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SUMMARY 

A wind-tunnel investigation has been made of two full-span and two 
semispan models having 450 of sweepback, an aspect ratio of 5.5, and a 
taper ratio of 0 .53. One wing had no camber and twist and the other 
wing was cambered for a design lift coefficient of 0 .4 and twisted to 
relieve the loading at the tip which accompanies sweepback. The airfoil 
sections normal to the quarter-chord line were the NACA 64A010 for the 
plane wing and the NACA 64A810 for the cambered and twisted wing. The 
cambered and twisted wing had 9.370 of washout between the root and the 
t ip. The tests were made at Mach numbers from 0.25 to 0.92. At a Mach 
number of 0 .25, the maximum Reynolds number was 10,000, 000 . The full­
span models were also tested at Reynolds numbers varying from 1,000 ,000 
at 0.60 Mach number to 4,900,000 at a Mach number of 0.92. In addition, 
the effects of one particular type of surface roughness were investigated 
on both wings. 

The lift and drag data obtained from tests of the semispan model 
agreed well with data obtained on the full-span model. In general, the 
aerodynamic center of the semispan model was slightly rearward of its 
position on the full-span model. 

The results obtained from tests of the full-span models at a 
Reynolds number of 2,000,000 and Mach numbers from 0.25 to 0.92 agree 
well with the previously reported results of tests of semispan models 
employing similar wings. Increasing the Reynolds number over the Mach 
number range had only a small effect on the characteristics of the plane 
wing. The data indicate the cambered and twisted wing was more sensitive 



2 NACA RM A52DOl 

to changes in Reynolds number over the Mach number range than the plane 
wing. Increasing the Reynolds number at the higher Mach numbers resulted 
in an increase in the lift coefficient at which static instability first 
occurred. 

The addition of a particular type of surface roughness did not have 
a significant effect on the aerodynamic characteristics of the plane wing. 
However, for the cambered and twisted wing, at Mach numbers of 0.80 and 
above , this type of roughness resulted in a more linear variation of lift 
coefficient with angle of attack and increased the drag at moderate lift 
coefficients . At Mach numbers of 0 . 80 and above, the lift coefficient at 
which the wing became unstable was reduced by the addition of roughness. 

INTRODUCTION 

Theor etical studies and a number of experimental investigations 
have indicated that camber and twist will improve the characteristics of 
swept wings. This improvement results from more uniform distribution of 
load, both spanwise and chordwise, which alleviates the flow separation 
and the attendant stability deterioration and drag increase at moderate 
and high lift coefficients . References land 2 have demonstrated that 
camber and twist can improve the characteristics of swept wings at low 
speeds, and reference 3 shows the effects of camber and twist at Mach 
numbers up to 0 . 94 . 

The data of references 1, 2, and 3 were obtained by use of semispan 
models mounted vertically on the tunnel test-section floor. Flow separa ­
tion on wings may be influenced by the tunnel-floor boundary layer. 
Such an effect was noted in references 4 and 5 during tests of wing­
alone models. Use of a semifuselage in combination with a semispan wing, 
as was done in the tests reported in references 1, 2, and 3, may be 
expected to minimize these effects. The possibility still exists that 
with semispan wing-fuselage combinations, the influence of the tunnel­
floor boundary layer may alter the flow over the wings to such an extent 
as to make questionable any conclusions regarding the effects of camber 
and twist. It was therefore deemed desirable to obtain comparative data 
on both semispan and full-span models of plane wings and cambered and 
twisted wings to determine the validity of the conclusions reached on 
the basis of previous investigations of semispan models. 

For this reason, an investigation has been conducted in the Ames 
12 -foot pressure tunnel at Mach numbers up to 0 .92 of two 450 swept-back, 
sting-mounted, wing -fuselage models, one having a cambered and twisted 
wing and the other a plane wing, and of two semispan wing-fuselage com­
binations, identical in every respect to the full-span models. To 
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extend the study of camber and twist to include the effects of higher 
Reynolds numbers at high subsonic speeds, the two full-span models were 
also tested in the Ames 16 -foot high -speed wind tunnel. 
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COEFFICIENTS AND SYMBOLS 

The following coefficients and symbols are used in this report: 

wing span measured perpendicular to the plane of symmetry, 
feet 

local chord measured parallel to plane of symmetry, feet 

local chord measured perpendicular to the quarter-chord line, 
feet 

wing mean aerodynamic chord 

drag coefficient (~;g) 

minimum drag coefficient 

f "" (lift) lift coef lClent -qs-

f
b/2 

C dy 
o 

, feet 

pitching-moment coeffic ient about the l ateral axis 
through the quarter point of the wing mean 

chord ( pitching moment) aerodynamic 
\ qSc 

maximum lift -drag ratio 

length of body including portion removed to accommodate 
sting , feet 
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Mach number ( V ) 
\.speed of sound 

dynamic pressure (~pV2) , pounds per square foot 

(p~C) Reynolds number ,.... 

radius of body, feet 

maximum radius of body, feet 

area of model wing , square feet 

free-stream velocity, feet per second 

longitudinal distance , feet 

lateral distance , feet 

angle of attack of the body longitudinal axis, degrees 

angle of twist with reference to root chord (positive for 
washin) , degrees 

mass density of air , slugs per cubic foot 

coefficient of viscosity of air , slugs per foot - second 

(
dC ' 
d~ ) (measured at CL 0), per degr ee 

(
dcm \ (measured at CL 

\ dCL) 

0) 

MODELS AND APPARATUS 

A sketch of the full -span models is shown in figure lea) and a 
sketch of the semispan models in figure l(b) . 
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The wing models used in this invest i gation were of similar plan 
form and represented wings having an aspect ratio of 5.50 , a taper 
ratio of 0 .53, and a sweepback of the quar ter - chord line of 450 • The 
profile of the uncambered, untwisted wing , hereinafter referred to as 
the plane wing , was the NACA 64A010 in planes normal to the quarter­
chord line. The profile of the wing, hereinafter referred to as the 
cambered and twisted wing, was the NACA 64A810 with a modified a = 0.8 
mean line (reference 6) , in planes normal to the quarter-chord line. 
The angle of twist of the cambered and twisted wing varied from 00 at 
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the root to -9 . 370 (washout) at the tip as shown in figure l(a) . This 
twist distribution was a straight -line -element type wherein all constant­
percent points of the local chord lie in straight lines along the span. 
As a result of maintaining the local chords of the root and tip constant 
while the wing was twisted, the pr ojected area of the cambered and 
twisted wing was approximately 0 . 5 percent less than that of the plane 
wing. In the reduction of all force and moment data to aerodynamic 
coefficients, this difference in wing areas was neglected and the area 
and the mean aerodynamic chord of the plane wing were used. 

The body used for both the full -span and semispan models had a 
fineness ratio of 12:5, assuming cl osure at the tail as indicated by 
the dashed lines in figure 1 . The after 19 percent of the body length 
of the full-span model was cut off to permit installation on the sting 
support . The after 19 percent of the semi span model body was also cut 
off in order to duplicate better the flow conditions at the rear of the 
full-span model body . Orifices were provided in the after end of the 
semispan model body to measure the base pressure. The plane wing was 
mounted with its root chord coincident with the longitudinal axis of 
the body. The camber ed and twisted wing was centrally mounted but 
with -0.630 incidence of the root chord relative to the longitudinal 
axis of the body. 

The majority of tests were conducted in the Ames 12 -foot pressure 
wind tunnel , which is a closed- thr oat , vari able -density wind tunnel with 
a low turbulence level closel y appr oximating that of free air. Addi ­
tional tests of the full-span models were conducted in the Ames l6 -foot 
high-speed wind tunnel , which is a closed- throat wind tunnel having a 
stagnation pressure approximately equal to atmospheric pressure. The 
sting-supported, full -span model was mounted centrally in both the 
l2-foot and the l6 -foot wind tunnels. 

Figure 2(a) shows the full - span model mounted in the Ames 12-foot 
pressure wind tunnel . The diameter of the sting supporting the model 
was 83 percent of the diameter of the body base in both wind tunnels. 
All forces and moments were measured by means of a 4-inch-diameter, 
four-component, strain -gage balance of the type described in reference 7. 
This balance was mounted on the sting support and enclosed within the 
body of the model. 
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The semispan model, figure 2(b), was mounted with the wing perpendic ­
ular to the floor wh i ch served as a refle ction plane. The gap between 
the body and the tunnel floor was approxi mately one -eighth inch . 

Surface roughness was produced on the wing of the full - span model 
by the addition of a I / B- inch -wide strip of number 60 car borundum 
centered on the 10 -percent chord line on both upper and lower surfaces . 

TESTS 

Lift , drag , and pitching -moment data were obtained in the Ames 
12 -foot pressure wind tunnel for the plane wing and the cambered and 
t wisted wing, each of which was tested full span on the sting support 
and semispan on the tunnel floor. 

Additional tests were conducted in the Ames 16 -foot high -speed wind 
tunnel to investigate the effect on the full -span model of higher 
Reynolds numbers at various Mach numbers . Tests in the 16-foot wind 
tunnel wer e also conducted to obtain the effects of surface roughness . 
The range of Reynolds numbers and Mach numbers at which tests were 
conducted is shown in figure 3. 

For the tests in the Ames 12-foot pressure wind tunnel at the lower 
Mach numbers and Reynolds numbers , the angle of attack of the full -span 
model was varied from _40 to +240 and the angle of attack of the semi span 
model was varied from _60 to +260 • The angle -of -attack range for the 
full - span models was reduced at the higher Mach numbers and Reynolds 
numbers where wind-tunnel power limitations , balance load limitations , 
or model vibration prevented testing at the higher angles. The 
angle -of -attack range for the semispan models was reduced at the higher 
Mach numbers where wind-tunnel power limitations prevented testing at 
the higher angles . 

The angle -of -attack range of the full - span models tested i n the 
Ames 16-foot high -speed wind tunnel was from -0 . 70 to 240 at the low 
Mach numbers and was limited to smaller angles at the higher Mach 
numbers by wi nd -tunnel power limitations and model vibration . 

CORRECTI ONS TO DATA 

Corrections have been applied to the data of both full - span and 
semispan models to account for the effects of tunnel -wall interference , 
constriction due to the tunnel walls , base pressure, and tar e forces . 
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Tunnel-Wall Interference 

Corrections for tunnel-wall interference resulting from lift on 
the models were computed using the method of references 8 and 9 for 
the full-span and semispan models in the 12-foot wind tunnel and the 
method of reference 8 for the full-span model in the 16-foot wind 
tunnel. The following corrections were added: 

Full-span model Semispan model 

12-ft wind tunnel 16-ft wind tunnel 12-ft wind tunnel 

/::,.0- 0.513 CL 0.434 CL 0.271 CL 
-. 

/::"CD 0.00896 CL2 0.00758 C 2 
L 0.00430 C 2 

L 

/::"Cm 0 0 0 
-

Constriction Effects 

7 

Corrections to the data to account for the constriction effects of 
the tunnel walls have been evaluated by the method of reference 10. The 
magnitudes of the corrections as applied to Mach number and dynamic 
pressure are illustrated by the following table: 

-
Uncorrected qcorrected 
Mach number quncorrected 

Corrected Semispan Semispan 
Mach Full-span model model 

Full-span model model 
number 12-foot 16-foot 12-foot 12-foot 16-foot 12-foot 

wind wind wind wind wind wind 
tunnel tunnel tunnel tunnel tunnel tunnel 

0.250 0.250 0.250 0.250 1.003 1.001 1.001 
.600 .599 .599 .599 1.004 1.002 1.002 
.800 .795 .797 .797 1.008 1.004 1.004 

.850 .843 .845 .846 1.010 1.005 1.005 

.900 .887 .892 .893 1.015 1.008 1.008 

.920 .904 .909 .911 1.018 1.011 1.010 

- ---- - -
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Base-Pressure Corrections 

In an effort to correct at least partially for the interference of 
the sting support on the body of the full-span models, the base pressure 
was measured and the drag data were corrected to correspond to a base 
pressure equal to the static pressure of the free stream. 

Base pressures were also measured on the semispan models and simi­
lar drag corrections were made in an effort to obtain comparable full­
span and semispan model data. 

Tares 

Full-span model.- There were no tares due to direct air forces on 
the model-support equipment. Correct ions were applied to account for 
static tares due to the weight of the model and to the variation of 
model attitude throughout the angle-of-attack range. 

Semispan model.- Tare corrections due to the air forces exerted on 
the turntable were measured with the model removed from the tunnel . 
Possible interference effects between the model and the turntable were 
not evaluated. No attempt was made to remove the tunnel-floor boundary 
layer which, at the location of the model, had a displacement thickness 
of approximately 0 . 5 inch. The boundary-layer displacement thickness 
over the body in the region of the wing was approximately 0 .15 inch. 
The tare drag coefficients subtracted from the data, representing the 
drag coefficients of the exposed surface of the turntable expressed in 
terms of wing area, are presented in the following table: 

Reynolds Mach number 
number 0.25 0.80 0.85 0·90 0.92 

2,000,000 0.0050 0.0057 0 .0060 0.0065 0.0068 
f---o- . 

.0049 6,000,000 - - - - - - - - - - - -
10,000,000 .0049 - - - - - - - - - - - -

RESULTS 

The results of this investigation are presented in the figures 
indicated in the following outline: 
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Comparison of full-span and semispan models 

Plane wing 

Figure 
number 

4 Aerodynamic characteristics at various Mach numbers 
Variation of parameters with Mach number .•••• 
Aerodynamic characteristics at various Reynolds 

• 5 & 6 

numbers • . • . . . . • . • . . . • • • • • 7 
Variation of parameters with Reynolds number • • • 8 & 9 

Cambered and twisted wing 

Aerodynamic characteristics at various Mach numbers 
Variation of parameters with Mach number . • ••••• 
Aerodynamic characteristics at various Reynolds 

numbers ••••.••.• . • . • . . • • . . . 

10 
11 & 12 

13 
Variation of parameters with Reynolds number • 14 & 15 

Aerodynamic characteristics of the full-span model 

Plane wing 

Effect of Mach number at a Reynolds number 
of 2,000,000 • • . • • • • • • • • . • • • • • • •• 16 

Effect of Reynolds number at a Mach number of 0.25 •• 17 

Cambered and twisted wing 

Effect of Mach number at a Reynolds number 
of 2,000,000 • • • • • • • • • • • • • •• 18 

Effect of Reynolds number at a Mach number of 0.25 •• 19 

Effect of Reynolds number at various Mach numbers 

Plane wing • • • • • • 
Cambered and twisted wing 

Effect of surface roughness on the aerodynamic characteristics 
of the full-span model 

Plane wing. • • • • • 
Cambered a nd twisted wing . . 

20 
21 

22 
23 

9 
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DISCUSSION 

Comparison of the Data for the Full-Span and Semispan Models 

Inspection of the full-span and semispan model data at the same 
Reynolds numbers and Mach numbers (figs. 4 through 15) indicates only 
small effect due to the type of model support . In general, the lift 
curves were nearly identical, the drag at low values of lift coefficient 
was slightly larger for the semispan models, and the semispan models 
had slightly greater static stability at low lift coefficients. Both 
the plane wing and the cambered and twisted wing exhibited instability 
at the higher lift coefficients . The lift coefficient at which this 
instability occurred was little affected by the type of model support, 
but the semispan model generally had a more rearward position of the 
center of pressure at this lift coefficient than did the full - span 
model. These differences were little affected by changes of either 
Mach number or Reynolds number. 

On the basis of available data , it is believed that the effects cif 
the type of model support on the pitching moment can be largely attri­
buted to the loss o~ lift near the root of the semispan model wing 
caused by the interference between the model and the reflection-plane 
boundary layer as noted in references 4 and 5 . 

Other factors which could affect the results of the full -span and 
semispan tests include an insufficient correction for the type of model 
support (sting and turntable interference) and the location of the model 
in the air stream of the test section (tunnel -wall interference) . These 
effects are believed to be small in comparison to the reflection-plane 
boundary -layer effect mentionpd previously . 

Full -Span Model Data 

All of the data for the full - span models presented in figures 16 
through 19 are in good agreement with data presented in reference 3 for 
similar semispan models at the same Reynolds numbers and Mach numbers. 
Since analysis of these data has already been made in reference 3, no 
further discussion is included herein. 

As was emphasized in reference 3, the aerodynamic characteristics 
of both the plane wing and the cambered and twisted wing showed large 
effects of Reynolds numbers at low speeds . It was therefore deemed 
desirable to establish the extent to which the data were affected by 
Reynolds number at high subsonic Mach numbers . To accomplish this end, 
tests of the two full-span models were conducted in the Ames 12-foot 
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pressure tunnel at Reynolds numbers of 1,000,000 and 2,000,000 at Mach 
numbers up to 0.92, and similar tests of the same models were conducted 
in the Ames 16-foot high -speed wind tunnel at Reynolds numbers up to 
about 5,000,000. (See fig. 3.) The results of these tests are pre­
sented in figures 20 and 21. 

Plane wing.- The data presented in figure 20 show that there were 
no large effects of Reynolds number on the aerodynamic characteristics 
of the plane wing for the range of Reynolds numbers and Mach numbers 
covered by this phase of the investigation. Lift and drag data obtained 
in the l2-foot pressure tunnel and the 16-foot wind tunnel at the same 
Reynolds number and Mach number do not show as good agreement as would 
be expected. Some of these differences may be attributed to differences 
in air-stream turbulence between the two facilities. A second factor 
which may contribute to this lack of agreement is the inexactness of the 
corrections for tunnel-wall interference. 

Cambered and twisted wing.- The lift, drag, and pitching-moment 
characteristics of the model with the cambered and twisted wing (fig. 21) 
show that, for a Reynolds number of 2,000,000 and a Mach number of 0.25, 
the results obtained in the two wind tunnels agree well up to lift coef­
ficients where large amounts of separation were present. 

A substantial decrease in drag with increasing Reynolds number is 
noted at moderate and high angles of attack. At a Mach number of 0.80, 
increasing the Reynolds number from 1,000,000 to 4,700,000 decreased 
the lift coefficient at which the static instability first occurred, 
but at higher Mach numbers a slightly greater increase in Reynolds 
number resulted in a substantial increase in the value of this lift 
coefficient. Analysis of the data shows that, as the Reynolds number 
increased above 2,000,000 for a range of low positive lift coefficients, 
a forward movement of the center of pressure occurred; whereas at higher 
positive lift coefficients, above about 0.5, there was a rearward move­
ment of the center of pressure. The large difference in pitching-moment 
characteristics indicates that the type and extent of the boundary­
layer separation on the wing was strongly affected by Reynolds number. 

Effects of Surface Roughness 

The effects of surface roughness on the aerodynamic characteristics 
of the two wings are presented in figures 22 and 23. Surface roughness 
consisted of a liB-inch strip of number 60 carborundum at the 10-percent 
chord line on both upper and lower surfaces of the wing. The data were 
obtained in the Ames 16-foot wind tunnel. 
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Addition of surface roughness had little effect on the aerodynamic 
characteristics of the plane wing. Tests in the 12-foot tunnel of a 
similar wing with surface roughness (reference 3) likewise showed little 
effect of roughness on the aerodynamic characteristics. 

The addition of the same type of roughness to the cambered and 
twisted wing had only a small effect on the lift and drag at low Mach 
numbers, but as the Mach number and Reynolds number increased, the 
effects of roughness became large. At Mach numbers of 0.80 and above, 
the addition of rOl~hness resulted in a more linear variation of lift 
coefficient with angle of attack and a higher drag at moderate lift 
coefficients. Adding roughness to the model produced large changes in 
the pitching-moment characteristics, especially at the higher Mach 
numbers. The model with roughness did not show the extreme Mach number 
effects that characterized the smooth model on which, at the higher 
Mach numbers, the center of pressure moved rearward as the lift coeffi­
cient increased prior to the occurrence of static instability. At Mach 
numbers of 0.80 and above, the addition of surface roughness resulted 
in a decrease in the lift coefficient at which severe static longitu­
dinal instability occurred. 

CONCLUDING REMARKS 

The lift and drag measured on the full-span and the semispan models 
having the same wing configuration were in good Rgreement. In general, 
the aerodynamic center of the semispan models was slightly rearward of 
its position on the fullo-span model. 

Increasing the Reynolds number over the Mach number range had only 
a small effect on the characteristics of the plane wing. The data for 
the cambered and twisted wing indicate that increasing the Reynolds 
number at the higher Mach numbers resulted in an increase in the lift 
coefficient at which the static instability first occurred, and also 
caused a forward movement of the center of pressure at low positive lift 
coefficients and a rearward movement of center of pressure at higher lift 
coefficients. 

Addition of surface roughness had little effect on the aerodynamic 
characteristics of the plane wing. At Mach numbers of 0.80 and above, 
the same type of roughness applied to the cambered and twisted wing 
resulted in a more linear variation of lift coefficient with angle of 
attack and reduced the lift coefficient at which the wing became unstable. 

Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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(a) Full-epan model. 

Figure 2.- The model mounted in Ames l2-foot pressure wind tunnel. 
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(b) Semispan MOdel. 

Figure 2 .- Concluded . 
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FIgure 21- Concluded. 
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Figure 22. - The effect of surface roughness on fhe aerodynamic characteristics of the full-span model 

wllh the plane wing. 

0\ o 

~ 
o 
:x:-

~ 
:x:­
VI 
I\) 
t:J o 
I-' 



NACA RM A52DO 1 61 

• 



62 NACA RM A52DOl 

~ ~ ""I::: I~ I""~ 

~~~-+~-r~gBV=W-;~-+-+~ 

1----t--1------111,:..!~/_: t--~ OOO'oOB~~ = Y -t--t----i 
'). ~ 

~ 

~ ~ ~ 
~ 

~ c:::: 
C:i ~ II 

~..,J ~ I 

. • 0:.J01- iD-<: , '.' 

'J) ~~ 

~ ~ ~ 
~ -..;::. 

~ 
~ :::s 
()~ .~ 

" ~ ......... 
c:::: 

() ,~ 
,~ 

~~ 
()(l) , a 
~ ...... 
~~ 

§ 
~~ , , 
~ 

,C:::: 
\() -":~ 

:0-... 

()ct 
~t\! 

I ' 



1.2 

10 

.8 

'-:)-.1 
......... 6 
c::: 

.~ 

. (,) 

~ 4 -....:: . 
~ 

8 
;:::: .2 ...... 
-.....J 

o 

-.2 

o Smooth wing 

o Surface roughness added = b.r.1 

~ 0' "'-:J 
ft 

~ 
P' tp 

d ~ ~ 
.£1 fT" ? 

U1 ;!l ~ ~ 
.E ~ lJ1 of 

# 
~p . .,;J to : 

,,0' : . 00 - - ,,0- . 00 - ,,0' , 00 -
~: 09 - -~ . ~~ r--~ . o~ -. a .~ . ,\0 

~,,~~ ~ Ot\ .8Ot' (1' . .~ 
~ , B' d fJ 

• 

~ l.C!l 
p 

~ ~ 
rv 

~ ,... 0 .n 

~ ~ 'd" 

Jf bid I.:J 

W ;r ~ rf 
5" -'-~ 1 

~.!f 0' <0 . ~ -
I-- ,,\} •. 0°- -~o . . 00-
_~ ' !)o . ~ (5 f--a \ 
J: ~~ ~·Ot~· 
~ .~ 

g ~ d 

-.4_4 0 4 8 12 16 20 24 for M=O.25 

Angle of attack I a I deg 

(a) CL vs a 

, 

~ ~ 
,.if Pi --8 :5 

~ :r p ~ 
~ ~ .P jP 
~ d ~ 

~ 
~q; . ;J 

r-"Q .. <pO 
e-~ . 'Qt1\ 
l: Ot~ 
~. 

~ 
I I I 

Figure 23. - The effect of surface roughness on the aerodynamic characteristics of the full-span model 

with the cambered and twisted wing. 
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Figure 23. -Continued. 
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Figure 23. - Concluded. 
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