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SUMMARY 

An investigation was conducted to deterndne the efficacy of simulat­
ing the flow over a swept wing of infinite span by mounting a swept wing 
across the test section of a closed rectangular wind tunnel. Two constant­
chord wings were tested; one unswept and the other swept 450

• The sections 
perpendicular to the leading edge were the NACA 631-012. The angle of 
attack was varied from 00 to the stall for the unswept wing and from 00 to 
l20 for the swept wing. 

Equations are presented from which the upwash velocities induced by 
the tunnel walls were calculated for the swept wing. Corrections to the 
angle of attack of the swept wing were applied according to the calculated 
induced velocities. 

The experimental results indicate that the change in the pressure dis­
tribution and in the lift characteristics over the central half of the 
swept wing compared to that over the unswept wing was in accordance with 
simple sweep theory. The differences in the wake drag and in the moment 
characteristics were small. 

INTRODUCTION 

The chordwise distribution of pressure over a yawed wing of infinite 
span and constant chord in a potential flow field is invariant along the 
span. The investigations of references 1 and 2 have indicated that the 
characteristics of a section at the center of a constant-chord wing mounted 
across a wind tunnel obliquely to the free-atream direction are essentially 
those of an infinite span wing; however, the pressure measurements verify­
ing ,this similarity were made only at the center of the span of the wing 
where the interference of the tunnel walls is small and did not include 
measurements of the spanwise variation of pressure. Should experiment show 
that the effects of sweep are uniform over a reasonable portion of the 
span, a wing mounted in this manner could be used for evaluating the 
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changes in pressure distribution over a swept wing caused, for instance, 
by the addition of a nacelle or a leading-edge inlet. 

An experimental investigation was undertaken in one of the Ames 7-
by 10-foot wind twrn1els to study, by means of pressure-distribution and 
wake measurements, the flow over a constant-chord 450 swept wing that com­
pletely spanned the wind tunnel. To ascertain the portion of the span for 
which the flow satisfactorily approximates the flow about a yawed wing of 
infinite s pan, the section characteristics of the swept wing are compared 
with those of an unswept wing having the same airfoil section perpendicular 
to the leading edge. The basic comparison is between the chordwise dis­
tributions of pressure, at various distances from the tunnel walls, for 
the swept wing with distributions for the unswept wing. The data for the 
unswept wing were corrected to free-air conditions by the method discussed 
in reference 3. The data for the swept wing were corrected for the effects 
of the tunnel walls on the induced upwash velocities at the wing quarter­
chora line. E~uations for the swept-wing corrections were developed by 
Mr. John DeYoung of the Ames Laboratory and are included in the appendix. 

COEFFICIENTS AND SYMBOIS 

The following coefficients and symbols are used in this report: 

c chord of wing parallel to flow direction 

wake drag coefficient 

section lift coefficient 

section pitching-moment coefficient about the quarter-chord point 

p pr~ssure coefficient (P1. ~o Po ) 

p static pressure 

~ dynamic pressure 

v velocity 

angle of attack in streamwise plane, degrees 

The following subscripts are used in conjunction with the above 
c oefficients and symbols: 
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I local 

o free stream 

u uncorrected 

MODEL AND APPARATUS 

The unswept wing was mounted vertically in the wind tunnel as shry~ 
in figure 1. The swept wing was mounted horizontally. (See fig. 2.) The 
sections perpendicular to the leading edge of both wings were the NACA 
631-012. Coordinates for the NACA 631-012 section are given in reference 4. 
The unswept wing had a chord of 4 feet; whereas the swept wing had a chord 
of 2.5 feet perpendicular to the leading edge. The axis of rotation for 
angle-of-attack changes of the unswept wing was the one-quarter-chord line; 
whereas that for the swept wing crossed the midspan station at 35 percent 
of the chord and was horizontal and perpendicular to the stream direction 
as shown in figure 3. 

The pressure distribution Over the swept wing was measured by orifices 
in the surface of the model that were connected to multiple-tube manometers. 
The swept wing had rows of pressure orifices in the stream direction at tha 
27.5-, ~O-, and 72.5-percent--span stations. (See fig. 3.) Additional 
orifices were located along constant-chord lines at 5, 15, 30, 50, and 80 
percent of the chord. The chordwise distribution of pressure over the 
unswept wing was measured by a row of orifices at the center of the span. 

The wake pressures used in calculation of the drags of the wings were 
measured by a survey rake that was cOID1ected to an integrating manometer. 
The location of the survey planes behind the swept wing is indicated in 
figure 3. For the unswept wing, the rake was approximately one-half-chord 
length behind the trailing edge. 

TESTS 

For the unawept wi~, measurements of the surface pressures for angles 
of attack from 00 to 120 were made at a test Mach number of 0.14. The 
Reynolds number was 3,840,000 baaed on the chord. Tunnel-wall corrections 
to the angle of attack and section lift coefficient of this wing were 
applied according to the methods discussed in reference 3 by the follo-wing 
equations: 
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Fo~ the swept wing , measurements of the surface pressures at angles 
of att ack from 0° t o 12° wer e made at a test Mach number of 0.16. The 
Reynolds number was 3,900,000 based on the chord in the stream direction. 
In addition, wake~rag measurements were made for various test Reynolds 
numbers up t o 8,100,000 . 

Tunnel-wall c orrections for the swept wing are presented in the 
appendix . In t h3 derivat ion of the c orrections, the swept wing was con­
s idered t o correspond t o a pane l of a kinked wing as shrnvn in the follow­
ing ske tch, t he t unne l walls functioning as reflection planes: 

Tunne l-wa ll c orrections t o the angle of attack were applied according t o 
the equation 

(l, = ~+ I+ Js.CZ 

Yal ues of kl and k2 f or the swept wing of this investigation are pre­
sented in the appendix. The correct ion t o the angle of attack was found 
by cal cul at ion t o vary along t he span a s noted in the following table: 

Stat ion (l, corrected, deg 

(percent) ~, 40 ~, 80 
(l,u' 120 

27· 5 4.02 8 .04 12.07 
50 . 4.14 8 .29 12.41 
72. 5 4. 32 8. 58 12. 76 
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RESULTS AND DISCUSSION 

Pressure Distribution' 

The pressure distribution over the center section of the unswept wing 
is shown in figure 4. For the swept wing , the chordwise distributions of 
pressure over the upper surface at the 27 .5-, 50-, and 72.5-percent-span 
stations are shown in figure 5. The corresponding distributions over the 
lower surfac e are given in figure 6. For the swept wing, the spanwise 
distributions of pre ssure a long the 5-, 15-~ 30-, 50-, and SO-percent­
chord lines are shown in figure 7. Inspect ion of figure 7 reveals that 
the influence of the tunnel walls is greatest near the leading edge and 
at the higher angles of attack~ i s opposite in sense at the two walls , 
and diminishes with increasing distance from each wall so that a region 
of substantially uniform flow results over approximately t he center hall 
of the span. From the figure a determination may be made of the region 
in which the flow is sufficiently uniform for any particular use. 

The disturbance engendered by the vertical walls possibly may be 
decreased by distorting the walls to conform to the streamline pattern of 
the flow as indicated in reference 5. The walls were not distorted for 
the tests r eported herein. 

Simple sweep considerations indicate that pressure coefficients for 
a swept wing of infinite aspect rat io should vary as the square of the 
cosine of the angle of sweep. For a sweep of 450~ the stagnation pressure 
coefficient should then be 0.50 instead of 1.0 in incompress ible flow. 
The results are in close agreement with this value. In figure 8(a), the 
measured pressure distribut ion over the swept wing and the distribution 
computed by multiplying the measured pressure coefficients for the unswept 
wing by the fac t or cos2 450 are compared at zero lift. As shown in the 
figure, the agreement is excellent. Only the comparison at the midspan 
station is pre sented~ as the agreements at the 27.5- and 72.5-percent-span 
sta t ions were equally close. 

In figures S(b), S(c)~ and S(d), the measured and computed pressure 
distributions at the midspan station are compared for angles of attack 
of 2 .10~ 50, and 7.50• The corresponding angles of attack of the unswept 
wing were determined from the relation 

a. = a. i X cos 450 
swept wing unswept w ng 

The agreement of the computed value s with the measured values is good 
within the angle-of-attack range of this investigation, indicating satis­
factory agreement with s imple sweep theory for the swept wing pitched 
about a lateral axis. 
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Force and Moment Characteristics 

The variation of section lift coefficient along the span of the swept 
wing is shown in figure 9 for both corrected and uncorrected angles of 
attack. The lift coefficients were obtained by integration of chordwise 
pressure-distribution diagrams. At the 27.5-, 50-, and 72.5-percent-span 
stations there were a large number of pressure orifices which clearly 
defined the shape of the pressure diagrams. At other stations there were 
only five orifices on the upper surface and five orifices on the lower 
surface. For the stations with the fewer orifices, the shape of " the dia­
grams was determined by fairing a curve through the five experimental 
pOints , using as a guide the shape of the pressure distribution at the 
closest of the three stations previously mentioned. 

Inspection of figure 9 shows that the section lift coefficient 
increased slightly between 27.5 and 72.5 percent of the span for constant 
values of the corrected angle of- attack. The variation of section lift 
coefficient with angle of attack is shown in figure 10(a) for the 27.5-, 
50-, and 72.5-percent-span stations. For angles of attack greater than 
110 , a decrease in lift-curve slope occurred at the latter two stations. 
Inspection of the pressure-distribution diagrams indicates that the extent 
of t4e spanwise flow separation was increasing. In figure 10(b), the 
lift characteristics of the unswept wing are compared to those at the 
midspan of the swept wing. The maximum lift of the Wlswept wing occurred 
at 13.60 angle of attack. Simple sweep considerations indicate that the 
lift-curve slope of the swept wing should vary as the cosine of the angle 
of sweep. Included in figure 10(b) is the lift curve of the swept wing 
computed by multiplying the lift coefficient of the wwwept wing by the 
cosine of 450 • It is seen that computed values are in close agreement 
with the test results throughout the angle-of-attack range of the investi­
gation. 

The pitching-moment characteristics of the swept and of the unswept 
wing arE! shown in figure 11. There was no perceptible change in the 
pitching-moment characteristics about the one-quarter-chord point of a 
secti on of the swept wing compared to that of the unswept wing. 

The spanwise variation of the wake drag of the swept wing as calcu­
lated from the mome-:1.tum defect 1n the wake is shown in figure 12. The 
data shown in the figure would indicate that in the angle-of-attack range 
from 00 to 50 or 60 the bowldary-layer flow had only a slight tendency 
to build up spanwise along the wing. Above an angle of attack of 60 there 
was a pronouncei increase of the wake drag along the span toward the right 
v"all. In figure 13 (a):I the variation of the drag coefficient with angle 
of attack is shown for both the unswept and the swept wing. The variation 
of the wake drag of the swept wing as a fWlction of the Re~lolds number is 
shown in figure 13(b) for an angle of attack of 00

• 
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Air Flow Over the Swept Wing 

Tuft studies are presented in figure 14 for angles of attack of Oo~ 
50~ 8°~ and 120 to give an idea of the direction and type of flow in the 
boundary layer of the swept wing. The tuft pictures were taken by two 
cameras above the model. The heavy dashed line in the pictures was normal 
to the wing leading edge as shown in figure 3. For an angle of attack of 
50, the flow adjacent to the right wall was unsteady. (SSe fig. 14(d).) 
As the angle of attack was increased above 50, the region of unsteady flow 
near the right wall became more prominent. The flow over the left side of 
the wing adjacent to the wall was steady throughout the angle-of-att ack 
range of the investigation. 

Inspection of the tuft pictures indicates that the flow adjacent t o 
the surface over the leading edge of the wing turned slightly in the direc­
tion of a line normal to the leading edge and was largely independent of 
changes in the angle of attack. For a n angle of attack of 0° (figs. 14(a) 
and 14(c), the flow over the rear 30 to 40 percent of the wing was more 
nearly alined with the free-stream direction. As the angle of attack was 
increased~ the t ufts on t he rear portion of the wing t urned in a direction 
more nearly parallel with the trailing edge, indicating more spanwise 
flow. For an angle of attack of 120 (figs. 14(f) and 14(h)~ these tufts 
were parallel to the trailing edge of the wing. Tufts 0. 25 and 0.50 inch 
above the wing surface~ supported by wires normal t o the surface~ indicat ed 
conSiderably less spanwise flow than did those on the w~ng surface. 

CONCLUDING REMARKS 

The results of this low-speed investigation indicate the practicability 
of simulating the flow over a swept wing of infinite span throughout a 
small range of angles of att ack with a swept wing that completely spans a 
closed wind tunnel. The change in the pressure-coafficient distribution 
and in the lift characteristics over the central half of the span were in 
accord with calculations based on simple sweep theory. The differences 
in the wake drag~ and particularly in the moment characteristics~ of the 
swept wing compared to the unswept wing were found to be small. 

Ames Aeronautical Laboratory~ 
National Advisory Committ ee for Aeronautics~ 

Moffett Field, Calif., May 26~ 1950. 

------~--~--~------------------------------ ---- - --
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APPENDIX 

TUNNEL-WALL CORRECTIONS FOR INDUCED UPWASH VELOCITY 
FOR A SWEPl' WING OF CON8I'ANl' CHORD COMPLEl'ELY 

SPANNING A RECTANGULAR WIND TUNNEL 

In order t o compare the test results for the swept wing with those 
for the unswept wing., it is necessary to consider tunnel-wall int erference 
effects on both wings. Tunnel-wall corrections for the unswept wing were 
applied according t o the methods discussed in reference 3. Analysis of the 
problem for the swept wing indicates that it is necessary to determine the 
ext ent t o which the tunne l walls alter the angle of attack from what i t 
would be if the walls were not present. As this discussion is limited to 
swept wings placed midway between the upper and lower tunnel walls., the 
correction to the angle of attack is considered to be dependent upon the 
magnitude of tunnel-wall-induced velocity at the hurizontal center plane 
of t he wind tunnel . 

The increase in the axial velocity of t he flow about the swept wing 
due to the restraint imposed by the horizontal tlliTI1el walls is believed 
t o be small . For the unswept wing, this increase in the axial velocity 
resulted in a value 1.007 times the velocity of the undisturbed stream. 
The maximum cross-section area of the swept wing in planes normal to the 
stream direction was less than one-sixth that of the unswept wing. ThUS, 
a t no position along the span of the swept wing should the increase in 
axi al velocity be as l arg3 as that for the unswept wing. 

For an infinite yawed wing in potent i al flow, lines of constant pres­
sure are parallel t o the leading edge of the wing. I deally, the flow over 
the swept wing of this investigation should correspond to the flow over 
the yawed wing. However, because the vert ical t unnel walls func t ioned as 
ref lection planes, the wing corresponded more nearly to a panel of a 
kinked wing, as i llustrated in figure 15. In the computation of the 
t unnel-wall corrections , the lines of cons tant pressure were cons idered 
parallel t o the leading edge s of the respec t ive wing panels. It was 
r ealized that adjacent to the vertical walls, the line s of constant pres­
sure were no longer parall e l to the l eading edge but were curved and became 
normal to the walls at the walls . With this d i screpancy in flow alinement, 
the c omputed corrections wer e not expected t o be adequate adjacent to the 
ver t ical walls. The calculated corrections should be satisfac t ory for 
c orrecting to approximately f r ee-air c ondi tions for sections of the wing 
more than one chord l ength from either wall. 

The corr ection t o the angle of attack for t he swept wing was calcu­
l ated by the method of images in which the wi ng was repre sent ed by a bound 
vort ex along the one-quarter-chord l ine. The effects of t he hor i zontal 
tunnel walls wer e calculated by introducing a three-dimensional lattice of 
image s above and below the wing, the images being alternately inverted, 
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and direc t images of the wing itself. Due to the sweep of the bound vor­tex~ it was nece s sary to extend the images to t he right and left of the side walls of t he tunnel a s shown in figure 15(a). 

By considering each image in turn~ an expre s sion was obtained f or the i nduced velocity at the lift ing line . As a re sult of the sweep of the lifting line~ the t otal induced velocity was not normal to the flow direc­tion . The velocity components parallel and normal t o t he f r ee-stream direc tion were de te rmined from the e~uation of the t otal induced veloci t y developed by Mr. DeYoung. 

The t otal velocit y induced by the image vort ex at position m~n as shown in figure l 5 (a) is 

r sec ./I.. 
x Ju2 + v2 + w2 = 

4rra J n 2 
s in2 

./I.. + m
2 

( ~ J 
2 Y 1 n cos ./I.. - - -+ -a 2 

where 

a width of the tunnel 

C cross-section area of t unnel 

c 2 section lift coefficient 

h height of the tunnel 

S wing area 

u component of induced velOCity parallel t o x axis 

v component of induced velocity parallel t o y axis 

w component of induced velocity parallel t o z axis 

y distance parallel t o y axis rooasured from midspan of wing (See fig. 15.) 
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A angl e of sweep of wing 

r circulation strength of vortex 

integers defining image location (See fig. l 5 (a).) 

k
l
,k

2 
interference factors 

The components of the total induced velocity parallel and normal to the 
free-stream direction are 

u = J u2 + v2 + w2 X S 

v = J u2 + v2 + w2 X 1) 
j (2 ) 

where S is the direction cosine of the t otal induced velocity with 
re spect t o the x axis and 1) is the direction cosine with respect to 
the y axis. The values of the direction cosines are calculated from 
the equations 

n 

To s impl ify the calculation, let 

j (~ _ ~)2 tan2 A + ( ~ _ ~ - n ) + m
2 (~) 

J U + D2 t:n:O: ~ (-~~+-~~-nJ +m2 (~) ] (4) 
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The upwash velocity per unit circulation is 

w 

r 
n tan A Ky(m.,n) 

a 

11 

This component of velocity is expressed as a correction to the angle of 
attack CLu as 

(~) (6) 

The correction for the induced velocity component in the free-stream 
direction is 

UC/ 4 
r ~~) Ky(m.,n) = -a 

and as 

r = ~ (~) hVo cl 

(; ) 1 (~)2 S 
= - - m Ky(m.,n) c l = k2

c l 
o Cj4 

2 C 
(8) 

The total correction to the angle of attack is obtained from eQua­
tions (6) and (8) as indicated in the following velocity-component dia­
gram: 

u 

w 
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The c orrection to the angl e of attack is 

The variations of the constants kl ani k2 with distance along 
the span for the 450 swept wing in the 7- by 10-foot wind turu1e l are 
shown in figure 15 (c) . 
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Figure 1.- Unswept wing mounted in one of the Ames 7- by 10-foot 
wind tunnels. 
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(a) Front view, positive angle of attack. 

~ 
A-IZ829 

(b) Left-wall support arm showing fairing about the pressure tubes . 

Figure 2.- Swept wing. 
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