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A TRMTSONIC WIND-TlJNCii INVESTIW-TION OF 333 STATIC 

LONGITUDINAL CHARACTERISTICS OF A 3-PEBCENT-THICKK, 

FOR RIGH LiFT-Dm-G RATIOS 

By Dale L. Burrows and Warren A. Tucker 

- 
A wind-turmel investigation w a s  made f o r  Mach numbers rvlging from - 0.77 t o  1.39 of a 3-percent-thick,  aspect-ratio-3, deltE w i n g  on a slen- 

der  cylindrical  bcdy through  the  angle-of-attack  range from Oo t o  ZOO 

and f o r  Reynolds numbers of about 5 x 10 . The w i n g  was cznibered and 
twisted  for   the purrpose OF' obtaining low d r a g s  at l i f t ing  condi t ions.  
A Mach nunber of 1.2 and a lift coefzicient of 0.2 were used as desCgn 
conditions. Although the  wing w e s  designed f o r  e supersonic Mach  num- 
ber, a rather  high  velue  of m a x i m u m  l i f t -d rag   r a t io  of 16 was obtained 
in the  high  subsonic  region.  This  value w a s  23 percent greater than  the 
value measured with a plane w i n g  of the same p l m  form and thickness  dis- 
t r ibu t ion  and corresponded closely t o  the  value  obtained by adding  the 

6 

theore t ica l  rdnimun induced drag coefficient,  ( L i f t  coeff ic iect)  2 
.Ic(Aspect re,tio) I to 

the  zero- l i f t  dr- coefficient of t'ce plane  ving. Near the  design Mach 
Ember, the  velue  of  l if t-drag  ratio of 11.5 corresponded t o  en ir-crease 
i n  this r a t i o  of 21 percent of that for   the  plane w i n g .  These  compari- 
sons a r e   r i d e   f o r  about  equal  corditions of untr imed moment.  The var i -  
a t ion of the pitching-moment coefficient,  with lift coefficient &t zero 
l i f t  was about the same for   both wings throughout  the Mach nunber reslge; 
the canbered and twisted wing, however, had. a somevbat  more gradual 
cbmge  with Mech number. An ef fec t  of  cmber and t w i s t  w a s  t o  provide 
en improvement in   l i f t -curve  slope over t h a t  of the  plane w i n g  through- 
out  the Mach nmber  range  tested. 

- 
MTRODUCTION 

.. 
The poss ib i l i ty  of real iz ing improvements in  the maximum l i f t -drag  

r a t i o  at supersonic  speeds  by  the  use of wing canber and t w i s t  has 
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received  considerable  attention  both  theoretically (refs. I t o  4, f o r  
example) m-d experinentally (refs. 5 t o  7) . Much of the emphasis leading 
t o  the use of camber and twist has been  placed on the  load  distributions .. 
i n  an e f f o r t   t o  produce a mininun  induced drag at l i f t ing  condi t ions.  
It has been  recognized ( re fs .  3 and 1;) that, theoretically,   the f la t  
wing of triangular  plan form with f u l l  leadir-g-eEge suction has an  induced 
drag which i s  very  near  the  theoretical minimum value fo r  optimum e l l i p t i -  
cal  loading. Because of the  experinental  impossibility of obtaining  the 
infinite  velocit ies  required  for fu l l  leading-edge  suction on a t h i n   f l a t  
wing, it would  seem that the  design of a w i n g  should be such as t o  avoid 
the  necessi ty   for   inf ini te   veloci t ies  at the  lesding edge. Th i s  r e su l t  
can be acconplished by putting  the  leading edge at &n idea l  angle of 
a t tack at the desired t o t a l  l i f t .  Such a condition for  a swept w i n g  
implies  the  use of camber and t w i s t .  To date, however, none of the 
experinentsl  investigations 1-as been abed at achieving a minimum value 
of the drag at a given lift by the use of a contour which is at the  ideal 
angle of at tack at a l l  points along the  leading edge. 

The contour for  the  present  investigation has avoided the  require- 
ments of a leading-edge  suction by specifying that the   l i f t ing   p ressure  
dis t r ibut ion shall be  l inear   in  the chordwise direct ion at all points 
along  the span, The general  design method is  presented  in  reference 8 
m d  is applied  for  the  speciflc  case of this  investigation i n  the apFen- 
dix. The resu l t s  of reference 8 added s-Limulus t o  the present  investi- 
gation  in  the  theoretical   f inding, t h a t ,  f o r  a slender  triangular w i n g  
cankered and twisted under the conditions of l inear  chordwise l i f t i n g  
pressure distribution, the drag due t o  lift was about half that of a wing 

P the same plan form with no camber or t w i s t  i f  no leading-edge  suction 
was assumed fo r   t he   l a t t e r .  This finding is of importance  because the 
prac t ica l   th in  flat wing rarely  obtains a high  degree of leding-edge 
suction and, therefore, a given  plan  forn  could  benefit  appreciably by 
the  use of an optimm  cmber and twist. 

In  addition t o  providing a means for  obtaining the l inear  lifting 
pressxre  aistribution,  the method of reference 8 permxtts the spanwise 
and  chordwise loadings t o  be specified. The spanwise loading is  the 
spanwise dis t r ibut ion of the load  per  unit span and i n   t h e  same sense 
the chordvise  loading is the chordwise dis t r ibut ion of the  load  per unit 
chord. O f  i n t e re s t   i n  connection with loading is the  statement i n  r e f -  
erence 1 that, f o r  a slender wing lying  near  the  center of the Mach cone, 
the minimum value of the drag with a given l i f t  and span is  achieved when 
both  the spanwise and the chorZLwise load   d i s t r ibc t ions   a re   e l l ip t ica l .  
An extension of th i s   idea  i s  given in   reference 3, i n  whfch it is pointed 
out that, for  wirg;s which are not  slender w i t h  respect  to  the Mach cone, 
the  optinm chordwise loading is no longer e l l i p t i c   b u t  should heve a 
f i n i t e  value of the load at the trailing edge. 
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These considerations of l i f t ing  pressure and load distribut: 1 ons were 
used in  the  design of a trimgular wiGg of aspect   ra t io  3 a d  3 percent- 
chord  tbic!aess f o r  a Mach number of 1.3 and a lift coefficient of 0.2. 
The xesulting  cmbered and twisted wing WES tes ted OE a cylindrical  body 
of finelless  ratio 9.63. The t e s t s  were mule at Mach nmbers from 0.77 
t o  1-59 at Reynolds numbers (bzsed on the  mean aerodynamic chord) of 
about 5 x lo6 znd through an vlgle-of a t t a c k  range from Oo to 20'. The 
longitu6in.d  force end moment data are coropared w i t h  r e su l t s  for the' 
plane wing of refereme 7. 

- 

- c1 2 3, 3 loading constants in  equation (1) of eppendix 
CL' CLf CL CL 

CD drag coefficient , Drag 
ss 
- 

- - CDo zero-l i f t  drag  coefficient os" plane w i n g  

cL 

C 
=Opt 

l i f t  coefficient, - L i f t  
ss 

lift coefficieot at (L/D)- 

l oca l  lift coefficient based on chord, 
L i f t  per unit s p m  

o_c 

l o c a l   l i f t   c o e f f i c i e n t  based on loca l  spm, 
Lift   per   uni t  chord 

Sb ' 

pitching-monent coefficient, Pitching Eonen% about E/& 
qSE 

L/D lift -drag rat i o  

(L/D)- maximum value of' lift-drag r a t i o  

A - aspect   ra t io  of wing 



4 NACA RM L55F02a 

b 

b' 

C 

K 

k 

M 

m 

mi 

n = pm 

P 

4 

nt 

9 

E 

S 

t 

x, Y I  

total  wing span 

local  span  of  wing  to  leading  edge 

local  chord  of  wing 

root  chord of wing 

drag-due-to-lift  factor 
cD - cDo 

CL2 

plan-form  parameter, - m 
mi 

average  free  stream  Mach  number  at  model  location 

cotangent  of  sweepback  angle of leading  edge 

cotangent  of  sweepback  angle  of  trailing  edge 

free-stream  absolute  static  pressure 

difference in static  pressure on upper and lower  surface 

free-stream  absolute  stagnation  pressure 

free-stream dynmic pressure, - 7Pbf2 
2 

ratio of specific  heat, 1.1: for  air 

free-stream  Reynolds  number  based  on c' 

total  wing  area 

wing  xean  aerodynamic  chord, - S 

semispan,  b/2 

maximum w i n g  thickness  at a given  spanwise  station 

rectangular  coordinates  with  origin  at  wing  apex 



distance  in  x-direction measured frorr, leading edge of 
loca l  chord 

- 
a angle of atteck  for  the  fuselage  center  liEe 

p = @ 7  

a = y/s 

h tcper r a t i o  of  Xing  plan- form 

MODEL 

The configuration  details  of the model are  shown i n  a sketch  in 
figure 1. The Xing v.=s of delta  plan fo rn  and h d  rn assec t   ra t io  of 3. 
Tne thickness  distribution  vas t'ne NACA 65A003 distribution superimposed 
on the c&mbered  mean l i c e   i n   g l m e s  p.krdlel  t o  the  plane of symmetry. 
This t h i chess   d i s t r tbu t ion  is the s a ?  as t h t  f o r  the  plane wing of 

- 
- reference 7. 

The photograghs i n  flgure 2 show the  essent ia l   featmes of the wing 
contou .  The ordinates of the  rean-line  surface were designed t o  give 
o p t h x m  l i f t -drag  character is t ics  at a Mach  number  of 1.2 End a lift 
coefficient of 0.2. The ordinates were determined by the  rrethd  given 
in- the  appendix and are  presected in  table  I. The loedings  used iz the 
design  nethod a d  other  contow diagrams of  mare d e t a i l   z r e  shown i n  
figures 3, 4, and 5 .  

The nean l ine  surface was canbered and twisted and was d i s t inc t  from 
the  conical  type of camber in that the  osly  s t ra ight   l ine  on the  surface 
was the   t ra i l ing  edge which allows a cer ta in  azou t t  of convenience Fn 
attaching  control  surfaces. The t r a i l i n g  edge vas -de t o  pass  through 
tke body cen-ler l ine .  The straight  line  presunzbly  could bave been  pleced 
at the control surfzce hinge l i ne  without a l t e r i q   t h e   o v e r - e l l  aerodyna- 
mic character is t ics  of the ~ 2 ~ 4 .  

The longitcdinal  posit ion of the wing on the body i s  shown ia f ig -  
ure 1 sEd i s  the same as tht of the  plme w i n g  of reference 7. Both the 
w i n g  and the body  were made of s t ee l .  The body of f ineness   ra t io  9.63 
hed m ogive (circular   arc)  nose of 3.5 b d y  diameters i n  length eo& the 
r e s t  of the body w a s  cylindrical .  The cyl indrical   par t  of the body wzs 
a hollow she l l  which housed the   s t i ag  and strain-gage  balance. The vlgle 
of incidence of the wing with  respect  to  the body w a s  determined (fron 
the  design method descri3ed b - t h e  appendix) t o  g- ive  zero l i f t  wher- the 
body w a s  at zero &%le of attack. 
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APPARATUS AND " H O D S  

Tunnel 
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The t e s t s  were conducted in   the  Langley transonic blowdovn tunnel 
i n  which Mach numbers up t o  1.4 can be attained. A t  a given Mach  number, 
the Reynolds number can  be varied from approximately 8 x 10 6 t o  24 x 10 6 
per  foot of chord by varying  the  stagnation  pressure from 25 pounds per 
square  inch  absolute  to 70 pounds per  square  inch  absolute. The  Mach 
number distribution  in  the  longitudinal  direction at the model location 
w a s  constant  within tO.01; the  tunnel  calibration of the Mach  number 
dis t r ibut ion is presented i n  reference 7. 

Tests 

The investigation covered a Mach nunker range from 0.77 t o  1.39 at 
angles of a t tack from about Oo t o  12O f o r  a pressure of 70 pounds per 
square  inch,  absolute and f ro= loo t o  20° at 35 pounds per  square  inch, 
absolute.  For a Mach  number of 1.39, data were obtained at a stegnation 
pressure of 50 pounds per  square  inch,  cibsolute at angles of attack of 
about 0' t o  12O. Tae limits of angle of at tack were dictated by balance- 
load  limitations or by the angle-of-attack mechmism. Reynolds n~1nber6 
based on c' for   the various stagnation  pressures  are shown in   f igure  6 .  
For a l l  tests,   the  surface of the model was in  a smooth condition. Shock 
ref lect ions from the  tunnel wall intersected  the model at Mach numbers 
between aboxt 1.04 and 1.10. Inasxuch as this  condition may have intro- 
duced appreciable  tunnel-wall  effects OE the  force end monent data, po 
such data are  presented in th-is Mach nmber  range. 

Measurernents 

The model was at tached  to  an internal  three-component strain-gage 
balznce, which i n  turn w 8 s  attached t o  a s t ing.  (See f i g .  1. ) A small 
pressure  tube  extended inside the  base of the body for   the  purpose of 
recording  base  pressures. Normal-force, chord-force, pitching-moment, 
an& base-pressure k t a  were recorded  si-miitaneously on film. The chord- 
force  coefficient was adjusted t o  a condition  of  base  pressure  equal t o  
free-stream  static  pressure. Normal-force and chord-force coefficients 
were converted t o  l i f t  and &s.g coefficients by the usual methods. Mach 
numbers  showr, w i t 3  the data are  accurate t o  about fO.01 and angles of 
attack  are  accurate t o  about i0.lo. 

Corrections 

Reference 9 shows that, for  slotted  tunnels where the   r a t io  of model 
s ize   to   tunnel   s ize  is about that of the  present  investigation,  the jet- 
boundary effects  are  negligible;  therefore, no such correction has been 

t 



.. 
nade to   t he  iiata. Angle of attack w a s  corrected  for sting end bdance 
deflection  result ing from aerodpanic  load. 

wing of the smie t h i c h e s s  end p l a  form as the  presect w i n g  (ref. 7) 
indicated that eeroelast ic i ty  might have produced a naximum decrease 
in  l if t-curve  sloge of the order of 2 percent and a forward s h i f t   i n  
aerodynmic-center  position of &bout 0.01E. Although the canher an-d 
twist affords u1 added r ig id i ty ,   t h i s   e f f ec t  is probably  offset by the 
imreaseci  loading 02 t h e   t i p  and hence the  present wing mLght be expected 
t o  have a sLz la r  degree of aeroelast ic   efzects  as the  plane w i n g .  In  
the data presented, no correctFon for   aeroe les t ic i ty  ?!IS been zpplied. 

- 
A loading test t o  determine the  effects  of e l a s t i c i ty  on t b !  plane 

RESULTS AND DISCUSSION 

An ifidex of the  figures  presenting  the results of this  investigakion 
L f O l l O ~ S  : 

Figure 
CL against (r . . . . . . . . . . . . . . . . . . . . . . . . . . .  'I - 

against M . . . . . . . . . . . . . . . . . . . . . . .  8 

CD against CL . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
CD egainst M (at constant l i f t )  . . . . . . . . . . . . . . . . .  10 

L/D egainst CL . . . . . . . . . . . . . . . . . . . . . . . . . .  11 

(L/D)- ard CLopt against M . . . . . . . . . . . . . . . . . . .  12 

CL agaiast C, . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

(5) against . . . . . . . . . . . . . . . . . . . . . . .  14 
dCL cr,=o 

Throughout the  discussion of the res-dts of this  investigation, 
conrparisorrs are wde  between the  measured results Tor the cambered and 
twisted wing and the xeasured r e su l t s   fo r   t he  plane wing of the same 
p l m  form and thic'lmess distribution  reported  in  reference 7. The theo- 
re t ice l   d rag  due t o  l i f t  c h r a c t e r i s t i c s   f o r   t h e  cartibered and twisted 
wing is of in te res t  throughout  the hhch number range  but has cot been 
generzily cietermined because of the great conplfcatio-n- in making the 
calculations  for  other than the  design  cocdition. As indicated in ref- 
erences 3 md 4, however, the  theoret ical  iull leabing-edge suction 
iEduced-cirag predictions  for  plane triangular wings would be c lose   t o  
the o p t h u n  md, therefore, woul i i  seem useful as a basis  of conparison 
wi th  the measwed results of the caubered  and twisted wing. 



L i f t  characterist ics.-  The basic data of lift coefficient  plotted 
zgainst  angle of e t tack i s  shown in   f igure  7. A t  a l l  Mach numbers tes ted,  
the  vcriation of l i f t  was nearly  linear  with  angle  of  attack up t o  lift 
coefficients of about 0.4. There was only a slight  ramding  off of l i f t  
coefficients  with  angle of a t tack up t o   l i f t   c o e f f i c i e n t s  of 0.9. The 
angle of attack  for  zero l i f t  i s  seen t o  be  about 1.2O fo r  Mach numbers 
up t o  aboat unity and drops t o  about 0.85’ f o r  low supersonic Mach  num- 
bers. (Also see  plot i n  figure 8.) The case of zero l i f t  at posi t ive 
angle is, of course,  equivalent t o  negative  incidence  although  the model 
was designed for  zero  incidence. Whether t h i s  mount of incidence is  
desirable from a consideration of optimum l i f t -d rag   r a t io  is not known. 

The values  of  the  lift-curve s l q e  at zero lift are  shown i n   f i g -  

La a 

ure 8 where it pay be  seen that the usual character is t ic   increase  in  
C with Ivlackr number occurs in   t he  subsonic  range. The value of CL 
increases from 0.056 a t  M = 0.76 t o  0.072 at M = 0.98 and returns 
t o  a value of 0.056 at M = 1 .3 .  The slope of the lift curve for   the 
cmnbered and twisted wing i s  about 8 percent  higher  than  for  the  plane 
wing in  the  subsonic  range and about 4 percent  higher i n  the  supersonic 
range. 

The theoretical  lift-curve  slopes  presented  in figure 8 for  the  plane 
wing-body combination were determined  by the method of reference 10. This 
method required  the wing-alone lift-curve  slopes which were obtained from 
the  theories of DeYoung and Harper ( re f .  11) and Brown ( re f .  12) fo r   t he  
subsonic and supersonic  speed  range,  respectively.  In  the  subsonic  range 

value for  the  plane wing ( f ig .  8).  This  result  suggests that the cambered 
and twisted wing had a”negligib1e axount of separated  flow.  In  the  super- 
sonic  range, for the  cambered and twisted wing was orily s l igh t ly  
closer t o  plane-wing theory than tine plane-wing resu l t s .  The reason fo r  
the improvenent being so s l igh t  i s  not  apparent. 

for   the cambered and twisted wing fa l ls  on or  neer  the  theoretical 

D r a  c’haracteristics.- The basic drag results are plotted 8 8  drag 
coefficient  against l i f t  coeff ic ient   in   f igure 9. Cross plots  of drag 
coefficient  against  lkch number a re  shown in   f igure  10 for  l i f t  coeffi-  
cients of 0.1, 0.2, 0.3, 0.4, 0.5, and the lift coefficient  corresponding 
t o  minirnm drag  coefficient. The effect  of camber and twist is t o  make 
the minimum dreg  occur at a lift coefficient of about 0.1 in  the  subsonic 
rmge.  In  the  supersonic  range,  the  value of the l i f t  coefficient for 
minimnx drag decreased with increasing Mach  number, Srobzbly  because  of 
loss of  camber benefits  as the Mzch cone approached the leading edge. 

The MiEim-am drag  coefficient  for  the catxbered and twisted w i n g  has 
about 0.01 fo r  Yach  numbers between 0.77 and 0.94 and reached a value of 
about 0.018 &t a Mach  number of about I. 10. A t  higher Mach fiuxbers, the 
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minimum drag coefficient drops s l i gh t ly  t o  0.017 et M = 1.39. These 
values of the  minimum drag coefficient are about 10- t o  30-percent  higher 

design Mach number. A t  the  design Mach nu-ber the  i rcrease w a s  about 
10 percent. 

- than those  for  the  plane wing through  the Mach nuuber range up t o   t h e  

The mininun hag coefficient i s  shown t o  approach the plane-wing 
value as closely at the  design Mach  number (1.2) as at subsonic  speeds. 
On e i ther  side of t h i s  Mach  number, however, the drw rises rapidly, 
which suggests that the  cmber  acts  sirniltisly to   addi t iooal   thickness  a t  
Mach numbers higher than the  design Mach number; whereas, at Mach numbers 
below the  design  value,  the  increases i n  drag probably r e su l t  from a 
carry-over or" the  usual  transonic  drag-rise  effects. The transonic rise 
i n  -i_n-inum drrg coeff ic ient   for   the cambered ana twistea wing was about 
0.0080, which i s  somewht  higher than the  value of 0.0066 fo r   t he  plane 
wing. Both wings, however, have about  the sartie percentage (75 percent) 
of drag r i s e  tkrough  the  transonic r-e. 

- 
A t  higher lift coefficiezxts,  such as 0 . 3  end 0.5 shown in figure 10, 

the  drag coefficient of the  cmbered a,nd twisted Xing is zppreciably lcwer 

example, at a Mach  number of 0.98 and a lift coefficient of 0.5, the  drag 
coefficient of the canbered and twisted wing is  25 percent lower than 
that of the  plane wing at the same condition. The difference  in  drzgs at 
high l i f t  would appear t o  be of considerable  interest  in  connection  with 
perforrmce i_n_ high-speed maneuvers. The canbered and twisted w i n g  also 
shows gains i n  drag at higher lifts a t  supersonic  speeds  especially at 
the  design Mach  LlUmber (1.2) . 

- in  the  high  subsonic Mech nuqber range t h n  that of t h e   p l a e  wing .  For 

Values of the  l i f t -drag  re t ios   are   ? lot ted  against  lift coefficient 
i n  figure 11 ami were used to   ob ta in   the  maximum values of l i f t -d rag   r a t io  
thzt are shown in   f igure  12 plot ted  againi t  Mach number. In addition, 
values of the lift coefficient at maximum l i f t -d rag   r a t fo  C L ~ ~ ~  

shown i n  figure 12. Although the cambered m d  twisted w i n g  w a s  designed 
f o r  a supersonic Mach number, large  gains were obtained i n  values of the 
m a x i m u m  l i f t -drag   rz t io  at subsonic speeds  over  those of t h e   p h n e  w i i g .  
A t  a Mach  fiumber of 0.95, for  exmple,   the r m x i m m  l i f t -d rag   r a t io   fo r  
the cambered md twisted wing was 16 as conpared with 13 for  the  plane 
wing, so t h a t  a gain of 23 percent was reelized. This gain is appreciable 
as comared with the  gain of 5 percent  for  the cembered (no t w i s t )  wing 
of reference 7. 

( ) *e 

The theoretical   values or" m a x i m u m  lift-drEg ratio  presented in fig- - 
ure 12 were obtained from the   re la t ion  For full leading-edge 

- 
suction,  the  dre-due-to-lif t   factor K for  subsonic  speeds w a s  taken 



as x and for  supersonic  speeds w a s  obtained from reference 12. Tpe 
values of K for  zero  leading-edge  suction were taken as 1 

57.3(3)  
9 

CL=O 
where the  theoretical  value of w z s  obtained from figure 8. 

A t  subsonic  speeds ug t o  a Mach  number of 0.95, the  cmhered and 
twisted wing gme  v&lues of maximum l i f t -drag   ra t io  that were about  equal 
to  the  calculated  values for the  plane wing. A compasison of calculated 
and meas-med drag  coefficients  plotted  zgzinst l i f t  coefficient  are shown 
in   f igure 15 for several  representative k c h  nm-bers. The calculated 
drags were determined by adding the  theoretical   value of the drag dGe to 
lift with fu l l  suct ion  to   the mininun experimental  drag of the plane wing 
of the same plan f o m  and thickness  distribution (ref. 7). The meesured 
drags  &re =bout equal t o  the calculated  drags  for l i f t  coefficients between 
approximately 0.1 and 0.3 fo r  Mech numbers  up t o  0.95. This  result led to 
the  conclusion that the  profile  drag of the cambered  and twisted wing a t  
optinan l i f t  w a s  equal t o   t h e   p r o f i l e  drag of the  plane wing at zero lift 
and the induced  drag w 8 s  equal t o   t he   t heo re t i ca l  minin;um C!L~/YL~ (except 
fo r  very low aspect   ra t io   effects  as discussed  in  reference 13) .  This 
conclusion m ~ s t  resu l t  because the  profile  drag of the cambered and 
twisted wing a t  m-y lift would not  be  expected t o  be less than  the  profile 
drag of the  plane wing a t  zero l i f t  and the induced drag cannot  be l e s s  
than  the  theoretical  value. Tne possibi l i ty  that the  profile  drag of the  
cambered .md twisted wing at the optimum lift could be as low as the zero- 
l i f t   p r o f i l e  dreg of the  plane wing is entirely  reasonable because of the  
low loading at the  leading edge which is near  the  iaeal  angle of attack. 
In  addition it is of iEterest   to  note that, s i m e  Dart of t h e   t o t a l  drag 

is  equal t o  - CL2 ( the  theoret ical   potent ia l  f l o w  minimum), this par t  of 

the measured drag caxnot be reduced by changes i n  Reycolds  nlmbcr. The 
value of the rmximum l i f t -drag   ra t io ,  however, can be changed by Reynolds 
nlmber but only tkough i t s  effect  on profile  drag. 

*A 

A t  supersonic Mach nuqbers,  the  variation  in maximum l i f t -drag   ra t io  
with Mech Ember is somewhat unusml (fTg. 1 2 ) .  A t  the  design  condition 
(M = 1.2), the  cu-cbered and twisted wing had e value of the maximum l i f t  - 
drag  ra t io  of 11.5 which is 13 Dercent  higher  than  Fredicted by theory 
for  the  plane w i n g  and 21 percent  higher than measured on the  plane w i n g .  
At siJperscnic M~ch numbers on both sides of the  design  condition,  the 
value of m a x i m u n  l i f t d r a g   r a t i o  dropped off markedly which suggests that 
the cambered  and twisted wing is sens i t ive   to  Mach number. This r e su l t  
suggests that  the optimum configuration of camber  and t w i s t  should be 
qui te   d i f fe ren t   for  each  supersonic Mach number. On t h e  other hand, it 
i s  possible thzt no configuration would have vElues of maximum l i f t -drag - 
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r a t i o   i n   t h e  Hach  num3er range  fro=  1.0 t o  1.1 uuch higher than are 
obtained by the  plane wing of reference 7, es suggested by the  result 

wing effords  very l i t t l e  improverent  over the phne  wing ;  th i s   poss ib i l -  
i t y  is further  indicated by the   fac t  t h a t  the  present cambered and twisted 
wing performs  especially  well  both at a Mach n u d e r  of 0.95 and 1.2 - that 
is, on both sides 03 the  low transonic  region. The reduction of ~lisxinum 
l i f t -drag   ra t ios  a t  Mach numbers somewl.zt higher thaa the desi- condi- 
t ions could eas i ly  come about  because of the  increased  profile drag 
(possibly  separation) at lifting  conditions  and  possibly  reduced  forward 
t k u s t  at the  off-Cesign  condition as the Mach cone asproaches  the  leading 
e5ge . 

- tb t  the cambered  wing (no twist)  of reference 7 as w e l l  as the  present 

The f a c t  tht the maxiram li f t -drag   ra t io  is higher than the  theo- 
retic81  value  for  the  plane wing at the  design Mach nmber (1.2) i s  
believed to be due in par t   to   favorable   effects  of upwash produced  by 
the body-wing coEbination .md low-aspect-ratio  effects which were not 

determining  the  effect of the approach of the Mach  coEe to the leadi-ng 
edge on the  possible  mount of leading-edge  suction may be somewhat 

drag  ratio  are  appreciably less than the  velues that would be obtained 
by using  the minimum induced  drag  corresponding t o  CL2/.A (which  does 
ndt include m-y e s t i r t e s  of Mach cone compressibil i ty  effects).  The 
f ac t  that the  experimental  iift-drzg  rakios are higher  thzn  predicted by 
the  particdar  sugersonic  theory used  merely means, i n   p a r t  at l ea s t ,  
that the  results  indicated a smaller degree of compressibility  effects 
than would be  predicted by theory. 

L taken  into account in   the  theory.  Furthermore the  theoret ical  method of 

- inexact. i_n_ any  case it can be shown that the measured values of l i f t -  

Pitching-moment character is t ics .  - The basic  pitching-nonent -data 
are  presented  in  f igure 1.3 as a function of lift coefficient.  In  general, 
it may be  observed by comparisons with  the results of reference 7 that 
tne  variation of  pitching-noment coefficient  with l i f t  coeff ic ient   for  
the canbered  and  twisted w i n g  i s  zboct as irregular  (possibly  sl ightly 
more so) t h n   f o r   t h e   p l m e  wing at a l l  MEtch numbers tes ted.  The trim 
condition  for  the cembered and twisted wisg occvred  at a p o s i t i v e   l i f t  
coefficient of about 0.05 and  hence the  cmbered and twistea w i n g  requires 
less t r i m  (end thus less trim drag) t M -  would be required by the Dlane 
wing at low l i f t  coefficients.  I n  the untrimmed condition, however, com- 
parison of both wings et low l i f t s  showed t&k the caTkered  and twisted 
wing had. a hLgher drag than the  plane wing. Ths re la t ive  r ier i ts  of the 
two wings fron  consideration of drag at trimmed coxiditions  and low lift 
is not  obvious. The v d u e s  of the  pitching-noEent  coefficient at the  

sane for  both wings throughout the IJfch number r m s e  and, therefore,  the 
relative  gains in  m a x i m u n  l i f t -drag   re t io   ind ica ted   in   f igure  12 a re  
indicative of the  re la t ive  meri ts  of the two wings in   t he  trim condition. 

- opthum l i f t  coefficient, however, are seen i n  figure 16 t o  be .&out the 

- 
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The slope of pitching-moment coefficient  against  lift coefficient 
at zero l i f t  shown i n   f i g u r e  14 indicates tlmt the canbered  and twisted 
wing has about  the sane aerodynamic-center posit ion as the  plane w i n g  
throughout the Mach  number range. The cambered w-d twisted wing appears 
t o  provide some advantage  over the  plane wing i n  that the aerodynamic- 
center s h i f t  through  the Mach  number raage is  nore  gradual.  Trends  with 
Mach  number agree w i t h  theory,  but  theoretical  values of the aerodynamic- 
center  posit ion  are somewhat (as much as O.O&c’) rearward of the  experi- 
mental  values. The theoretical   valzes of aerodynamic center  for  the 
plane wing-body conbination were detemined by the method of reference 10. 
This method required the wing-alone lift-curve  slopes, which were obtained 
from references 11 and 12, and the wing-alone centers of pressure, which 
were obtained from reference 14. 

CONCLUSIONS 

Transonic  wind-tunnel tests at m c h  nunibers from 0.77 t o  1.39 on a 
3-percent-thick,  aspect-rstio-3,  delta wing cmbered and twisted  for 
optimum lift-drag ra t ios  at a design Mach  number of 1.2 md a lift coef- 
f ie ien t  of 0.2 has res-dted i n  the following  conclusions  and comparisons 
with a plane wing of the same plan form and th ichess   d i s t r ibu t ion:  

1. The cambered and twisted w i n g  when  compexed t o  the plene wing 
showed ea increase in   the  l i f t -curve  s lope throughout the Mach  number 
range. 

2. The  minLmm values of the drag coefficient were about 10 t o  
30 percent higher for  the caabered and twisted w i n g  than fo r  the plane 
wing throllgh the Mach  number range up t o  the design Mach  number; Et  

moderate and high l i f t  coefficients up t o  the  design Mach number, the 
canhered m d  twisted wing  showed apprecizble  drag  reductions as con?pared 
with the  plane w i n g .  

3. The cambered and twisted wing produced large  gains  in maximum 
lift-drag r a t i o  in  corrrparisor? with  values  for  the  plane wing and reached 
values of t h i s   r a t i o  of 16 near a Mach nunber of 0.95, which corresponded 
closely  to   the  theoret ical  minimum indcced  drag and amomted t o  a 23 per- 
cent  gain as conpared w i t h  the Flane-wing resu l t s .  Near the design Mach 
nuxber, the  camber and twist produced vdues  of the m a x i m u m  l i f t -drag  
r a t i o  (11.5) which exceeded the  values  obtained by the  particular  plane- 
wing theory  used by 13 percent and the  measured plane-wing r e su l t s  by 
21 percent. 

4. The c d e r e d  and twisted w i n g  appeared t o  be sens i t fve   t o  Mach 
nuItiber i n   t h e  supersonic  renge,  inasmich as the maximum lift-drag r a t i o  
dropped off rather  sharply above and below the  design Mach  number. 



5. A t  the l i f t  coefficients  corresponding to maximum l i f t -drag  
ra t io ,  the cambered and twisted w i n g  and the   p lme wing had about equal - values of the pitching-moment coefficient through the Mach rider range. 

6 .  The aerodynamic centers of' bot'n wings were very aearly  the same; 
however, within the small differences  noted,  the  cabered and twisted 
w i n g  had a slightly more gradual shirt of aeroaynwnic center with Mach 
nmber than the plane wing. 

Langley  Aeronautical  Laboratory, 
National Advisory Cornittee for Aeronautks, 

Lengley Field, Va., Mey 24, 1955. 

. 



APPZNDIX A 

DESIGB PROCEDTXE  FOR TWISTED & i  CAMBEREB WIMG 

General Method 

I n  the calculation of the desired t w i s t  and cam%er of the wing, no 
Ettenpt w a s  r a ~ e  t o  account fo r   t he  presence of the body. The wing was 
treated as if it extelzded to   the   cen ter   l ine  of the body, and t h e   b d y  
was regarded as nonexistent. T'ne general  design  procedure  rade  use of 
the xetbod of reference 8 t o  deternine the ordirmtes of a zero-thickness 
w i n g  that w0~1J-d have the  desired chordwise Oistribution of 1ir"ting  pres- 
s w e  and the desired loa6  dis t r ibut ion  (appraxinately  e l l ipt ic   in   both 
the spanwise and the  chordvise  directions). The method essent ia l ly  
involves  the zse of generalized tebles tht give the ordi-n-ate6 of the 
xean-line  surface as a function of the Mach nmber, wing-plan-form geom- 
etry,   load  distribution, a d  lift. 'The wing ordinates were next modified 
by shearing tne spe.nwise st&tions  vertically  (without changing the loca l  
zngie a t  miy s ta t ion)  so that tkte wing t r a i l i n g  edge became a s t ra ight  
lirse. This modificatios  to the calculated  ordinates, which should have 
l i t t l e  zerodynamic effect ,  WES szde i n  orser t o  give a wing on which a 
trailing-edge  control. r i gk t  easily  be m1z"ted. T'ne desired  thickrress 
EiatribKtion  (that of the W-CA 65A003 a i r fo i l   s ec t ion )  was then  super- 
inposed on the  zero-thickness w l n g .  Finally,  the wing w a s  mounted on 
'"he body so t-mt a t  the design Mach Ember (X = 1.2)   the   to ta l  l i f t  of 
the col7;figuration woulC be  approxinately  zero when the body was at zero 
angle of attack. 

Detailed  Calculations 

nThe 15fting Freesure coefficieat  Sescribed by equation  (2) of ref- 
erence 8 was used t o  abtain  the  load  i i istr ibction: 

The ?roce&rre followed i n  dete-mining  the  constar?ts i s  ir xost 
respects l ike tkt  use6 ic example N of reTerence 8. !l%us, the  spanwise 
Icaj. distri trction i s  give2 by ecpation 9 of reference 8, 



and the  values of the cons.i;ants &nd cr c 1  c2 c4 m y  be expressed in 
- ~ 

terns  of 3 (equations (14) of reference 
CL 

-u 

8)  : 

I 
Also, &s fo r  the example mentioned, the chordwise load d is t r ibu t ion   ( in  
the same sense  as spanwise load distribGtion) is given by the  following 
equation: 

(ik reference 8, this   quant i ty  m s  d e s i g ~ ~ t e d  as Local l i f i ; /Total  lift. ) 
For the  present  case, the load given by equation (4) i s  spec i f ied   to  be 
equal t o  0.2 at the trailirlg edge (X/+ = 1) rather than zero as i n  
exzmple IV of reference 8. Tnis  condition w a s  imposed on the  basis of 
the  statexent in reference 3 that f o r  wFngs which are not slender  with 
respect t o  the  Wch cone, the optimum chordwise loading  should  not be 
e l l i p t i c ,  but should have E f i n i t e  value at t he   t r a i l i ng  edge. No Eethod 
w a s  available for determining  the optimum trailing-edge load, so a value 
of 0.2 w a s  chosen a rb i t r a r i l y .  A calculated  value of tke d-re.g f o r  this 
trail ing-edge load w a s  lower than the   cdculated  drag  for  the condition 
of zero load at the t r e i l i n g  edge so that the  choice of 0.2 w a s  an 
irlrprovenent, though probably  not the optihum value. 

The cordit ion on the chordwise load at the t r a i l i n g  

’ the  value of 3 fro=  equation (4); the  other  constants 

evaluzted from equation (3) .  The fiml nmerical  values 
a re  as follows: 

C 

CL 

edge detemines 

can then be 

of the constants 
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The chordwise and spanwise  loadings  corresponding t o   t h i s  set of 
a constants is shown in   f igure  3. For  comparative  purposes, e l l i p t i c  

loadings  are  also shown in   the   f igure .  

The values of the constants f'rom equation (5) can  be used w i t h  
t ab le  I1 of reference 8 to   ca l cu la t e  the zero-thickness w i n g  ordinates 
before  shearing. The other  quantities t o  be  used in   t he   t ab l e   a r e  Bs 
follows: h = K = 0, m = 0.7536, M = 1.2, n = 0.5, C, = 0.2 (the 
value of 2 ' /.' used in  reference 8 for  f ixing  the aerodynamic center is 
not used for  t h i s  example). The calculations are straightforward and 
need 20 further  explanation. A solut ion  for   the wing contour at the mid- 
span worxld result i n  an i n f i n i t e  angle of  attack. This singular r e su l t  
is of course of no  consequence due t o  the f ac t  that a fuselage body w i l l  
i n  most cases  cover this  portion of the w h g .  

The constants of equation (5) can  be  put i n  equation (1) t o  give the 
following  equation  for the. dist r ibut ion of l i f t ing  pressure  coeff ic ient :  

= 2.7512 (I + Q) + 0.9078 - 4.2292 - X 
CL 

Chordwise contours of the wing mean-line surface and the l i f t i n g  
pressure  distribution are shown in   f igure  4 fo r  the design  condition. 
The contours have been  sheared  vertically t o  give a s t ra ight  trailing 
edge, as znentioned in  the  preceding  discussion.  In  order  to  give 8. 

clearer  picture of tne details, t h e  chordwise contours  are shown i n  
percent of loca l  chord and to an enlarged  vertical   scale  in  f igure 5 .  

Ordinates for  the clean l ine  surface  are  presented  in table I end 
the systen of exes used is shown in   f igure  17. The x'/c axis is al ined 
with the  free-stream  velocity  for  tne  condition of M = 1.2 and CL = 0.2. 
The body axis w a s  placed &t an angle of incidence of 2.92O with  respect 
t o  the x'/c axis; this angle was determined by teking  the  theoretical  
v a h e  of dCL/da fo r  the plane w i n g  (0.0685 deg'l) and converting t o  
degrees at a l i f t  coefficient of 0.2 i n  order t o  obtain  approxinately 
zero lift on the  col?figuration when the body is at zero &ngle of attack. 
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TABLE I 

M'EAN-LI~ PIANE FOR ASPECT-RATIO-? DELTA WING C m l D  AND TWISTEJ) FOR ELLIPTICAL LOADING 
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Figure 1.- Details of the wing-body  configuration. A l l  dimensions are 
in inches. 
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Figure 2.- Photographs of the model. Tape strips are parallel to plane 
of symmetxy. 
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(b) Lower-surface end view. 

Figure 2. - Continued. 
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( c )  Upper-surface end view. 

Figure 2. - Concluded. 
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x/c, 

(a) Chordwise loading. 

(b Spanwise loading. 

Figure 3.- Calculated load distributions for  twisted and cambered wing 
a t  design  att i tuce.  
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Figure 4.- Calcul&ted end pressure distribution f o r  twisted and 
cambered wing at design attltizde. M = 1.2; CL = 0.2; a = 2.92O. 
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Figure 5.- Ordinates of twisted and cm'ered wing in terns of the local 
chord a t  M = 1.2, CL = 0.2. 
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Mach number, M 

Figure 6.- Variation of Reynolds nuniber with  Mach number for stagnation 
pressures of 35, 50, and 70 pounds per square inch. 
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Figure 7.- Variation of lift  coefficient with angle of attack  at various 
Mach numbers for  the wing-body combination.  Cambered and twisted 
delta wing; A = 3; t/c = 0.03. 
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Figure 8. - Variation of liPt-curvt? slope and angle of zero lift with 
Mach number f o r  the wing-body combination. Delta wing; A = 3; 
t / c  = 0.03. 
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Figure 9.- Variation of drag coefficient with lift coefficient at vari- 
ous &ch nmbers for the wing-body combination. Canbered and twisted 
delta wicg; A = 3; t/c = 0.03. 
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Fig-re 10.- Variation of drag coefficient  with Mach number of various 
values of l i f t  coeff ic ient  for  the wing-5ody conibfnation. Canibered 
end twisted de l t a  wing; A = J; t / c  = 0.03. 
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Figure 12. - Variation of (L/D and with V ~ c h  nmber for the %opt 

wing-body combination. Delte wing; A = 3; t/c = 0.03. 
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Figure 1.3.- Variation of lift coeff ic ient   with pitching-moment coef f i -  
cient a t  vari.ous k c h  nunibers f o r  the wing-body combination. Cambered 
and twisted wing; A = 3; t / c  = 0.03. 
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Figure 111.- Variatlon 0.P pitching-moment  lift-curve  slope with Mach num- 
ber for Lhe wing-body  combination. Deltn wing; A = 3; t / c  = 0.03. 
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Figure 15.- A comparison of the  lift-drag  variation of the  cambered  and 
twisted  wing  at mrious Mach  numbers  with  calculetcd  minimum  drag 
for Lift ing condition. Delta wing; A = 3; t/c = 0.03. 
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Figure 16.- Variation of pitching-moment coefficicnt a t  optimum l i f t  with 
Mach number f o r  the wing-body combination. Delta wing; A = 3; t / c  = 0.03. 
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Figure 1.7.- Axis system for   ca lcu la t ion  of wing ordinates.  
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