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SUMMARY 

The effects of chasges in Reynolds nrmiber on the  longitudinal aer- 
dynamic characteristfce of a 52O sweptback Xing with 89 aspect r a t i o  of 
2.88 and MACA 6%-m a i r fo i l  sections were investigated. The range of 
Reynolds numbers was f r o m  2,000,000 to 11,000,000. The model was tested 
w f t h  the leading edge both smooth Etnd rough. The teste also included a 
study of the flow chenges a t  moderate t o  high lift; coefficients. 

Abrupt c-ee In the variations of the forces and moments -re 
observed at moderate lfft coefficients; that l e ,  the l i f t + m e  d o p e  
became hf&er, the pitchhg-nt curve becazne more stabilizing and 
the drag suddenly increased. These chmges were  coincident  with sew- 
ration mound the t i p  leading edge. As the m e  of attack was further 
increased,  the pitching-znt curve broke in a destabilizing directfon 
at the point of initial lAft+urve+lope reductfon. 

The lift coefficienL at which the i n i t f a l  changes in the force and 
molnsnt variations occurred fbr the anmoth wing Wreased nm3cedJ-y u5th 
Reynolds nt2mber. Roughness reduced the  influence of Reynolds nzrmber on 
this lift coefficient for Reynolds  nuuibers beyond 3,600,000. . 

A maxiram lift coefficient of 1.12 wa8 attafnsd on the  plain wing 
at the highest Reynolds rider of the test, an Wrease of only  0.03 
over that obtained at the lowest Reynolds numiber. The addition of split 
flaps did not appreciably  Increase  the maximum lift coefficient. 

Roughness on the leading edge reduced the lift coefficient at which 
the  force and moment variations suddenly changed but had l i t t l e  Influence 
on the lllaxirmrm lift coefficient. 

The lift-cur-ve slope through zero lift was slightly higher than 
would be indicated by the   swept- l i f twline theory of Weissinger. Good 

determined values of aerodyndmic-center location. 
. agreement was a lso  obtained between the  calculated and experimentally 
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As demonstrated in reference I, a sweptback wing is  characterized 
by a stalling pattern. in which  boundary-layer separation &&e new 
the tip and cause8 longitudinal  instability for cer ta in   aspct   ra t ios  
near ma&mm lift. Became the  constitution of the boundary layer 
depends upon the Reynolds number, a general bquiry into'  the aero- 
dynamic properties of smpt wings is at present being conducted i n  
the Langley 19"foo-t prressure tunnel through a relatively large range 
of Reynolds  numbers. AB a part of t h i s  study, an investigation was 
made of the  longitudinal aerodynamic characteristics of a 52' sweptback 
wing of aspect ra t io  2.88. 

The tunnel dynamic prreamxre was varied to mdntain several values 
of Reynolds n&er *am 2,000,000 t o  ll,OOO,OOO, both  with and without 
5&percent+paa split flaps and with the model leading edge both m o t h  
and rough. 

C 

Y 

pitchfng-mament coefficient (M/qSF) 

pitching mclznent about the quarte-hord point  of the mean aero- 

free"stream dynamic pressure (5~) , ponds  per s q w e  foot 

wing area, square feet 

wing mean aerodynamic chord (E ['2 c* e), feet 

local chord parallel t o  plene of symmetry, feet 

dynamic chord, pound-feet 

spanwise coordinate, feet  
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v f'ree-stream velocity,  feet per second 

P mass demity of air, slugs per cubic  foot 

v coefficient of viscosity of air, elugs per foot-second 

MODEL 

The plan form of the wing and principal dinasneions are shown i n  
figure 1. The w i n g  had an' asgle of sweepback of Po at the  leading edge, 
an aspect ra t io  of 2.88, a taper r a t i o  of 0.625, and EACA 641" a i r f o i l  
sections  perpendicular t o  the 0.2&2-chord llne. It was constructed of 
laminated mahogaxiy and i e  believed to have remabed r ig id  enough t o  
eliminate the effecte of aeroelastic  distortion. The 0.282-chord line 
corresponded to  the  qucrtemhord line of the wing -1s before they 
were swept back. The t i p s  were rounded off in both plan form asd 
elevatian begfnn4ng at 0.97%. The wing had no geometric dihedral 
or twist. 

The installation and g e m t r y  of the pprcent"epas,  2(bprcerrk- 
chord split' flaps are sham in figure 1. 

A leading-edge  roughmas was obtafned by applsing No. f% (0 .Oll--inch 
mesh) carbonMum grains t o  a thin layer of shellac over a surface  length 
of 8 percent chord measured from the leading e- normal t o  the 0.282-chord 
l ine on both upper and lower surfaces. The grains cwered 5 t o  10 percent 
of the  affected area. 

The t e s t s  -re conducted in the Langley l+foot pressure tunnel. 
Figure 2 depices  the model installed in the tunnsl test  section on the 
normal support system. Measuremnte of l i f t ,  drag, and pitching momsnt 
were made throu& a range of angle of attack f r a m  -k0 t o  28O. The model 
w a s  tested  both with and without half-epan split flaps and leading-edge 
roughness through a range of  Reynolds nmbers from 2,000,000 t o  g,700,000. 
A n  additional test was made at a Reynolds rider -of 11,000,000 for the 
plain wing. The t o t a l  range of Mach number m8 fram 0.08 t o  0.21. 

Studies of the stall progression were made at a Reynolds nmber of 
3,600,000 and 6,800,000 by obsemtions of wool t u f t s  attached to the 
upper surface of the wing. An attempt wag mde to study further the flow 

. 
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changes evident at moderate t o  high lift coefficients. Accordingly, 
tufted masts 8 inches high were placed on the upper surface 85 percent 
of the semispan f'rom the plane of s$mmstry at the 16, 3 6 ,  5&, and 
"percenhhord   s ta t ions .  Threads were  also attached to   the  wing 
leading edge at ten spasKim stations and the i r  motions observed. In 
addition, the  core of the edge trailing vortex was found by mans of a 
thre&uft probe at several longitudinal  stations. For  each point  the 
probe was lowered until the center  tuft  was in  the  center of the  vortex, 
the bottom tuft assumad o m  direction, and the thlrd tuft was blown i n  
the  opposite  directian. The probe was then raised until the  center tuft 
also assmd a definite  direction. The probe waa then lowered until  the 
center  tuft  assmd the opposite  direction. This procedure was followed 
as the probe wa8 returned to  the  center and then displaced right and left. 
The center of theme four positions defined the vortex core xith satie- 
factory accuracy. 

The data premmted herein ham been comcted for the  effects of 
model-eupport tare d inrteflerence and for ai"tream misalinemnt . 
Jet-bounby  corrections were determined according t o   t he  method of 
reference 2 f o r  the angle of attack and drag coefficient. The pitching- 
moment coefficient has been cor ty t ed  for .-loading distortion 
resulting  f'romtunnel  restriction. 

5. 

Force and Pitching4omnt  Results 

The w i n g  chara te r i s t ice  of lift, drag, and pitching moment are  
preeented in figures 3 t o  5 for both  the -0th asd rough cmditions. 
A significant  peculiarity of these data is the inflections in  the lift, 
drag, and especially in the pitchi-nt curves at moderate lift 
coefficients (figs. 3 t o  3).  

The lift curves have a linear slope of 0.047 from l o w  t o  moderate 
lift coefficients, followed by an increase Fn slope and then a reduction 
as the angles of attack becanrs larger. A t  lift coefficients beyond the 
inf'lection, a rapid increase in drag is noted (fig. 5 )  and the  stabi- 
l iz ing &opes of the pitching-mrrment curves  increase  (figs. 3 and 4). 
A t  s l ightly higher lift coefficients, an unstable  break  occurs i n  the 
pitching-mmnt  curves and the lif%-curpe slope is reduced due t o  t i p  
stall ing.  This tm of lift, drag, and pitc-nt curve has been 
observed for  other l ~ s p e c t - r a t i o ,  highly ewept w3ngs (references 1 
and 3 ) .  The force asd monaent break8 of figures 3 t o  5,  however, display 
a pronounced variation  with Reynolds number. As pointed out in  
reference 4, sudden changes in the  variations of effective dihedral and 
directional  stabil i ty d s o  begin at the lift coefficient at which the 
inflect.ions occur in  the data of figures 3 and 4. The lift coefficient 
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at which infttd seperation occurs has been obsemd t o  be ahmst identical 
with the  inflection point. !?he variation of this inflection lift coeffi- 
cient w3th Reynolde nmfber (fig. 6(a)) might thus be considered a primary 
scale  effect . 

The maximnu lift coefficient of the wing wa8 1.09 at a Reynolds 
number of 2,000,000 (fig. 6(b)).  A negligible izwrease In maximum 
l i f t  coefficient was realized with, an increase in Reynolds number t o  
~,OOO,OOO. With the rough leading edge, both the fncrease in slope 
of the lift curve and the  reduction that f o l l m d  occurred at a lower 
l i f t  coefficient than that of the -0th Xing and there was l i t t l e  scale 
effect except; at Reynolda nlmibers  below 3,600,000 (fig.  6(a)). A 
similar variation was noted.at  the lift coefficielrt; at  which the pitching 
moment  became destabilizing. The reduction in C k  due t o  roughness 
was maU. The addition of semispas split flaps did not appreciably 
increase  the maxtuum lfft coefficient  at any of the R e p l d s  lumibers 
(fig. 6(b)). The split flap, however, did. delay the m e t  of the 
inflection of about 0.17 (fig. 6(a)). Roughness tended t o  
min3mize the  severfty of the  inflection when the f laps were deflected 
even more than when the flaps were neutral. 

Flow ObservatiollEc 

Tuft indlcationy- As shown id figure 7, at a Reynolds nlndber 
of 3 ,&,000, there was no aspreciable  cha~ge in the flow mer the wing 
until   an asgle of attack of l2.‘ip was reached. At 14.8O, separation was 
indicated at the leading edge near  the  tip. Between angles of attack 
of 14.8O and 15 .go there was a large change in the flow over the outboard 
portion of the wing. At 15.g0, separation moucid the leading edge was 
indicated by the four oubboard leadlng-edge threads xhich were r a i s e d  
f r o m  the surface and deecribed a circular motion (Pig, 7) . The remainder 
of the surface tufts on the outer third of the wing were disturbed and 
indicated  a spaarise flow. The bottom tuft m the front m a s t  and the 
lower two tufts on the second mast were t e s t e d  8,romd their  respective 
masts a lso  indicat-  a  radical flow change. The f low c w g e e  dust 
described  occurred -approxSmately 10 ear l ier  on the lef t  wing pan4 than 
on the right. Referring t o  the force data, It is 88811 that the initial 
force and moment changes occur concurrently  with the separation around 
the  leading edge at this Reynolds nmiber. Thcreasing the Reynolds nmiber 
delayed the initial separation, as shown by ccmming  figures .7 apd 8. 
As the angle of attack is incre-ed the lea” sep,m,tian  spreads 
inboard, and separated flow appears  behind  the leading edge, graduallg 
progressing fnboard and chordwise. 

Trailiwz-vortex-core  locat ions .- A t  a Reynolds rider of 3,600,000, 
the t&ilSng-.vortex core w-as located at several  longitudinal stations. 
Surreys made at lift coefficients well belar  the inflection indicate  the 
t ra i l ing  vortex t o  be formed in the normal mmer. It is shown in  
figure 9, however, t o  be above- the wtng4lp region at a lift coefficient 

-7 
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just after  the  inflecticm  point. The appearance of the  trailing  vortex 
over the w i n g  concurrently  with  the  inflection .lift coefficient might 
lead to  the  supposition that, although  the  trailing  vortex is formed i n  
the normal manner at low lift coefficients, at t h e  inflection lie coef- 
f ic ient   the   t ra i l ing vortex is formed  by a gradual  coalescence of the 
vortices-indicated by the l e a d w d g e  separation shown in figure 7. A 
similar unusual trail-ortax formation was described i n  references 5 
and 6 .  

Discussion of Force and Mment Characteristics 

A8 has been &own in reference 7, the lift; coefficient at whioh 
incipient  separation occurs on a yawed infinite win@: is lower by t h e  
factor cos% than the corresponding lift; coefficient f o r  an -awed 
w-9 i f  the Reynolds number and a i r fo i l  are the same normal t o  the 
leading edge. The inflection lift coefficient (0.8) of the preeent 
w h g  at a Re;gnolda lllmibar of ll,OOO,OOO is considerably  greater than 
the  point of initial 8epa;ration estimated  for 8 yawed inf ini te  wing (0.6). 
Tests reported in refer- 8 also show that decreasing the aepect ra t io  
increases  the lift coefficient at which the  inflectione  in  the  force and 
mament curves first appear. These results indicate that f in i t e  span 
effects are  considerable in modifying the airfoil  section  characteristics. 
The fkee vortex observed above the t i p  of the  present wing may be a 
contribubing  factor t o  the occurrence of  the inflection  in  the  force and 
moment curves, inasmuch as this type of vortex has been knarn t o  cauee 
large changes in the a t r f o i l  preseure  distribution  (reference 5 ) .  

The pitching-mament c m e s  of figures 3 and 4 ahow a rearward move- 
ment of the aerodynamic center  at  the  inflection lift coefficient. The 
motion of the outboard lead-e threads when the  inflection occura, 
moreover, indicates  separation and possibly the formation of tralling 
vortices similaz t o  those  reported on triangular plate8  in  reference 5. 
The action of the  vortex flow over the  outer  part of the wing could be 
a factor Fn changing t h e  lift- and momenhurve slopes. The l a r g e  
Increme in d z r ~  that occurs at the  inflection lift coefficient is 
attribyted in part t o   t he  reduction of the  suction  pressurea at the 
leading edge near the t ip.  The w i n g  had a high enough eweep so that 
a small increase in lift and drag near the t i p  would have a substantial 
effect on the pitching moment. 

The longitudinal  instabilfty  at  higher angles of attack is attri- 
buted t o  the expanding region8 of  ccmrpletely separated flow near the 
t ip,  which decrease  the  relative lif% load carried outboard. Further 
studies,  particularly  detailed  pressure measurements, are needed t o  
describe  adequately the flow over the wing in the  nonlinear  rarae. 
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Comparison with the 42' sweptback wiq.- The results of scal- 
effect   tests of a 42O sweptback wfng of a spc t   r a t io  4 are presented in 
reference 9. A t  the  higher Reynolds  nmibers these results m e  conside- 
ably different  franthoee  presented  hereln. when separation was first 
apparent ne= the t i p  of the 42O Bweptback Weng, a reduction in lift 
resulted end the pitc-ment m e  broke in 89 unstable d-ection, 
whereas an increase i n  lift and drag md a stabilizing break occurred on 
the 520 sweptback wing. Separation on the 42O sweptback wing m e  
manifested by a comglete reversal of flow direction at the  front  surface 
over the  entire outer  panel, while on t h e  52O eweptback wing it was shown 
by a circular motion of lead-dge t u f t s  indicating  separation around 
the leading edge and aubeequent reattachment further aft. A t  the minimum 
Reynolds number,  however, the  characteristics of the 42O eweptback wing 
are similar t o  those of the 52' sweptback wfng herein presented. 

The maximum lift coefficien-h of the two w-s were approx5matel.y 
the same; however, a 1 m r  inflection lift coefficfent was obtahed on 
the 52' sweptback  wing.  The incrment in cL,,x due t o  flaps was about 
0.2 f o r  the 42O mpt%aCk wFng, as tampered with 0.025 for  the  present 
wing. The increment in force  inflection CL due t o  flaps, however, 
campares favorably w i t h  that of the 42' mptback w3ng considering  the 
greater sweep and lawer aElpect ratio. 

Comparison with theory.- Below the  inflection lift coefficient,  the 
1 i f t " v e  slope can be fairly w e l l  predicted by the method of Weissinger 
(reference 10) The predicted 1ifYrcurPe slope is 0 .O@, while the 
measured liFLicurve slope is 0.047, This is an undereetlmatlan of about 
6.4 percent which is good considering  the sfmplifying ase'lmrptione  of the 
theom. 

The position of the aeroQmamic center is, on t h e  average, 0.25 mean 
aerodynamic chord. The theory'  predicts a position Of 0.257 
aerodynamic  chord, including  a  correction for the  effect of thiclmese,  a 
discrepancy of only 0.7 percent mean aerodynamic  chord. 

The increment in lfft due t o  s p l i t  flaps wae calculated by an 
adaptation of the method of reference ll given in  reference 12 as follows: 

where J ie  the  factor depending on aspect  ratio, t a p r   r a t i o ,  and flap 
span  given Fn reference II; ACL is the increment ia f lap lift coefficient 

of the  a i r foi l  section; and % is the  calculated 1ift"curPe elope of 
ah 

the swept wing.  
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The preceding  equation was an adaptation of a straight lifting-line 
theory t o  a w2ng of moderate sweep (3'3O)  and norms3 aspect  ratio (6). Its 
application  to a wing of higher sweep (520) and lower aspect r a t i o  (2.88) 
might be somewhat preenrmptuoue. Revertheless, the calculated  value 
was 0.24, the measured value 0.28, an und.erestima.t;ion of 14 percent. 

1. Abrupt changes in, the  variations of the forces and momnts were 
observed a t  moderate lift coefficients; that is, the 1ift"curve slope 
became greater,  the p i t c w m e n t  curve became mre stabilizing, and the 
drag suddenly increased. These changes were colncldemt with separation 
around the  t ip  leading e m .  A8 the angle of attack uas further  increased, 
the pitch-mnt curve  broke in a destabilizing  direction at the  point 
of initial llft-curve-elope reduction. 

2. The lift coefficient at which these initial changes in the  force 
and moment variations occurred (inflection lift coefficient) for the 
smoth wing increased markedly with Reynolds number. RO-ES reduced 
the  influence of Reynolds number CID. the  inflection lift coefficient 
beyond a Reynolds number of 3,600,000. 1 

3.  A maxbmm lift coefficient of 1.12 was attained on the  plain 
w f n g  at the  highest Reynolds n&er of the test, an  increase of only 0.03 
over that obtained at the lowest Reynolds number. The addltion of split 
flaps did not appmclably  increase  the nul.afrmnnllft; coefficient, 

4. Roughness caused a reduction i n  the value of the  "inflection" 
lift coefficient but had no appreciable effect an the maximum lift 
coefficient. The lift coe&ficient at which the pitching-mament curve 
broke in the destabilizing  direction was also reduced with roughns~m. 

5. The lift-curpe slope through  zero lift is slfghtly  higher  than 
would be indicated by the swept lifting-line theory of Weiseringer. Good 
agreenusnt was also obtainsd between the  calculated and experimental 
vdues  of the aerodynamio-center location. 

Langley Aeronautical Iaboratory 
m a t i d  Advisory Committee for  Aeronautics 

kngley Field, Va. 
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Figure 1.- Plan and section of 52' sweptback wing. Wing area = 4429 sq in.; 
F = 39.97 b; aspect ratio = 2.88. No twist. AU dimensions in inches. 
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Flgure 2.- Model BS mounted for tests in the Langley 19-foot pressure tunnel 
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Figure 3.- Lift, drag, and pitching-rnarnsd characteristics for several values 
of &ynolds number wi th  and without leading-edge roughness. Flaps neutral. 
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Figure 4.- Lift, drag, and pitching-moment characteristics for several  values 
of R,synolds number with and without leading-edge roughness. 0.5-span 
split flaps deflected 603. 
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Figure 5.- Drag characteristics for several  values of Reynolds number with 
and without leading-edge roughness. 
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Raps L eoding edge 
Neuf ru l Smoofb 
Neutral Rwgb -----_ 

Deflecfed 60" Smoofh - - - 
Def /ecfed 60" Rough --- - 

2 3 4 5 6 7 8 9 IO / /  

Reynolds  number I millions 

f0) Variation of inflection lift coefficienf  with Reynolds  number. 

Flaps Leading edge 
Neutral Smootb 
Neutral Rmgh - - - - - & 

-9 Deflected 60" Smoofh --- 
.4 
E 

@ Def/ected 60" Rough - - - - 

(b) Variation of maximum lift coefficienf with  Reynolds number. 

Figure 6. - Variations of maximum and inflection lift coefficient with Reynolds 
number. Flaps deflected or  neutral, leading edge smooth or  rough. 
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Figure 7. - Flow over the 52O sweptback wing; R = 3,800,000 ; flaps neutral. 
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Figure 9. - Position of edge vortex core at several longitudinal stations. 
R = 3,600,000. 




