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R E C W  RESULTS PERWINTmG M APPLICATION 

By Richard T. Whitcomb 

This paper is concerned primarily  wlth the application of the 
"area  rule"  to  the  interpretation and ircqmvement of the  drag-rise char- 
acter is t ics  of  wing-body combinations a t  transonic and moderate super- 
sonic  speeds. 

Consideration of the  general  physical  nature of the flow a t  tran- 
sonic  speeds,  together w i t h  comparisons of the flow fields and.&=-rise 
characteristics f o r  --body combinations and bodies of revolution has 
led  to  the conclusion that near the speed of sound the drag r i se   for  a 
t h in  low-aspect-ratio wing-body conibination is primarily dependent on 
the  axial  distribution of cross-sectional  area normal t o  the airstream 
(ref. 1). (The drag rise,  sonietimes referred  to as pressure drag, is 
tihe difference between the drag level near  the speed of sound and the 
drag level at subsonic  speeds where the drag is  due primarily to skin 
fr ic t ion.)  In  order t o  i l lustrate   the concept, figure 1 shows a nfng- 
body conibination and a body of revolution. A typical  cross  sectfon 

The cross-sectional  area of the ang is wrapped around the body of 
revolution so that the body has the same crose-sectional  area at BB. 
A l l  the  other  cross-sectional  areas of the body of revolution  are  the 
8ame as thQSe f o r  the wing-body conibination a t  the same axial stations. 
On the  basis of the  conclusion just stated,  the drag rise for  this body 
of revolution  should be similar t o  that f o r  the wing-body conbination. 

U 

normal t o  the  airstream  for  the wing-body conbination is shown at AA. 

This relationship of' the drag-rise increments for   the wing-body com- 
bination and the colqparable body of revolution is due pr-ily t o  the gen- 
e ra l  similarities of the major portions of the exkensive flaw fields of the 
configurations. These similarities are illustrated in figures 2 and 3 
which present  schlLeren photographs of the flow f ie lds  f o r  unswept- and 
sweptback-wing-body conibinations, together  nfth  those f o r  equivalent 
bodies of revolution. The conbinations have been rolled to  three  positions 
so  that side,  plan, and intermediate views are seen. Rear  the edges of the 
pictures,  the observed shocks f o r  the conibinationa i n  each v i e w  are gen- 
erally similar t o  those f o r  the  equivalent  bodies. These comparisons 
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are indicative of the  similarities of  the  extensive  fields beyond the 
view of the  schlieren. Near the  configurations  there  are  differences 
of the f l o w  fields f o r  the wing-body conibinations and equivalent  bodies 
of revolution. However, the major portion of the energy losses  associ- 
ated w i t h  the shocks is produced i n  the  extensive  regions at appreciable 
distance from the  configuration.  Therefore, from a drag  standpoint, it 
may be assumed that these  differences near the  configuration  are of 
secondary  importance. The general  similarities of the  extensive flow 
fields  at   distances from the  configuration may be attributed t o  several 
aerodynamic phenomena characteristic of flow near  the speed of  sound. 
First, the  f ie ld  of any given  displacement is concentrated i n  a plane 
nearly normal to  the  airstream. Because  of this fact ,   the streamwise 
locations of the  effects of the displacements of the wing are  essentially 
the same as those f o r  the corresponding effects produced by the compar- 
able body of revolution. Secondly, at these  considerable  lateral  dis- 
tances from the  configuration,  the  field is primarily dependent on the 
general  displacement of the  configuration rather than on the  details of 
the shape. The generally  close  similarittes of the  effective  f ields  for 
the wing-body conibination and the comparable bcdy of revolution Fn the 
regions producing the main portion 09 the shock losses  suggests that 
the energy losses  associated  with  the shocks for  the two configurations 
should  be similar. Since the drag r i s e  f o r  thin low-aspect-ratio wings 
i s  due primarily  to shock losses,  the drag r ise   for   the combination 
should  be  approximately the same as  that for  the  equivalent body of 
revolution. 

In  figure 4, the measured drag-rise fncrements for  various swept-, 
delta-, and  unswept-wing-body combinations and complete airplanes at 
a Mach  number of 1.03 are compared with the increments for  equivalent 
bodies of revolution. The aspect  ratios of the wings are 4 or  less 
and the  thickness  ratios  are 7 percent  or  less. Except for  one  con- 
figuration,  there is a general  qualitative agreement between these drag- 
rise increments.  Deviations from exact agreement are due t o  second-order 
effects, such as  differences of the flow fields  as shown in  f igures 2 
and 3. The single case of marked disagreement is for a swept-wing air- 
plane  configuration. This disagreement c m t  be ful ly  explained at  
present. As would be expected, the correlation between the drag-rise 
increments of the wing-body conibimtions and the  equivalent body of 
revolution  generally becomes less  close as the Mach  number is increased 
beyond 1.0. The severity of this  divergence varies markedly depending 
on the configuration. 

It would be expected on the basis of this concept that, near the 
speed of sound, the minimum drag r i s e  would be obtained by designing a 
wing-body codination w i t h  an area distribution similar t o  that for a 
smooth  body of revolution w i t h  the highest possible  fineness  ratio. The 
fineness  ratio that should  be used is  probably  considerably less  than 
that required f o r  minimum t o t a l  dra& because of such problems as airplane 
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I s tab i l i ty  and structural  weight. One method  of obtaining this favorable 
area  distribution is  t o  reshape  the body. A number of experiments have 
been made t o  determine the  effectiveness of such reshaping. Represen- 
ta t ive results, obtained in   the  Langley &foot  transonic  tunnel, are 
presented in  f igure 5.  

b 

On the left-hand side of this figure are shown the  effects of such 
a body modification on the zero-lift  drag-rise  characteristics of a 
6-percent-thick,  aspect-ratio-4, 4 5 O  swept-wing-body conibination. The 
sol id   l ine shows the  variation of drag  for  the wing i n  combination w i t h  
a body of revolution of fineness  ratio of U. The w i n g  is placed on 
the body in  such a manner that the leading edge of the wing is  a t  the 
maximum diameter of the body. With this arrangement, the indentation 
used did not change the maxim cross-sectional  area of the body. The 
dashed l ines  are the  results  obtained  for the  wing in combination w i t h  
a body of revolution  indented  circularly to obtain  the same area dis- 
tribution as f o r  the  original body alone. For colqearison, the  results 
for  the body alone are also splown. Indentation  eliminated  approximately 
90 percent of the  drag rise associated w i t h  the wing at  Mach  numbers from 
1.00 t o  1.05. When the Mach  nuniber is increased beyond 1.05, the d r a g  
rise f o r  the indented wing-body c d i n a t i o n  approaches that f o r  t he  
original Wrng-body conibination. 

On the  right-hand side of f igwe  5 are presented the effects of 
body indentation on the zero-lift  drag-rise  chazacteristics  for a 
4-percent-thick, 600 delta-wing-body combination. The solid curve 
shows the drag characteristics  for  the wing i n  conibination w i t h  a body 
of revolution having a fineness r a t i o  of 7.5. The dashed line indicates 
the  drag  variation  after the body has been  indented  circularly t o  pm- 
duce an area  distribution  for the conibination the same as that for  the 
originaL body alone. In  this case the indentation reduced the maxfrmxm 
cross-sectional  area of the body somarhat. It may be  noted that again 
a significant  reduction in  the  drag rise was obtained by such an inden- 
tation  at   transonic speeds. However, i n  this case, the drag rise f o r  
the indented wing-body combination is significantly  greater than that 
f o r  the body alone. This deviation from the result which might be 
expected on the basis of the  area-distribution concept is probably due 
to  the  fact  that the body required to  obtain  the smooth area distribution 
of the combination had a rather abrupt change i n  shape  near the trailfng 
edge of the wing. This shape probably  led t o  severe local velocity  gra- 
dients.  Since  the  proper  functioning of the body f ie lds   in   offset t fng 
the drag of the w i n g  depends -&I a great extent on the  velocity  gradients 
being small, it might be expected that these severe  gradients w o u l d  le& 
t o  an incomplete reduction  in drag. Also, near the speed of s o d ,  a 
shock was present over this  corner and may have caused some separation 
a t  this point, which would not be expected on the o r ig ina l  body alone. 
It is probable that a further reduction h~ drag  could have been obtained 

- 
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a t  transonic speeds by smoothing the contour of the body slightly. 
Similar reductions in  drag near the speed of sound  have been obtained 
by body indentation  for  other  delta and  unswept wings. 

Results  obtained with smooth-surfaced configurations have indicated 
a marked reduction  in drag at subsonic'speeds  associated with the use of 
indentation w i t h  swept and delta wings. However, with fixed transition 
this difference is not  present. The influence of surface  conditions on 
the  effects of indentation  apparently  decreases with increase in   the  
Mach  nuuiber t o  supersonic  speeds. The effect of body indentation on 
the  drag  characteristics a t   l i f t i n g  conditions i s  discussed in refer- 
ence 2. Obviously, the volume of the  indented wing-body conibination 
i s  not as p e a t  as that f o r  the  original wing-body conibination. HOW- 
ever,  increasing  the  size of the body t o  recover the volume los t  in 
indentation would increase  the drag for the indented coIllbination  by a 
small fraction of this reduction in  drag  obtained. 

The question now might ar ise  as t o  w h e t h e r  it would be possible t o  
obtain  drag  reductions at transonic speeds by adding t o  an existing wing- 
body conibination to  obtain a more favorable  area  distribution. Recently, 
investigations have been made of such  additions on a 60° delta-wing air- 
plane.  Results are presented in  f igure 6. First,  the  fuselage was 
extended  approximately 8 percent to  obtain a more favorable area dis- 
tr ibution of the rearward portion of the  airplane. This addition  resulted 
in  significant  reductions  in  the  drag  rise.  Further  reduction was  obtained 
by adding side  fairings t o  the extended configuration t o  fill the dip  in 
the  area  distribution as shawn. The body lines w i t h  these  additions were 
s t i l l  relatively smooth. Additions which lead  to  severely  irregular body 
lines would not be recommended. 

0 

The effects of the changes i n  body shape on the   t o t a l  drag coeffi- 
cients a t  Mach nmibers up t o  2.0 are shown i n  figure 7. The configurations 
axe the same as those shown in  figure 5.  The results  for Wch numbers 
above 1.15 were obtained in   the  Langley 4- by &-foot  supersonic  pressure 
tunnel. For the swept---body combination, body indentation had l i t t l e  
effect on the  drag a t  Mach  numbers from 1.4 t o  2.0. For the delta-wing- 
body codination, body indentation reduced the drag at  all h c h  nunibem 
q t o  2.0 but by a progressively  smaller amount. The fac t  that reduc- 
tions were obtained at these  supersonic  speeds  indicates that t o  a certain 
extent  the  factors  affecting  drag a t  moderate supersonic speeds may be 
similar t o  those for transonic speeds for low-aspect-ratio thin wings such 
as  this  one. However, since  the waves are  conical ra ther  than  plane i n  
nature when the Mach number is increased t o  supersonic values, it would be 
expected that the use of the  transonic concept would not  give the maximum 
reductions i n  drag possible a t  supersonic  speeds. * 

Considering the  conical  nature of the flow at  moderate supersonic 
speeds, a method has been developed which interrelates  the wave drag of L 

t 
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(I --body combinations at these speeds with axial  distributions of cross- 
sectional area (ref. 3 ) .  With t h i s  method a n W e r  of area distributions 
are used t o  determine the drag at a given  supersonic Mach rimer. These 
distribut-?ons are obtained by cutting  the  configuration  with  planes  inclined 
t o  the airstream at the Mach angle. This method is basically the 6- 88 
one developed by Jones  considering the Unear  theory of Hayes (ref. 4). 
Some preliminaq  results obtaFned at Iangley are presented i n  figure 8 
which show how the drag may be reduced a t  supersonic  speeds by reshaping 
the  fuselage on the basis of this method. The results are f o r  a delta- 
wing-body combination. The first three configurations shown are the 
same &B those shorn i n  figure 7. The body of the fourth  configuration 
w a s  indented  circularly so that the various area distr€butions determined 
by this supersonic method f o r  a Mach  number of 1.4 were relatively smooth. 
It may be  seen  that this indentation reduced. the t o t a l  &a@; coefficients 
at supersonic  speeds by significantly greater 8moutlt6 than  did  the inden- 
ta t ion designed for  a Mach m e r  of 1.0 (dashed m e ) .  A t  a Mach nuniber 
of 1.4, the  Further  reduction i e  roughly half the remaining pressure drag 
of the wing. 

4 

In conclusion,  the  results  presented have shown that, near the speed 
of sound, the drag rise f o r  a low-aspect-ratio  thin KLng-body configura- 

mea nom1 to the airstream. By using thfs relationship, it is possible 
t o  reduce greatly the drag rise of the conventional wing-body codinations 
by redesigning  the. fuselage t o  produce a smooth axial  distribution of area 
for  the combination. The resulting reshaped fuselage of the combFaatian 
should  not have abrqt  changes in contour. O f  course, t o  obtain the 

body should‘ be auff iciently high. 

, t ion  is generally a function of the axial distributdon of cross-sectional 

a 

lauest  possible drag coefficients, the fineness r a t i o  of the equivalent 

Langley Aeronautical Laboratory, 
National A d V i s ~ r y  Committee f o r  Aeronautics, 

Langley Field, Va ., S e p t d e r  3, 1953. 
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WING-BODY  COMBINATION AND EQUIVALENT  BODY OF REVOLUTION 

A 

Figure 1 

TRANSONIC FLOW PAST BODY WITH STRAIGHT WING 
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0" ROLL EQUIV. BODY 

Figure 2 
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TRANSONIC FLOW PAST BODY WITH 45" SWEPT WING 
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CP ROLL EQUIV. BODY 

COMPARISON OF DRAG-RISE  INCREMENTS AT M =  1.03 
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Figure 4(a) 
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DETAILS OF COMVENTtONAL CONFIGURATIONS 

Figure 4(b) 

DETAILS OF INDENTED CONFIGURATIONS 
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Figure 4 (c) 
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EFFECT OF BODY INDENTATION  ON  TRANSONIC  DRAG RISE 

M 
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EFFECT OF ADDITIONS TO BODY 
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AXIAL DISTRIBUTION OF CROSS-SECTIONAL AREA 
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Figure 6 
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EFFECT OF BODY INDENTATION ON SUPERSONIC ZERO-LIFT DRAG 

EFFECT OF INDENTATON BASED ON OBLIQUE AREA GUTS FOR M=L4 
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Figure 8 
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