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BOTRHAVIRG 45O OF SWEEF!RACK 

By Ben H. Johnson, Jr., and Harry H. Shibata 

A wind-tunnel investigation has been made of two semispan wing 
models'having 45O of sweepback, an aspect ratio of 5, and a taper ratio 
of 0.565. One wing had no camber or twist and the other wFn@; 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-hord line were the NACA 64~010 for the plane wing 
and the NACA 64A810 for the cambered and twisted wFng. The cambered and 
twisted wing had 8.70 of washout between the root and the tip. The tests 
were made at Mach numbers from 0.25 to 0.94. At each Mach number the -3 
Reynolds number was varied over as -wide a range as possible within the 
limitations of wind-tunnel power and wind-tunnel pressure. At Mach nun+ ' 
bers above 0.70, the maximumReynolds number was 2,OOC,OOC; at a Mach 
number of 0.25; the maximumReynolds number was lO,OCKl,OOO. The effects 
of a fuselage, of boundary-layer fences, and of surface roughness were 
also investigated. 

At a Reynolds number of lO,OOO,C!CO and a Mach number of 0.25, the 
combined camber and twist were effective in delaying extensive separation 
on the wing to a higher lift coeffictent. At the lower Reynolds numbers, 
the effectiveness of camber and twist in delaying extensive separation 
was seriously reduced. The aerodynamic characteristics of both wings 
were seriously influenced by dynamic-scale effects. 

At Mach nu&ers greater than 0.70, wind-tunnel power limitations 
prevented testing at Reynolds numbers greater than 2,000,OOO. Because 
of the large dynamic-scale effects previously noted, direct application 
of these data to the design of airplanes which operate at substantially 
higher Reynolds numbers is not recormnended. Based on the data obtained 
at a Reynolds number of 2,000,000, the cotiined ca&er and twist improve- 
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the drag characteristics of the wing at lift coefficients above 0.3 up 
to a Mach number of 0.85. At the higher Mach mers, the improvements 
in drag due to camber and twist were seriously reduced as would be 
expected for a wing with such highly cambered sections. At a Reynolds 
number ofV2,000,000, the pitching-moment characteristics of the wing 
were impaired by the use of camber and twist, especially at Mach num- 
bers of 0.90 and above. 

i 

The addition of a chordwise fence at the midsemispan to the upper 
surface of the cambered and eiated wing resulted in marked improvement 
of the pitchingwment characteristics of the wing, especially at Mach 
numbers of 0.90 and above. No similar improvement was noted when fences 
were applied to the plane wing. 

- ,- 

- 

ImODuc?rIoN 

Theoretical studies and a number of experimental investigations 
have indicated that ca&er and twist may improve the characteristics h. 
of swept wings. This improvement results from more uniform distri- 
bution of load, both spanwise and chordwise, which alleviates the flow 
separation and the attendant stability and drag deterioration at moder- L -- 
ate and high lift coefficients. That such improvement is obtainable 
through the use of camber and twist has been demonstrated by the low- 
speed investigation reported in references land 2. To extend the study 
of the effects of camber and twist, an investigation haa been made in 
the Ames W-foot pressure wind tunnel at Mach rubbers up to 0.94 of two 
45' swept-back wings similar to those reported in references 1 and 2. v 

' One of the wtngs had no twist and the wing profile was symmetrical. Ths 
other wing was canibered for a design wing-lift coefficient of 0.4 and 
twisted to relieve the loading at the tip which accompanies sweepback. 

C0?IRFICIERTSAMD SYMBOLS 

The following coefficients and symbols are used in this report: 

a speed of sound, feet per second 

b wing span measured perpendicular to the plane of symmetry, feet 

C local chord measured parallel to plane of ~sy&etry, feet 
- .- 

I 

C’ local chord measured quarter-chord line, feet * 

c wing mean aerodynamic chord 
> 

, feet .4 
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drag coefficient T 
( ) 

lift coefficient lift 
( > ss 

section lift coefficient 

pitching+noment coefficient about the lateral axis through the 
quartercchord point of the wing maan aerodynsmic chord 

pitching moment 

pitching+nomnt coefficient at zero lift 

lift-drag ratio 

length of bdy, feet 

, pounds per square foot 

radius of body, feet 

maximum radius of body, feet 

area of semispan wing, square feet 

maximum thFckness of wing section, feet 

free-stream velocity, feet per second 

longitudinal distance, feet 

lateral distance, feet 

angle of attack of the chord line at wing root, degrees 

angle of twist with reference to root chord (positive for 
wash-in), degrees 

coefficfent of viscosity of air, slugs per foot-second 

Cop"-~~ 
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P mass density of air, slugs -per cliwc foot 

x taper ratio (n:: z3 
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MODlZLANDAFPARATUS 

The wing models used in this investigation were similar ir plan 
form and represented wings having an aspect ratio of 5, a taper ratio 
of 0.565, and-a sweepback angle of the quarter-chord line of 45O. A 
dimensional sketch of the wings is shown in figure 1. The wing profiles 
normal to the quarter-chord line were the NACA &A010 for the wing model 
hereinafter referred to 88 the plane wing, and the NACA 64A810 with a 
modified aa. msan line (reference 3) for the wing model hereinafter 
referred to as the cambered and twisted wing. The angle of twist of 
the cambered and twisted wing varied from O" at the root to -8.7’ (wash- 
out) at the tip as shown in figure 2. This twist distribution was a 
straight-1Wlemen.t type wherein all constan%psrcent points of the 
local chords lie in straight lines along the span. As a-result of mai?+ 
taining the local chords of the root and tip constant while the wing was 
twisted, the projected area of the cambered and twisted wing was approxi- 
mately 0.4 percent leas 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 was used. The wings were constructed of solid aluminum 
alloy. 

The body used in combination with both u;ln@ models had a fineness 
ratio of 12.5. The equation defining the coordinates of the body is 
given in figure 1. The plane wing was mounted with its root chord co& r .---: 
cident with the longitudinal axis of the body. The cambered and twisted 
wing was also centrally mounted but with -1.30 incidence of the root chord 
relative to the longitudinal axis of the body. 

The tests were conducted in the Ames ES-foot pressure wind tunnel; 
which is a closed-throat variable-density wind tunnel with a low turb* ' 
lence level closely approximating that of free air. 

As shown in figure 3, the models were mounted with the wing plane 
perpendicular to the floor which served as a reflection plane. The gap 
between the body and the tunnel floor was maintained between l/32 and 
1/16 inch. No attempt was made to remove.the tunnel-floor boundary layer 
which, at the location of the model, had a dis-&acement thickness of 
approximately 0.50 inch. The boundary-layer displacement thickness over L 
the body in the region of the wing was approximately 0.15 inch. 
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The fences were constructed of l/l&inch steel with l/2-inch flanges 

for attachment to the wing. Pertinent dimensions of the fences are given 
in figure 1. 

Lift, drag, and pitching+soment data were obtained for both wing 
models with and without the body. At a Reynolds number of 2,000,000, 
the models were tested at mch numbers from 0.25 to 0.94. At higher 
Reynolds numbers, the maximum Mach nuniber was limited by wind-tunnel 
power to the following: 0.70 at a Reynolds nu&er of 3,000,000, 0.60 at 
a Reynolds nu&er of 4,000,000, 0.40 at a Reynolds number of ~,OOO,OOO, 
and 0.25 at a Reynolds number of lO,OQO,OOO. 

To investigate the effectiveness of fences in improving the longi- 
tudinal stability characteristics of the model, the wings were tested with 
fences of two different heights located at 50 and 70 percent of the wing 
semispan. These tests were conducted at a Reynolds number of 2,OOO,oOO 
through a renge of Mach nuibers from 0.25 to 0.94 and at a Mach number 
of 0.25 through a range of Reynolds numbers from 2,000,OOO to 1O,OOO,OOO. 

. 

, 

To study the influence of surface roughness, the plane wing was 
tested at a Reynolds nuziber of 2,OOO,OOO and a Mach nmiber of 0.25 with 
roughness on both the upper and lower surfaces extending forward from 
15 percent of the chord to 0, 2, 5, and 10 percent of the chord. 
Additional tests were conducted at a Reynolds number of 2,000,OOO and 
Mach n&era of 0.94, 0.90, and 0.80 with roughness applied to both the 
upper and lower surfaces from 5 percent to 15 percent of the chord. The 
surface roughness was nu?&er 60 grain Carborundum. TeBtB were also con- 
ducted using number 120 and nuniber 180 grain Carborundum, but data for 
these grain sizes are not presented as they indicated no difference from 
the data using the number & grain size. 

CCRRECTIONS TO DATA 

. 

The data have been corrected for the effects of tunnel-wall inter- 
ference, including the effects of constriction due to the tunnel walls, 
and approximately for model--support tare forces. The method of reference 
4 was used in computing the corrections for tunnel-wall interference due 
to induced effects occurring as a result of lift on the model. The 
following corrections were added: 

r 
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LB= 0.254X& 

*CD = -0.0040cy 

A'&=0 

Corrections to the data for the constriction effects of the tunnel 
walls have been evaluated by the method.of reference 5. The magnitudes 
of these correctiona as applied to Mach number and dynamic pressure are 
illustrated by the follow-& table: 

Corrected 
Mach nuniber 

0.g40 
-920 

:g: 
.800 

:E 
.400 
.250 
.150 

Uncorrected 
Mach number 

qcorrected 
%ncorrected 

Wing alone Wing and body Wing alone Wing and bodd 

o-936 0.930 
.g16 -913 
-898 -895 
.84g .847 
l 799 .?98 

.700 .699 
:E .400 -599 

.250 -250 

.150 .150 

1.005 
1.003 
1.003 
1.002 
1.001 
1.001 
1.001 
1.001 
1.000 
l.COO 

1.010 
1.008 I 
1.~06 
1.004 
1.003 
1.002 
1.002 
1.001 
1.001 
1.001 

The measured choking Mach number for the wing4ody cofiiaation was 
approximately 0.97. 

Tare corrections due to the air forces exerted on the turntable were 
measured with the m&lel removed from the tunnel. Possible interference 
effects between the model and the turntable were not evaluated. The 
tare-drag coefficIenta subtracted from the data, representing the bag 
coefficients of the exposed surface of the turntable expressed in terms 
of wing area, are presented in the follow- table: 

- 
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1 Reynolds number 

. 

I Mach I 
nlnli- 2,000,000 3,000,( IO0 4,000,ooo 6,001 

ber IiFng Wing Wing Wing WW WFng wFn@; 
alone ana alone ana alcme and alone 

bW boas bow 

e-- 3.0072 0.0061. --i 
0.0065 A074 .0063 0.0072 

.oo6g .oo79 ~067 .0077 

.0073 
-o086 :z: .oq8 .oogo 

c-- 
o.oo76 

.0081 

.ooa8 

.0092 

I - 
--L-L 

PlaneWing 

1 

Effects of Mach nmiber.- In figures 4 through 7, lift, drag, and pitchlng-mmm t aata for 
the plane wUg are presented for Mach numbers from 0.a to 0.94 and a RepUs number of 
2,000,000, for M;Bch nuder8 from 0.25 to 0.70 and a Reynolds nuniber of 3,000,000, and for Mach 
nunitmrs from 0.15 to 0.60 and a Reyno~~a number of ~,OOO,OOO. The data in figure 4 jndicate 
that, as Mach number increased, there was an Fncreaee in tbs lift-curve slope for lift coef- 
ficients less than 0.4 throughout the Mach number range at Reynolds nunibera less than 4,ooO,ooO 
and a decrease in the maximum lift for Mach numbers up to 0.90. In figure 6, the variation of 
drag coefficient with Mach nuuiber at a Reynolds n&r of 2,000,ooO is compared with the verl- 
ation of the section drag coefficient with Mach number obtatia from reference (6) by applying 

-4 

. 
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simple sweep theory to the section lift coefficients and the Mach nurn- 
berl of the section data. While no attempt has been made to correct +l 
the section drag data for the effect of either sweep or aspect ratio, 
such corrections would only affect the absolute magnitude offthe drag 
coefficient and not its variation with Mach n&e=. At lift coefficients 
of 0.30 and less, both the experimental and the predicted variation of 
drag coefficient with Mach number show no' Lange effects of compressi- 
bility up to the maximum Mach number at which data were obtained. 

The pitching-momsnt data in figure 7 show that, at lift coef- 
ficients less than 0.30, the variation of pitching-moment coefficient 
with lift coefficient was fairly linear except at the lower Mach nun+- 
hers-and Reynolds nuzibers. AS the lift coefficient ~a8 increased in 
the range from 0.30 to 0.50, the aercklynamic center moved rearward. 
This rearward movement of the aerodynamic center suggests the develop * .~___ 
ment of a vortex type of flow similar to that reported in reference 7. 
At lift coefficients greater than 0.50, the aerodynamic center moved 
forward tith increasing lift. At low lift coefficients, the aerodynamic 
center moved rearward with increasing Mach number, the total movement 
between Mach numbers of 0.25 and 0.94 being of the order of 3 percent of 4 
the msan aerodynamic chord. The data in figure 7 indicate a positive a 
value of the pitching+noment coefficient at zero lift. hB~Cti.OIl Of 
parts (a), b), and (c) of figure 7 reveals that the value of this 

. 

Cmo generally decreased with an increase of either Mach nuniber or 
Reynolds number. The exact reason for the existence of this pitching 
moment is not known, but, because of its dependence on the Reynolds num- 
ber, it is believed to be associated with differences in the boundary 
layer onthe uppersdlower surfaces ofthe.wa. 

er.- The lift, drag, and pitching-momsnt 
data for the plane wFng are presented in figures 8 through 10 for a 
range of Reynolds nuuibers up to 10,000,000. The lift data in figure 8 
indicate that the range of lift coefficients for which the lift~urve 
slope was essentially linear increased with increasing Reynolds n~er. 
AS Shown in figure 9, the rate of increase of drag with lift decreased 
with increasing Reynolds number, the greatest percentage change occurring 
between Reynolds nunibers of ~,OOO,OOO and 10,OOOtOCO. The pitching- 
moment data in figure 10 indicate that the range of lift coefficients for 
which the variation of pitching morment with lift was fairly linear 
increased with increasing Reynolds number. The lift coefffcient at which 
dCm,/dQ, attained a large positive value:Fncreased from approximately 0.5 
at a Reynolds number of 2,OOO,OOO to approximately 0.7 at a Reynolds num- 
ber of 10,000,000. 

1The application-of theory to the section data was as follows: 
CL = cz co82 45O, M = Msection 

q 
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Cambered and Twisted wisg 

through 14, lift, drag, and Rff8CtS of EZach Iluniber.--m figllr8S = 
, pitching+nomnt data for the ca&ered and twisted wing are prcesented for 

Mach numbers from 0.25 to 0.94 and a Reynolds mniber of 2,000,00O, for 
Mach nunibers from 0.25 to 0.70 and a Reynolds number of 3,ooO,ooO, and 
for-M8ch nmibers from 0.15 to 0.60 and a Reynolds IURIb8r of 4,000j000. 
The data in figure ll indicate that the Variation of lift with aug18 of 
attack was nanlinear for most of the angl-f-attack range. At lift 
coefficients between about 0.30 and 0.80, the lift-curv8 slope decreased 
with increasing Mach number up to a Mach number of 0.85 and then increased 
with further increase in the Mach nxmiber. Th8 msXm lift Co8ffiCiJZnt 
decreased with increasing Mach nmiber up to a Mach nuniber of 0.85. In 
figure 13, the Variation of drag coefficient with Mach nmiber for a 
Reynolds nu&er of 2,000,OOO is compared with the Variation of the 
section drag coefficient with Mach nuxiber obtained by applying simple 
sweep theory to the section lift coefficient and the Mach nmib8r1 and 
iIIt8?TpOlating values of drag coefficient from the section data of 

-I reference 6. While no at?WUpt has been made to Offer a quantitative 
prediction of the wing drag, inspection of figure 13 shows that adV8rS8 
effects of conrpressibility on the drag Characteristics of the canibered L and twisted wing were fn qualitative agreement with the effects pre- 
dicted from section data. 

As can be seen from figure 14, the Variation of pitchwment 
coefficient with lift coefficient of the ca&ered and twisted wing was 
nonUn8ar over the entire range of lift coefficients. At lift coef- 
ficients less than about 0.1, the shape of the pitching-moIosnt curves 
suggests that flow separation was occurring on the lower surface of the 
Wing= A similar effect has been noted in the sectlon data reported in 
reference 8. At the higher lift coefficients, upper-surface separation 
is indicated. As a result of these separatim effects, the stability 
characteristics of the Cambered and twisted wing were undesirable at all 
lift coefficients. The positive lift coefficient at which the pitching- 
moment4um8 slope first becam positive increased with increasing Mach 
number up to a Mach nmiber of 0.85. At I&ch numbers abOV8 0.85, this 
lift coefficient decreased with increasing Mach nzmiber. The preceding 
discussion of figure 14 is based on the data obtained at Reynolds IIUIP 
bers up to 4,000,000. The effect of increasing the Reynolds number will 
be discussed in the following paragraph. 

3 

ufects of Remolds number.- The lift, drag, and pitching-momant 
CharaCteriStiCs of the carribered and twisted wFng are presented in 
figures 15 through 17 for a range of Reynolds ntiers up to 10,000,000. 
Increasing the Reynolds nuniber above 4,000,OOO resulted in mre nearly 

%ee footnote, page 8. 
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1Fnes.r variation of lift coefficient with angle of attack and caused a 
large reduction in the drag coefficient at the higher lift coefficients 
(figs. 15 and 16). Increasing the Reynolds number from 4,000,OOO to 
10,000,000 also had large effects on the pitching+nomnt characteristics 
of the caxibered and twisted wing (fig. 17). These effects of increasing 
Reynolds n&e?? were an hX8aS8 In the lift coefficient at which 
dudCL became positive, an increase in the lift coefficient range for 
which dCx,/dCL was approximately zero, an increase Fn th8 negative value 
of C&, aud a reduction in the lift coefficient at which lower surface 
separation cmmrred. 

wing43ody CoRibiIlations 

Plane wim with tbe.bodg.- Lift, drag, and pitching+om nt data for 
the plane wing with the body are compared with data for the plane wing 
alone for representative coxibiaaticms of Mach number andReynolds nun+ 
ber in figure 18. Th8se data indicate that the, addition of the body 
caused an increase in the drag at low lift coefficients, a slight 
increase in lif-t-curve slope, and a forward movement of the center of 
pressure at the higher lift coefficients at Mach numbers below 0.80. 
At Mach nunibers above 0.80, addition of-the body resulted in a more 
rearward centek of pressure at the higher lift coeffici8nts. RoW8V8r 
the maximum change of pitching+noment coefficient due to the addition of 
the b-was onlyO.02. 

body.- In figure 19, the lift, 
drag, and pitching+uoment characteristics of the cambered and twisted 
wing with the body and of the caxibered and twisted wing alone are com- 
pared for representative co&inations of Mach number and Reynolds nm 
her. These data indicate that the additfon of the body caused a slight 
increase in the lift-curve slope, a slight increase in the drag at low 
lift coefficients, and a slight rearward movement of the center of pres- 
sure at low lift coefficients. At lift coefficients below the stall, 
the maximum change of pitching-moment coefficient due to the addition of 
of the body was leas than 0.025. 

Rffect of Camber aud Twist 

'Ih figure 20 the lift, drag, and pitching+omnt cbaracteris- 
tics of the plane wing with the b&y are compared with those of the 
caxibered and twisted wing with the body at representative combina- 
tions of Mach rumiber and Reynolds number. These data indicate that 
camber and twist as applied to this model decreased the drag at the 
higher lift coefficients and inCY?e&%s8d the maximum lift. Rue to the 
large effects of Reynolds nuniber 002 the characteristics of these wings 
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and to the limit on Reynolds number attainable at Mach numbers greater 
than O.&O, it is impossible to evaluate adequately the effects of camber 
and twist at the higher Mach numbers. At a Reynolds nu&er of 10,000,000 
and a Mach number of 0.25, the drag data indicated that camber and twist 
were effective in delaying serious separation on the wing to a much 
higher lift coefficient. At a Reynolds number of 2,000,OOO and a Mach 
number of 0.25, camber and twist reduced the drag coefficient of the 
wing at all lift coefficients greater than 0.2. Erratic changes in the 
position of the aerodynamic center with increasing lift were evident in 
the pitching-moment characteristics of both wings at Reynolds numbers of 
4,000,OOO and below. Based on the data obtained at a Reynolds number of 
2,000,000, it may be seen that camber and twist were effective at all 
Mach numbers in increasing th8 lift co8fficient at which the rapid drag 
rise occurred. At Mach nunibers of 0.90 and above, camber and twist 
caused a moderate d8crease Fn the drag at lift coefficients greater than 
0.4 but a sizable Increase in the drag at lift coefficients less than 0.3. 
The deleterious effects of the large amount of camber on the Mach number 
at which the drag rises abruptly may be predicted by application of 
simple sweep theory to two-dimensi~al data. The pitchlng+oment data 
at a Reynolds nu&er of 2,000,OOO indicate that camber and twist impaired 
the stability characteristics of the wing, especially at mch numbers of 
0.90 and above. A comparison of the low-speed characteristics (refer- 
ences 1 and 2) of a plane wing and of a cambered and twisted wing similar 
to the wings reported herein, has shown that, whereas separation on the 
outer portions of the plane wing occurred Fn the laminar boundary layer 
at the leading edge, separation on the outer portions of the cambered 
and twisted wing occurred in the turbulent boundary layer near the 
trailing edge. The deleterious effects of Calliber and twist on the 
stability characteristics of the wing at a Reynolds number of 2,000,OOO 
may be partially attributed to the thickening of the boundary layer over 
the after parts of the outer wing sections due to spanwise draInage of 
the boundary-layer air. This spanwise drainage would be expected to 
have a much larger effect on the tu??bti8n%type separation near the 
trailing edge of the outer wing sections of the cambered and twisted 
wing than on the laminar- type separation near the leading edge of the 
outer wing sections of the plane wing. 

Effect of Fences 

References 9 through ll indicate that improvements in the 
stability of a swept--back wPag may be gained through the use of chord- 
wise fences. To study the effects of such a device on the aerodynamic 
characteristics of the two wings of this investigation, vane-tm tri- 
angular fences extending forward from the trailing edge to 0.478~ were 
tested. The trailing-dge type of fence was selected primarily to 
afford control of the boundary layer near th8 trailing edge of the wing. 
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Tb.e outward flow of this boundary layer was believed to be the cause of 
the early separation noted on the cambered and twisted wing at low 
Reynolds numbers. For purposes Of COmpariSOn, identical fence6 were 
t8St8d on the plane wing. The pertinent dimensions of the fences and 
theFr location on the wing plan form are shown in figure 1. 

Plane winq.- Lift, drag, and pitchingmment data for the plane wing 
and body combination with high fences (maximum height twice the wing 
thickness) at 50 percent of the wing semispan and also with high fences 
at 50 and 70 percent of the wing semispan are presented in figure 21. 
These data are for a Mach number of 0.25 and Reynolds numbers of 
lO,OOO,OOO and 4,000,000, and-for a Reynolds nuziber of 2,000,OOO and Mach 
numbers from 0.25 to 0.94. At lift coefficients less than 0.4 or 0.5, 
addition of the fences had little effect on the aerodgnamfc character- 
iStiCS of the wing except for an irregular rearwar d movement of the center 
of pressure at a-Reynolds number of 2,'OOO,OOO and a Mach nuniber of 0.25. 
At Slightly higher lift coefficients, the fences caused the wing pitching -. 
moment to becom more negative. At the lift coefficient at which the 
lift, drag, and pitching--moment data indicated the onset of extensive 
separation on the plane wing, addition of the fences caused an abrupt .- 

reduction in the lift-curve slope , an increase in the drag, and a for- 
ward movement of the center of pressure. The fact that the fences did d - -. 
not increase the lift coefficient at which the wing-body coxibination 
became longitudinally unstable is believed to be due to the fact that 
separation on the plane wing occurred Initially at the leading edge of 
the outer sections (references 1 and 2.). control of the trailing-edge 
boundary layer has little effect on the local lift coefficient at which 
this type of separation occurs. The .r,eduction jn the wing lift-curve _-- 
slope following separation of the flay on the outer portions of the wing _ 
may be attributed to the reduction of the boundary-layer control on the 
root section of the wing resulting from the effectiveness of the fences 
in minimizing the spanwise boundary-layer drainage. Had the fence on 
the plane wing been of the leading-edge type, it is probable that it 
would have had a more beneficial effect on the a8rodyWmiC CharaCteriStiCS 
of the wing (reference l2). 

Cambered and twisted wing.- In ffgure 22, lift, drag, and pitching- 
moment data for the cambered and twisted wing and body conibination with 
hQh fences at 50 percent and at both 50 and 70 percent of the wing semi- 
span are presented. Data are also presented in figure 22 for the cambered 
and twisted wing vith a high fence at 70 percent of the wing semispan. 
Data for the canibered and twisted wing-body coxibination with low fences 
(maximum height equal to the wing thickness) at 50 percent and at both 
50 and 70 percent of the wing semispan are present8d in figure 23 for 
Mach numbers from 0.25 to 0.94 and a Reynolds number of 2,OOO,OOO. At 
a Mach number of 0.25 and a Reynolds number of lO,OOO,OOO, addition of 
the high fences caused an increase in the l~ft-curve slope at lift 
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coefficients between 0.7 and 1.0 and a decrease in drag and pitching- 
mozk3n.t coefficient for the same range of lift coefficients (fig. 22a)). 
At this Reynolds nu&er and mch number, the pitching+om%t-curve slope 
of the cambered and twisted wing with fences at 50 and 70 percent of the 
wing semispan was approximately zero for lift coefficients from 0.1 to 
0.9. At the stall, the p1tchingdlomen.t coefficient became positive for 
all cases, indicating static longitudinal instability. At a Mash number 
of 0.25 and Reynolds numbers of 4,OOO,OOO and 2,OOO,OOO, the effect of 
fences was similar to that observed at a Reynolds number of lO,OOO,OOO. 
It is of interest to compare the pitching--moment characteristics of the 
wing without fences at a Reynolds nu&er of lO,OOO,OOO with the charac- 
teristics of the wing with a fence at the mid-semispan at a Reynolds 
nuxiber of 4,000,OOO. It is observed that qualitatively the data are in 
good agreement in lift coefficients between about 0.5 and 0.9. At lift 
coefficients near the stall, the effect of increasing the Reynolds nuu+ 
ber differed from the effect of the fence, and in the lower lift range, 
as would be expected, the upper-surface fence was entirely ineffective 
in cc&rolling the lower-Surface separation. A similar comparison can 
be made between the data obtained without fences at a Reynolds number 
of 4,OOO,OOO and that obtained with a fence at aReynolds number of 
2,ooo,ooo. This qualitative agreement suggests two things with regard 
to the effect of fences on a swep%back wing which is cambered and 
twisted in such a manner that initial separation occurs in the turbulent 
boundary layer at the trailing edge. First, that data obtained at 
Reynolds numbers considerably lower that flight Reynolds numbers may be 
more nearly repreSeIXtatiVe of full-scale conditions if fences are applied 
to the wing; and second, that some high Reynolds number probably exists 
at which little impro-vement in the wing characteristics will result from 
the addition of fences. 

At a Reynolds nu&er of 2,000,OOO and at Mach numbers from 0.60 to 
0.85, the effects of fences were similar to those noted at a Mach number 
0f 0.25. At Mach nuniters of 0.90, 0.92, and 0.94, the effects of fences 
were extremely large and favorable at lift coefficients greater than 
about 0.40 (figs. 22 (g), (h), and (I)). At these Mach numbers, additicm 
of the two fences completely eliminat8d the longitudinal instability 
occurring on the wing without fences at a lift coefficient of 0.40, 
increased the lift-curve slope at lift coefficients near 0.40, and 
decreased the drag at lift Coefficients between 0.40 and the lift coef- 
ficient at which the stall occurred. With high fences inSt8118d at 
50 and 70 percent of the wing semispan, longitudinal stability existed 
at lift coefficients from 0 to 0.75 at a Mach number of 0.90 and from 
0 to 0.95 (the highest lift coefficient attained) at a Mach nu&er Of 
0.94. At Mach n&era of 0.90 and 0.92, longitudinal instability 
accompanied the stall for all arrangements of fences. 

Inspection of the data in figure 22 also shows that the fence at 
70 percent of the wing semispsn was not nearly as effective as the 
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fence at the mid-semispsn and that little additional Fmprovenu4nt resulted 
from addition of a fence at 70 percent of the wing semispan when the 
fence at 50 percent of the wing semispan was installed. In figure 24, 
the effects on the pitching-mozmnt characteristics of the wing of 
fences having two different heights are cowared. It can be seen that , 
the low fences (maximum height equal to the wing thickness) were only 
slightly less effective than the high fences (maximum height equal to 
twice the wing thickness). 

. 
Effect of Surface Roughness 

In an effort to increase the effective Reynolds number of the test 
data by artificially disturbing the flow in the laminar boundary layer, 
surface roughness was applied to the forward portions of the plane wing. 
Three different grades of roughness (numbers 6O, 100, arkl 180 grit 
carborundum) were amlied to both the upper and lower surfaces of the 
wing extending forward from 15 percent of the chord to th8 leading edge 
and, alternatively, to 2, 5, and 10 percent of the chord. The results 
of tests of the m with nuder 60 grit carborundum at the various 
chordwise locations are presented in figure 25. The data obtained with 
numbers 100 grit and 180 grit Carborundum showed no change due to this 
variation of grain size and therefore are not prssented. Surface rough- 
ness caused an ticrease in the drag at low lift coefficients, but its 
effects on the lift and pitching moment were small. 

Lift4rag Ratio 

The lift-drag ratios of the wings alone are presented in figures 26 
and 27, and the lift-drag ratios of the wing--body combinations are pre- 
sented in figures 26 and 28. 

At all Reynolds nuzkers and at all Mach numbers less than 0.90, the 
maxirmun lift-drag ratio and the lift coefficient for maximum lift-drag 
ratio were greater for the cambered and twisted wing than for the plane 
WFng. The effect of camber and twist on maximumlift-drag ratio decreased 
with increasing Reynolds nuuiber. Addition of the body to either of the 
wings reduced the maximum lifklrag ratio and increased the lift coef- 
ficient for max5mum lift-drag ratio. Additfon of the fences to the 
cambered and twisted wing-body combination reduced the maximum lift-drag 
ratio, but increased the lift-drag ratio at some of the h-%gher lift coef- 
ficients. The reduction of the maximum lift-drag ratio resulting from 
addition of the fences might be minimized by more csreful design of the 
fence installation. 
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A wind-kunnel investigation of the aerodynamic characteristics of 
two 45O swep-tiback wings havfng an aspect ratio 5 and a taper ratio 
0.565 has been mad8 throughout the subsonic Mach number range. One 
wfng had a symnetrical profile and possessed no twist. The second wing 
Was cambered for a design lift coefficient of 0.4 and was twisted in such 
a manner as to relieve the loading of the tip which accompanies sweepback. 

The investigation has indicated that at a Msch nuaiber of 0.25 and a 
Reynolds number of lO,OOO,OOO, camber and twist improved the aerodynamic 
characteristics of the wing at moderate and high lift coefficients. It 
was noted, hOweVer, that at laver Reynolds n&era the benefits derived ' 
from camber and twist were less marked and th8 akrodparaic character- 
IStiCS Of both King6 were S8riOuSly inflU8nCed by dynamic-scale effects. 

At high Mach m&era, data were obtained only at a Reynolds n&er 
of 2,0OO,OoO, and therefore the magnituae of the scale effects at high 
Mach numbers is Unknown. At this 1o~Reynolds number and at lift coef- 
ficients greater than 0.3, caniber and twist moved the drag character 
istjcs of the wing up to a Mach number of 0.85. At the higher Mach 

* numbers, th8 improvement in the drag characteristics of the wing as a 
result of camber and twist was seriously reduced as would be expected for 
a w?ng with such a large amount of camber. At all Mach nuzpbers and a 
Reynolds number of 2,OOO,OOO, camber and twist had d8let8rious effects 
upon the 1ongitllA stability characteristics of the wing. 

!biangtil~ UppBPBWftS8 f8nC8S 8Xt8nding f?COm ths position of maxi- 
mum thickness to the trailing edge of the cambered and taisted wing were 
effective in improving the static longitudinal stability characteristics 
of the wing, particularly at Mach nunibers above 0.85. The same type of 
fences had little effect on the &aCteriStiCS Of the plane wing except 
for a sharp reduction in the lift~urv8 slope at the lift coefficient 
where the onset of separation Was indicated by the pitchi~IIkent data. 
!T!he improvement in the characteristics of the canibered and Mated wing 
resulting from the addition of fences was of such a magnitude as to cancel 
the detrimental effects of camber and twist on the pitching-reoment charac- 
terlstics of the Wing at MBch numbers above 0.85. -peed tests of Wings 
of Similar plan form and identical s8ctions have shown that at a Reynolds 
nmiber of 8,000,000 and a B&h nuniber of 0.20, separation on the plane 
Whg originated inthe laX&arbo~ndarylayer attheleadingedge;while 
on the cambered and twisted wing, separation originated in th8 turbulent 
boundary layer at the trailing edge. The marked difference in the 8ff8c- 
Wmuxs of the fences on the two-s suggests that even at a Reynolds 
nmmr of 2,@33,WO and at Mach nu&ers as high as 0.94 the mechanism of 
separation on the two wings was entirely dissimilar. It Was alSo noted 
that there was little to b8 gained by the additicrn of a fence outboard of 
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the mid-semispan ofthewings orbyemploymentofths high fence in 
prefer8nc8 to the low fence. , 

. . . 
Application of surface rougbmss to th8 plam wing resulted in no 

indicated increaseof the effectiveltest Rey+ds qu&er. Addition of 
the fuselage caused little change in the CharaCt8riStiCS.of 8ither wing, 
except a rlight increase in the drag at low lift. 

Ames Aeronautical Laboratory, 
Rational Advisory Committee for Aeronautics, 

Moffett Field, Calif. 1 
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