous pro-
gram of reference 9 was also used in the comparison which is a method based on
the modified lifting-line theory (see ref. 10) using viscous two-dimensional
section data computed from a program as described in reference 11. This simpli-
fied approach accounts for two-dimensional boundary-layer effects on sectional
properties.

SYMBOLS

Values are presented in both SI and U.S. Customary Units. Values were
obtained in U.S. Customary Units. Second symbol denotes computer printout
symbol. The coefficients and symbols are defined as follows:

A aspect ratio, b2/S
b span, m (ft)
Cm total pitching-moment coefficient about leading edge
1
Cy total normal-force coefficient, jr Ch dn
0
. b - Py,
Cp,CP pressure coefficient, —————
¢
c,C chord normal to leading edge, m (ft)
Cp section pitching-moment coefficient about leading edge



ep section normal-force coefficient, J;1 (Cp,z - Cp,u) d(g)
p local static pressure, kPa (1bf/ft2)
D, free-gstream static pressure, kPa (lbf/ftz)
Ay free-stream dynamic pressure, kPa (1bf/ft2)
S wing area, m? (ft2)
U, free-stream velocity, m/sec (ft/sec)
x,X distance in chordwise direction, m (ft)
y,Y distance in spanwise direction, m (ft)
z,Z normal distance from x,y plane, m (ft)
a geometric angle of attack, deg
ag induced local angle of attack, deg
n semispan location, A
b/2
A sweep angle, deg

J 3 SQRT square root
Subscripts:
L,L lower surface

u,U upper surface

MODEL DESCRIPTION

A semispan pressure wing of taper ratio 1.0 was constructed with NACA
0012 airfoil section contours. The NACA 0012 airfoil section was selected
because of its good low- and high-speed performance characteristics and because
of the availability of additional test data over a wide range of test conditions.
(See refs. 12 to 14.) Coordinates of the NACA 0012 airfoil are given in refer-
ence 12 and are also presented in table I as pressure tap locations. A schematic
drawing of the model and support system is shown in figure 1. The range of sweep
angles, 0° to 40°, was made possible by the movement in the pitch mechanisms of
the model support system with the addition of one of the two wedge blocks (i.e.,
129 or 33°) at the wing root. The wing slot inserts prevented flow through the
reflection plate. The wing tips were kept parallel to the free-stream flow as



the wing was swept by attaching an appropriate wing-tip fairing. These tip
fairings did not contain static-pressure taps.

To insure sufficient available data, 60 pressure orifices were installed
in each of 10 chordwise stations making a total of 600. The spanwise distribu-
tions of the pressure taps are presented in table II and were determined by the
following equation for A = Q°

10 - k
no 0.05 + 0.95 cos ["(2—0—1] (0 £k £9)

where k 1is the station number starting near the wing root. This distribution
allowed for a concentration of pressure taps in the outboard section of the
wing where the pressure gradients are the largest. Values of wing span and
aspect ratio for the wing at different sweep angles are presented in table IIT.

A circular reflection plate with a diameter of 3.05 meters (10 ft) was
designed to simulate a full-span wing and to move the semispan model away from
the tunnel-wall boundary layer and the model support system.

The model was fabricated by covering a solid aluminum spar with a fiber
glass skin. The pressure tubings were embedded in the fiber glass skin and
routed to a set of scanivalves attached to the sting mount below the reflection
plate. A photograph of the model mounted in the Langley V/STOL tunnel at 30°
sweep is shown in figure 2.

TESTS AND CORRECTIONS

The investigation was conducted in the Langley V/STOL tunnel over a range of
free-stream dynamic pressures of 0,48 kPa (10 1bf/ft2) to 2.87 kPa (60 1bf/ft2).
This pressure range corresponds to a Reynolds numbgr range based on a wing chord
of 1 meter (3.281 ft) from 1.92 x 106 to 4.71 x 10° at Mach numbers 0.08 to 0.20,
respectively. Pressure measurements were obtained through an angle-of-attack
range from approximately -6° to 20° for each of the five sweep conditions, OO,
100, 200, 30°, and 40°. A transition strip consisting of No. 80 carborundum
grit was installed on the upper and lower surfaces at 0.05x/c. The grit size
was selected according to reference 15.

A correction due to the blockage effects of the model and support systems
was applied to the free-stream dynamic pressure by using the method described
in reference 16. A correction due to the jet-boundary effects was applied to
the angle of attack by using the method described in reference 17. 1In addition,
a correction due to flow angularity of the wind tunnel and the misalinement of
the model in the tunnel was applied to the angle of attack. The flow-angularity
correction was obtained by plotting and matching the upper and lower surface ch
obtained from a pressure integration at the indicated angle of attack for 0°
sweep. The angle correction is the offset angle from 0° to the intersection
of the upper and lower surface ¢, curves because the NACA 0012 airfoil is a
symmetric section.



The normal forces were obtained by integrating the surface pressures. The
section pitching moments were computed by using the following summation equation:

et 2 2 2 >
(Xi+1 - Xi) + (Zi+1 - 23 (Cp,i+1 + Cp,%)
e = E _

) b

where n is the number of pressure taps per station and i is the ith pressure
tap. This moment equation accounts for the moment contribution along the Z-axis
in addition to the moments computed along the X-axis.

PRESENTATION OF RESULTS

The pressure data are presented as plots of pressure coefficient against
the square root of x/c locations. Plotting the pressures against the square
root of x/c¢ 1instead of against x/c¢ has the effect of spreading the nose

pressure distribution. The data are presented as indicated in the following
table:

. . e
Sweep angle a Y .
T f dat F
L ype of data deg ’ deg kPa (1bf/ft?) reure
Pressure distribution 0 -5.71 to 19.55 1.47 (30.8) 3
10 -5.69 to 21.38 2.46 (51.3) Y
20 -5.67 to 17.42 | 2.46 (51.3) 5
30 -5.88 to 21.07 1.47 (30.8) 6
i 40 -7.92 to 19.08 1.47 (38;?%_ﬁA 7
Flow visualization Lo 0.39 to 19.08 1.68 (35.0) 8

Data points that were in obvious error due to instrumentation malfunction
or tube blockage were corrected by linear interpolation between the adjacent
values. These modified data points are indicated by a flag on the plotted data

symbol. Comprehensive tables of the pressure data are available in a "Supplement
to NASA TN D-8307," which is available on request.*

. .
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Long P. Yip

Low-Speed Aerodynamics Branch
Subsonic-Transonic Aerodynamics Division
Langley Research Center

Hampton, VA 23665




RESULTS AND DISCUSSION

In each figure of the pressure plots (figs. 3 to 7), a sketch is provided
near the upper left-hand corner to illustrate the sweep of the wing and the
relative location of the rows of pressure stations. In general, all configura-
tions show that sufficient data were taken to insure full definition of the
pressure distribution. However, as the wing is swept beyond 10°, a number of
pressure taps are lost into the reflection plate, which accounts for the blank
data near the trailing edge of pressure station 0 for sweeps of 200, 300,
and 40°, 1In figure 3, a tip vortex flow is in evidence at pressure station 9
as a pressure bubble near the trailing edge which starts to develop at an angle
of attack of 4.65°, However, at the other sweep conditions (figs. 4 to 7),
there is no evidence of tip vortex flow because there were no pressure orifices
in the tip fairings.

Flow visualization using tufts on a wing at 40° sweep is shown in figure 8.
These photographs show the movement of the surface streamlines as a function
of angle of attack at 40° sweep. At low angles of attack, the tufts are alined
with the free stream. As angle of attack is increased, spanwise flow and tip
vortex flow become more noticeable, particularly near the trailing edge. At an
angle of attack of 170, the spanwise flow is predominant, and some of the tufts
near the outboard region begin to fluctuate and indicate near-stall conditions.
At an angle of attack of 190, the flow has separated in the outboard region of
the wing and the wing has stalled.

Pressure data were obtained over a range of free-stream dynamic pressures
from approximately 0.48 kPa (10 lbf/ft2) to 2.87 kPa (60 lbf/fte) which corre-
sponds to a -Beynolds number based on a chord of 1 meter (3.281 ft) of 1.92 x 10
to 4.71 x 10°. The effects of Reynolds number are shown in figure 9 in the
form of a plot of C against o. At the lower q_ condition, values of C
are consistently lower at each a, and the stall begins at a lower o than for
the higher q_, values. The pressure data presented in this report were
obtained at q, settings equal to or higher than 1.44 kPa (30.1 1bf/Ft2).

As mentioned previously, only data at 0° sweep angle were compared with
theoretical predictions. Viscous predictions as well as inviscid predictions
of normal force, pitching moments, and pressures are used in comparisons with
experimental data.

An inviscid theory described in reference 7 was used to compute the
potential-flow pressure coefficients on the wing surfaces. This theory uses
a vortex-lattice-type singularity to represent the perturbation velocities due
to 1ift and a source singularity to represent the perturbation velocities due
to thickness. This theoretical method is one of many such linearized methods
that use singularities on the wing chord plane to obtain the inviscid three-
dimensional flow properties. Another prediction method for computing potential
flow (ref. 8) was used for comparison with experimental results. This method
uses finite-strength surface singularity distributions to compute the potential-
flow velocities.

A simplified viscous method (ref. 9) was used to analyze the results on
the unswept wing. This method accounts for the two-dimensional boundary-layer
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effects on section properties., Viscous airfoil properties are used in a modi-
fied lifting-line theory (ref. 10) to obtain the span loading and induced angles
of attack at various spanwise locations. Pressure coefficients were obtained
from the viscous, two-dimensional airfoil computer program (ref. 11) by using

the effective angle of attack. This simplified method is applicable to unswept
wings with varying taper ratio.

In figure 10, a comparison of total normal force against angle of attack
is made between theory and experiment. Predictions for inviscid theories as
well as the viscous theory were in good agreement with the experimental results.
In the viscous theory, the addition of boundary-layer displacement causes an
overprediction of normal force due to increased thickness, but this overpredic-
tion is offset because the displacement thickness reduces the effective wing
camber near the trailing edge. (See ref. 18.) The predictions of the surface
singularity method of reference 8 also show good agreement with experiment at
angles of attack up to 159, At this angle of attack, viscous effects become
noticeable. The values of normal forces predicted by the two inviscid theories

are similar, even though the method of reference 7 does not use the contribu-~
tions from source singularities in this computation.

In figure 11, a comparison of the span-load distributions at an angle of
attack of 6.75° is made between theory and experiment. The experimental values
of section normal force c_, normalized by total normal force CN’ are plotted
against the semispan location. Both inviscid and viscous theories agree well
with experiment except near the root and tip locations of the wing. Near the
root, the experimental section normal force is decreased by the partial effec-
tiveness of the reflection plate. This result indicates that the reflection
plate was not large enough to fully reflect the properties of a full-span wing.
At the wing tip, the experimental section normal force is increased by the
influence of the tip vortex flow.

In figure 12, a comparison of section normal force at the effective angle
of attack (a - e,) is made between theory and experiment for several values
of n. The section normal forces derived from the experimental pressures are
plotted against the effective angle of attack predicted by the method of refer-
ence 9. A two-dimensional theoretical curve predicted by the two-dimensional
airfoil program of reference 11 is plotted for comparison. The experimental
data begin to deviate from theory in the outboard wing-tip region of the wing.
This result is consistent with the results in the span-load comparison between
theory and experiment.

In figure 13, a comparison of the total pitching moment about the leading
edge against angle of attack is made between theory and experiment. Better
agreement is obtained for the inviscid predictions than for the viscous predic-
tions which are slightly more negative than the experimental results. A study
of the section pitching moments c. (fig. 14) shows that the experimental value
strongly deviates from theory only near the wing tip.

In figure 15, a comparison of pressure coefficients against the Jx/c at
several n stations is made between theory and experiment. Plotting the pres-
sure against the square root of x/c¢ expands the region near the leading edge
for a more detailed look at the nose region. The comparisons indicate generally

7



good agreement between theory and experiment. However, near the nose region,
the inviscid chord-plane singularity method overpredicted the leading-edge pres-
sure peak. The inviscid surface singularity method and viscous method predicted
the leading-edge pressures with more accuracy. Two sets of experimental values
at different free-stream dynamic pressures were plotted on the same figure. The
experimental values of C were in good agreement with each other at the two
values of free-stream dyngmic pressure. Both sets of experimental pressure
coefficients show disagreement with theory near the reflection plate and near
the tip stations. However, good agreement between theory and experiment was
obtained at the midpanel stations.

CONCLUDING REMARKS

Pressure data were obtained on a 1- by 3-meter semispan wing through an
angle-of-attack range of about -6° to 20° for each of the sweep angles, 0°, 10°,
209, 30°, and 40°. Values of pressure coefficients, normal forces, and pitching
moments obtained from two inviscid theories and one viscous theory compared well
with the experimental results. Disagreement between theory and experiment
occurred generally at sections of the wing near the root and near the tip. A
reduction in wing loading near the reflection plate indicates that the sizing
of the reflection plate was inadequate to simulate the full-span wing proper-
ties. At the wing tip, the tip vortex was not accounted for in theory which
caused disagreement between theory and experiment. In the midpanel stations,
however, very good agreement was obtained between theory and experiment.

A1l theories predicted very good results for the normal force. However,
in the pressure coefficient comparison, the surface singularity method and the
viscous theory gave a better definition of the pressures near the leading-edge
nose than did the chord-plane singularity method.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

October 13, 1976
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TABLE I.~ CHORDWISE LOCATION OF STATIC~PRESSURE TAPS

x/c

.001938
.005101
.008412
.012003
.015533
.020164
.026691
.043449
.068029
.096415
. 127694
.161629
.197963
.236335
.276981
.319422
.363751
.410335
.1458507
.508984
.561119
.615491
.671552
.728190
.785998
.843881
.900483
.956240
.99619
1.0000

z/c
Upper surface

0
.007786
.012371
015751
.018643
.021081
.023692
.026927
.033474
.040393
.0U6215
.050912
.054573
.057260
.059018
.059893
.059933
.059168
.057631
.055365
.052366
.048693
.04u342
.039352
.033838
.027770
.021246
.014420
.007242
.001793

for -

Lower surface

-.007786
-.012371
~.015751
-.018643
-.021081
-.023692
-.026927
-.033474
-.040393
-.046215
-.050912
-.054573
-.057260
-.059018
-.059893
-.059933
-.059168
-.057631
-.055365
-.052366
-.048693
-.04u342
-.039352
-.033838
-.027770
-.021246
-.014420
-.007242
-.001793
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TABLE II.- SPANWISE LOCATION OF PRESSURE ROWS

_'_::_____‘_____»::::_E 9
_______________ 3
________________ S 6
S
v, | ¢
—_— | 3
_______________ | 2
_____________ _.]
- o
-—
Pressure station n(r = 0°)
0 0.05
1 . 1986
2 .3436
3 .4813
I .6084
5 .7218
6 .8186
7 .8965
8 .9539
9 .9883




TABLE III.- WING SPAN AND ASPECT RATIO FOR WING

PLANFORM AT DIFFERENT SWEEP ANGLES

Sweep, b/2, Aspect
deg m ratio, A
0 2.95 5.90
10 2.98 5.87
20 2.91 5.47
30 2.83 4.90
4o 2.53 3.88
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Figure 1.- Schematic drawing of semispan pressure wing model.

14



- L-75-3706

Figure 2.- Photograph of 1- by 3-meter semispan model at 30° sweep
in the Langley V/STOL tunnel.
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Figure 3.- Pressure distributions at sweep angle of 0°.
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Figure 3.- Continued.
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1.47 kPa (30.77 1b/ft2).
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Figure 6.- Continued.

1.48 kPa (30.94 1b/ft2).
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(a) @ = 0.39°.
Figure 8.- Flow visualization using tufts. A = 0°.
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(b) a = 4.57°.

Figure 8.- Continued.
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(e) o = 8.72°. ro=2rt

Figure 8.- Continued.
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(d) o = 12.90°.

Figure 8.~ Continued.
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Figure 8.- Continued.
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Figure 8.~ Continued.
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Figure 8.- Concluded.
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Figure 13.- Comparison of total pitching moment about leading edge
for experiment and theory.
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Inviscid theory (ref, 7)

— — — Viscous theory (ref, 9)
—— — Inviscid theory (ref., 8)
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Figure 14.- Comparison of section pitching moments about leading
edge for experiment and theory.
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Figure 15.- Comparison of pressure distributions between experiment
and theory at a = 6.75°. A = 0°.
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O Experimental data,q =2,87 kPa (60 Ib/ft")
——— 3-D inviscid theory™(ref. 7)
—+— 3~D viscous theory (ref. 9)
—— 3~D inviscid theory (ref, 8)

-3 H .
DR R |
-2 / iz, \ A i
U/ {ZE:] \\ I :
AN
= A L
c TR
p T ﬂ;.::s | |
...1 - [ {
i §%SEE E’ g L
L : vl it 1
L | ?&:::-ﬁ., TL
L E;T %;hm \'
Bagis- 2N _Q. »
Y A S RIPINERCC LB
Wit
1 i ‘%p’ '
y #f»
\ﬂ\‘\' I { RY: i
0 1 .2 .3 4 .5 .6 T 8 .9
xlc

(f) n = 0.72.

Figure 15.- Continued.

170




O Experimental data, q_I.47 kPa (30 Iblftzz)
O  Experimental data, 4.52,87 kPa (60 Ib/ft")
~ 3-D inviscid theory (ref, 7)
——+— 3~D viscous theory (ref, 9)
——%— 3-D inviscid theory (ref, 8)
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