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NUMBERS UP TO 0.96 

By Robert I. Sammonds and Robert M. Reynolds 

A 45O sweptback wing of aspect r a t i o  3 ,  having t w i s t  and a distributed 
type of caaiber, was tes ted  in  combination with a body of fineness  ratio 
12.5 to d e t e d n e   t h e  lift, h g ,  and pitching-moment characteristics. 
The t e s t s  were made at Mach nunibers up t o  0.96 a t  a Reynolds number of 
1.5 million, and at  Reynolds  nunibers  up to 8 million at a Mach nurnber of 
0.22. The tes t s  were conducted both  with and without roughness s t r ips  
near the  leading edge of both  the upper and lower surfaces of the w-ing. 
Comparisons have been made of these data with  previously  published  data 
f o r  a conically cambered wing having identical plan form and thickness. 

The anticipated  gains in maximum l if t-drag  ratio at high  subsonic 
Mach nunibers  due t o  t h e   w e  of a distributed  type of caniber rather than 
one concentrated  near  the wing leading edge (conical camber)  were not 
realized. The lift-drag r a t i o s  f o r  the two  wing-body  combina- 
t ions,  with roughness, were nearly  the same throughout the range of these 
tests.  

The zero-lift pitching-moment coefficients f o r  the  distributed cauiber 
wing were m o r e  negative than those f o r  the  conically cambered wlng. This 
difference in zero-lift  pitching moment f o r  the t w o  wing-body conibirmtions 
would be expected t o  result  in drag penal t ies   in   the trimmed condition  that 
would have an adverse  effect on the  lift-drag  ratios  for a complete model 
having this particular cmfber and t w i s t  distribution. 

IlyTRODUCTION 

In order to  increase  the range of airplm.es  incorporating sweptback 
wings, attempts have been made t o  reduce the  drag due t o  l i f t  of the wing 
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by employing variou6 types of camber. A conlcaltne of camber (camber 
concentrated  near  the wtng leading  edge,  as  suggested in ref. 1) was 
successfully  used in reference 2 on 8 45' sweptback wing of aspect 
ratio 3. 

Section  data  presented In reference 3 indica*  that  improvements  in 
lift-drag  ratio may be  obtained  at high subsonic  Mach  numbers  by a mare 
uniform chordwise  distribution of camber  rather than concentrating  it near 
the  leading  edge aa for  the  conical  type of camber.  However,  both  refer- 
ences 3 and 4 show that a rearward  distribution of camber  results in an 
increased  negative  pitching  moment at zero lift which  usually  increases 
the trim drag. This  zero-lift  pitching  moment may be  avoided  by a judi- 
cious  choice of the spanwise  variaticm  of  wing  twist and by the  spanwise 
variation of the  amount  and type of  camber. 

. . The  present  investigation was undertaken to evaluate a more  uniform 
chordwise  distribution of caniber for a swept wing than is entailed with 
conical  camber.  The w i n g ,  which was tested in conjunction  with a body of 

' fineness  ratio 12.9, had an aspect  ratio of 3 ,  a taper  ratio of 0.4, and 
45' sweepback of the  leading  edge. The caniber of the wing  wa8  varied 
spanwise and the  wing was twisted -5' fram the root to the  tip  to  reduce 
the  pitching  moments  at  zero  lift. 

The  tests  were  conducted in the  Ames  12-foot  pressure  wind  tunnel 
at  Mach  numbers from 0.60 to 0.96 at a Reynolds  number  of 1.5 million, 
and for Reynolds  nmibers  .from 3 to 8 million at a Mach  number  of 0.22. 
The  tests  were  conducted  both Wth and without  rouglmese.  strips  near  the 

, leading edge af both  the  upper  and  lower  surfaces of the  wing. The wing- 
body combination  tested  is  identical in proJected plan form to that 
reported  in  reference 2. Comparisons  have  been  made  of  the data of the 
present  investigation  with  similar data presented  in  reference 2 for a 

I conically  cambered  wing  having a design Uf't coefficient  of 0.22. 

NOTATION 

b2 aspect  ratio J S  

CD drag coefficient , drag ss 
Qo drag  coefficient  at  zero  lift 

CL lift coefficient, - CLS 
lift 

". . 
. -  

- . .  
- .  .. . . 

%d design  lift  coefficient  at  design m c h  number of 1.0 t 
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pitching-mament coefficient, , referred to an axis 
through the  quarter point of the mean aerodynamic  chord 

pitching-moment  coefficient at zero lift 

local wing chord 

lb’2c* 

l b ’ 2 c  ay 

~ a z l  aerodynamic chord of wing, 

leading-edge radius 

l ift-drag ratio 

~~ lift-drag ratio 

over-all length of basic body 

free-stream Mach number 

free-stream dynamic  pressure 

Reynolds m e r  based on uing mean aerodynamic  chord 

local radius of body 

maximum r a d i u s  of body 

wing area 

Cartesian coordinates in stremise, s-se, and vertical 
directions,  respectfvely 

rate of change  of  lift  coefficient with angle of attack, CL, = 0 
. . .  

rate of change of pitching-moment  coefficient with lift coeffi- 
cient, CL = 0 

angle of attack 
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Subscripts 

1 .  lower  surface of w i n g  

ui  up^^. surface of wing 

LER leading-edge  radius 

MODEL 

The model consisted of a sweptback  wing mimted in  the  midwing 
position on a atremiLine  body of revolution. The wing had. an aepect 
ratio of 3, a leading-edge  sweepback of 4r0, a taper ratio of 0.40, and 
a maximum thickness of approximately 5 percefit in streamwise  planes. A 
sketch of the proJected plan form of  the  model,.showing  the bmic model 
dimensions,  is  presented  in  figure 1. Figure 1 gives  the  equation  of the 
Sears-EIaack body  coordinates  (designed to have minimum wave  drag for 
glven  volume) a,nd shows  the  cutoff  at the rear  of  the  body to accommodate 
the  sting  and  the  four-component  strain-gage  balance  used  to  measure the 
forces and moments. 

The wing consisted of NACA &A006 sections  perpendicular  to  the 
quarter-chord  line af the  swept  airfoil  sectbnrj with a leading-edge 
modification consisting of an increase h the  nose  radii a8 shown in 
figure 2. This leading-edge  modification is identical to that  used for 
the  wings  reported  in  reference 2. 

, The  central portion of the  wing (38.26 to 70.71 percent  of  the 
semfspan)  was,  cambered  on  the  bas-is  of an a = 0.8 (modified)  mean  line 
and a desi@  lift  coefficient of 0.2. To alleviate  the  large  negative 
zero-lift  pitching  moments  resulting  from the.use  of-this %type mean  line, 
two  steps  were  taken:  the  root and tip  sections ~f the wing  were  cambered 
using  one-third of an NACA 230 mean line (design  lift  coefficient of 0.1) 
and the  wing was twisted -5' (see  fig. 3 )  from root  to  tip. The wing  was 
emootl.lly faired  between  the  root and 38.26 percent of the semispan and 
between 70.71 percent CS the semispan and the  tip Fn order to avoid any 
abrupt  discontinuities in the  wing  surface  due  to  the differekes in cam- 
ber. This eeectively results i n  some intermediate type of camber between 
the 0 and 38.26 percent stations and between  the 70.71 and 100 percent 
stations.  The  resultant  theoretical zero- l i f t  pitching-moment  coefficient 
far this  wing was estimated  to  be  approximately -0.01 at l o w  speed8. 

... 
" 

- 
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The coordinates  for  the cknbered:wing,  based on the  projected plan- 
form chord, are given in table I. 

!The lift, drag, and pitching-mament characteristics of the 45O 
sweptback wing were determined for a range of angles of attack f o r  
Reynolds numbers  of 3,  6, and 8 million at a Mach number of 0.22, f o r  
Reynolds numbers of 1.5 and 2.83 million a t  a Mach  number of 0.60, and 
for Mach  numbers f m m  0.80 t o  0.96 at  a Reynolds number  of 1.5 million. 

These tests were conducted both  with and without roughness s t r ips  
placed along conical rays near  the leading edge of both  the upper and 
lower surfaces of the wing (see fig.  1). These roughness strips con- 
sisted of  number 60 Carborundum g r i t  imbedded i n  Vulcdock. 

CORREXTIONS TO DATA 

The data presented  herein have been reduced t o  standard MACA 
coefficient form. The pitching-moment coefficients are referred t o  an 
axis through the  quarter  point of the mean aerodynamic chord. 

The drag coefficient and angle of attack have been corrected by the 
method  of reference 5 for the induced effects of the tunnel walls result- 
ing from lift on the model. The following  corrections w e r e  added t o  the 
measured values : 

Aa = 0.16 %, deg 

A% = 0.00279 k2 

The induced effects of the tunnel w a l l s  on the  pitching moment  were 
calculated and found t o  be negligible. 

Corrections w e r e  also applied t o  the data to  take  account of the 
constriction (blockage) effects of the tunnel walls (ref. 6 )  and the 
inclination of the tunnel air stream. A t  a Mach number of 0.9, the 
blockage correction amounted t o  an increase of less than 1 percent i n  
the measured values of Mach  number and dynamic pressure. The correction 
f o r  the air-stream inclination w a s  0.lo f o r  a l l  test conditions. 

The drag  data were adjusted  to correspond t o  a base  pressure equal 
t o  free-stream static  pressure. 
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The  lift,  drag,  and  pitching-moment  data f o r  the wing-body combina- 
tion, both  with and without  roughness strips-nearthe .leading  edge of 
both  the upper and  -lower  surfaces of the w i n g ,  are  presented in figures 4 
to 6 .  In figure 4, the  drag  data  have  been  presented  in  the  form 
CD - ( C , = / d )  for  plotting  convenlence.  The  vaYTation  of  the  total drag 
coefflcient (CD) with  Reynolds  number and Mach  number  for  constant lift. 
coefficients is shown  in  figures 7 and 8, respectively.  Included  in 
f Zgures 7 &d 8 are comparable data from reference 2 for a conically 
cambered  WFng  having a design  lift  coefficient of 0.22 at a design  Mach 
n&ber of 1.0. The Ut-drag ratios f o r  the  wing-body  combination  of 
this  investigation, both with  and  without  raughness  strips,  are  presented 
in  figures 9 and 10. The maximum lfft-drag  ratios and the lFft coeffi- 

- cients  for  maximum  lift-drag  ratio  are  presented in figures ll and 12 as 
a function of Reynolds  number and Mach  number,  respectively. Also 
included  in  figures 11 and 12 are'comparable data for the  conically  cam- 
bered (kd = 0.22) wing of reference 2 and for the theoretical  conditione 
of full leading-edge  suction  and  no  leading-edge  suction.'  The  zero-lift 
pitching-moment  coefficients  and  the slopes of  the  lift and pitching- 
moment  curves, near zero lift, are preseated,in  figures 13 and 14 aa a . 

function of Reynolds nClniber and M&ch number, respectively,  for both 
chbered wings. . . . - ". ." . - - -  

' At the low Reynolds  nmibers .of this investigation  and'with aerody- 
namically  smooth  surfaces,  the boundary layer on t-b m o d e l  at 00 angle 
of attack w o u l d  probably be largefy laminar. As a .r&sul&, -.sizable  changes 
in skin friction  would  result from a forward  chordwise  shift  in  the  region 
of boundary-layer transition  with-increasing  angle  of  attack. In order to 
reduce  the  changes  in  skin  friction on.the.mode1 due  to  lift  coefficient 
and Reynolds  number, an effort was made  to fix 'the location  of  the . 

boundary-layer  transition by placing  roughness  strips along conical rays 
near  the  leading  edge of both  the upper and 1owe.r surfacee of the wing. 
Although no attempt was made  to determine whether or not  the roughness 
s-trrips  actually  fixed  transition near the  wing leading edge,  it ie felt 
that data for the wing with  roughness  are  more  neaily'representative  of 
full-scale conditions. . .  . .  . 

Comparison of the  results  of  this  investigation  with  those  for  the 
w i n g  of  identical  plan  form  and  thickness  ratio but incorporating a con- 
ical type of camber (% = 0.22;ref. 2) shows that with roughness  added 

=The  formulas  used to estimate the draa coefficients  for  the  theoretical 

where cD0 is  the  drag  at  zero  lift of the p1m.e (&cambered) w i n g  . 
obtained f r o m  reference 2. 

3 

" 

~ .- 
. I  
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(near the wing leading edge) the maximum lift-drag ratios (figs. l l  and 1 2 )  
were nearly the same fo r  both wing-body c&&tions. Thus, the antici-  
pated  gains in nwxirmun lift-drag r a t i o  at high subsonic Mach numbers due 
t o  the use of a distributed  type of c d e r  rather than one concentrated 
near  the wing leading edge w e r e  not  realized. It should be noted, how- 
ever, that the design l i f t  coefficient (C&) f o r  the distributed camber 
wing i s  somewhat smaller than that f o r  the  c+cally cambered wTng. As 
was anticipated, the w i n g  with  distributed. e e r  had larger negative 
pitching moments a t  zero lift than did the conically canibered wing, and 
f o r  this very  reason it is doubtful whether larger amounts of distributed 
camber would be acceptable. It C&ZL be  seen from figures 13 and 14 that 
the ze ro - l i f t  pitching-moment coefficients  varied from -0.013 to -0.037 
f o r  the wing with distributed camber  and from -0.003 t o  -0.015 for  the 
w i n g  w i t h  conical camber. As a result of th i s  difference in the zero- 
lift pitching moments f o r  the two wing-body conibinations , it w o u l d  be 
expected that the wing with distributed camber  when trinrmed would  have 
additional drag penalties that would have an adverse effect  on the lift- 
drag ratios f o r  a complete m o d e l  having this particular camher and twist 
distribution. 

The drag data presented Fn figures 7 and 8 show that the  differences 
in  drag f o r  the two King-body combinations w e r e  generally s m a l l  for  the 
highest Reynolds number of figure 7 and fo r  the Mach rider range of 
figure 8. 

The lift and pitching-moment data presented In figures 13 and 14 
show that the changes i n  the lift and pitching-moment curve slopes w i t h  
Reynolds number and Mach number were about the same for  the two wing- 
body combinations. 

CONCLUSIONS 

Data have been presented showing the effect of Mach number and 
Reynolds number on the lift, drag, and pitching-moment characteristics 
of a 45’ sweptback wing of aspect  ratio 3 having twist and a distributed 
type of camber.  Comparison has been made of these data with comparable 
data f o r  a wing  of identical plan form and thickness r a t i o  but fncorpo- 
rating a conical type of  caniber. The results of this investigation 
showed : 

1. The anticipated  gains i n  maximum l i f t -drag ratio at high 
subsonic Mach numbers due t o  the use of a distributed type of camber 
rather than one concentrated near the w i n g  leading edge (conical caniber) 
were not real ized,  The maximum l if t-drag  ratios for the distributed 
camber and conical-camber wing-body conibinations, with roughness, were 
nearly  the same throughout the range of these tests. 
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2. The  zero-lift  pitching-moment  coefficients for the  distributed 
camber w i n g  were  more  negative  than those for the conically  cambered 
wing. This difference in zero-lift  pitching moment for the two wing- 
body  combinations would be  expected to result in drag penglties when 
trimmed  that  would have an adverse  effect on.the lift-drag  ratios for a 
complete  model having this  particular  distribution of camber  and  twist. 

Ames Aeronautical  Laboratory - 

National Advisory Committee for Aeronautics 
Moffett  Field,  Calif.,  Mar. 21, 1958 

1. Hall, Charles F.: Lift, D r a g ,  a d  Pitching Moment of"Luw-Aspect- 
Ratio  Wings at Subsonic and Supersqdc S p e e u .  NACA.RM A53A30, 
1953 

2. Sammonds , Robert I. , and  Reynolds , Robert- M. : The Effect  of  Conical 
Camber on the  Static  Longitudinal,  LateraL, and Directional Charac- 
teristics  of EL 45' Sweptback Wing at  Mach  Numbers up to 0.96. NACA 
RM A56D92, 1956. 

3. Summers,  James L., and Treon, S tua r t  L.: The Effects of Amount  and 
Q-pe of Camber an the  Variation  With  Mach  Number  of  the Aerodynamic 
Characteristlcs .of a lO-Percent-Wck NACA 64A-Series Air fo i l  
Section. . NACA TN 2096, 1950. 

4. Stivers,  Louis S., Jr.: Effects of Subsonic  Mach  Rumber on the 
. .  

Forces  and  Preasure  Distributions on Faur mACA 64A-Series  Airfoil 
Sections at Angles of Attack  as High as 28O. NACA Tm 3162, 19%. 

. .. .. . 

5:. Glauert, H. : The Elements of Aerofoil and Aireck Theory. The 
MacpIIillas  Co. , IV.Y., 1943, p. 191. 

. - . .  . .  . . .  

6. Eerriot, John G. : Blockage  Corrections for Three-DFmensional-Flar 
Closed-Throat Wind Tunnels, With Consideration of the Wfect of 
Commpressibility.  NACA  Reg. 995, 1950. (Supersede8 NACA RM A7828) 

. .  

I "  

. .  
. .  



. ..  .. . . . . 

t , 
- . . . . . . . . . . 

1 I 

!TABLE I. - WING COaRDINA'l'ES 
[coordinates In lnches] 

. . . . . , , 

E ' "  ' 
I 

k r 

0.W 
.W 
.a4 

O X 9 7  I 

. . . .  . . . . . . . 
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Equotion of body coordinates 

. . . . . . . . . . . .. . .  

I I 

- .  

. . . . . - . . . . . . . . . . . . . . . 

I I 

Note: I. All dimensions in inches unless otherwise  noted 
2. All wing  dimensions for a projected plan form 
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a 

Figure 2.- Comparison of normal and modified  leadlng-edge radii fo r  
sweptback wing. 

E 

r )  
Figure 3.- Wing twist ais t r i l jut ion.  
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(a) without roughness. 

Figure 4. - The effect of Reynolds number and Wch number on the drag characteristics. 
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(b) With roughness. 

Figure 4. - conchad .  
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(a) Without r-ness. 

figure 5.- IChe effect of Reynolda number a d  kch number on the l i f t  characteristics. 
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(b) With roughness. 

FTgure 5.-  Concluded. 
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(a) without roughness. 

m e  6.- IIbe effect of Reynolds nuniber and Mach nmiber on t h e  pitching-moment characteristics. 

. -  .. . . .. . . 



0 0 0 0  0 0  0 0 0  0 0  

(b) With roughness. 

Figure 6.- Concluded. 
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- Distributsd camber 
""- Cmlcal amber for C ~ = 0 2 2 M  2 ) 

(For cc 
to 0.5 

(For CC 
R x IOa 

(a) M = 0.22 

I 2 3  I 2 3  

(b) M = 0.60 

Figure 7.- The variation with Reynol.& number of the drag coefficients  at  constant ~ f t  
coefficients. 
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- Distributed camber 
&nicol camber for C~fOP2[ref. 2 
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Figure 10.- !The effect of Mach number on t h e  lift-drag ~ ~ k i . 0 ~ ;  R = l.5x10s. 
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- Distributed camber ""_ Conical amber for CI ~022kef.  2 1 
" Full L.E. suction (ellic~;: loading) 1 

R x IO" 

(a) M = 0.22 

Theory 

(b) M = 0.60 

Plgure 11.- The variation with Reynolds number o f  t h e  m x h u ~ ~  Ilft-drag ratios and t h e  lift 
coefficients for mesdmum l l f i -drag ratlos. 



24 NACA RM A584221 

Distributed camber 
""" Conical camber for Qd=0.22 (ref. 2 1 
" Full L.E. suction (elliptic  loading) 
"- No L.E. suction 

M 

Figure 12.- The variation  with Mach number of the maximum  lift-drag 
ratios and the lirt coefficient6  for maxim lift-drag  ratios; 
R = 1.5~106. 
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- Distributed  camber ---- Conical  camber for CLA=0.22(ref. 2) 
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roughness 
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With 
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Without 
roughness 

Wlt h 
roughness 

720 

- -.IO dC, 
dCL 

0 

I 3 

(a) M = 0.22 (a) M = 0.60 

I 2 3 

lV.gure 13. - Tbe variation with Reynolds number o f  the pitchjag ment and the lifi and pitching- 
moment curve elopes; CL a 0. 
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Distributed camber 
Conical comber for C ~ , = 0 . 2 2  (ref. 2) "" 

Without roughness With roughness 

.5 .6 .7 .a .9 1.0 .5 .6 .7 .8 .9 1.0 
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Figure 14.- !he varktion with Mach number of the pitching m o m e n t  ana the lift and pitching-moment 
curve slopes; a = 0, R = 1.5a.Oe. 
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