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This paper presents cer ta in  considerations and techniqpes pertinent 
t o  the application of the supersonic area rule  t o  the desigh of aiPplane 
fuselages. Among the more important factors considered are  an extension 
of the rule  t o  account for  the interference e f fec ts  of the wing and t a i l  
on the general flow f i e l d  fo r  asymmetrical configurations, the deter-  
mination of fuselage area developments which r e su l t  i n  approximately the 
minimum wave drag, and the influence of wing parameters and dzsign Mach 
number on the effectiveness of fuselage shaping. Experimental r e su l t s  
obtained with various fuselage shapes are presented t o  indicate the 
effectiveness of the application of the supersonic area ru le  when u t i -  
l iz ing these considerations. 

INTRODUCTION 

A s  an extension of the transonic area rule ( r e f .  l), a supersonic 
area rule has been developed ( re fs .  2 and 3 ) .  This ru le  s t a t e s  t ha t  the 
wave drag of a wing-body-tail combination a t  a given supersonic speed is  
related t o  longitudinal developments of cross-sectional areas as inter-  
cepted by Mach planes. F'ublished ( re fs .  4 and 5 )  and unpublished wind- 
tunnel and f l i gh t  resu l t s  obtained for a number of configurations indi-  
cate tha t  fuselage shaping based on the proper application of t h i s  ru le  
resu l t  i n  significant reduction i n  wave drag throughout the f l i g h t  speed 
ranges of the various configurations. 

Since the publication of the basic rule, a number of additional con- 
siderations and techniques regarding i t s  application t o  the design of a i r -  
plane fuselages have been developed. These considerations do not invali-  
date the basic idea of the supersonic area rule as previously published 
but allow a more effective application of t h i s  re la t ion  t o  the design of 
fuselage contours of pract ical  a i r c ra f t .  No rigorous theore t ica l  justi- 
fications are presently available for  these considerations, which, for  - 
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the most par t ,  are based on physical reasoning. However, l imited experi- 
ments indicate tha t  usually these considerations provide improved drag 
character is t ics .  
summarize these various considerations and techniques. 

In the present report, an attempt has been made t o  

DET~INATION OF AREA DEVELOPMF;NTS 

Supersonic Area Rule 

On the basis of the supersonic area rule,  the zero- l i f t  wave drag 
fo r  an airplane i s  related t o  the longitudinal developments of the normal 
components .of cross-sectional area as intercepted by Mach planes inclined 
at the angle m as shown i n  figure 1. The various developments are 
obtained with the axis of tilt of these planes ro l led  t o  various positions 
around the center l i ne  of the configurations (8 For clar i ty ,  
the posit ion of the axis of tilt of the Mach plane is  maintained and the 
configuration is  rolled.  
According t o  the supersonic area rule, the wave drag fo r  the combination 
i s  the average value of the drags of the area developments so determined. 
O f  course, t h i s  result i s  only approximate. The supersonic area rule i s  
not exact even within the approximations of l inear  theory. However, for  
many configurations, it accounts for  the major par t  of the wave drag and 
has provided a useful t o o l  i n  the search fo r  low-di.ag airplanes. 

i n  f ig .  1). 

This procedure i s  i l l u s t r a t ed  i n  figure 1. 

The principal e f fec t  not accounted for  by the supersonic area rule  
i s  that of ref lected waves. Thus, in the supersonic-area-rule approxi- 
mation, it i s  assumed tha t  disturbances emanating from the wing or fuse- 
lage are not influenced by the presence of the wing, fuselage, o r  ta i l .  
I n  rea l i ty ,  some of the disturbances are ref lected by these components. 
The supersonic area rule  would be improved i f  procedures for  accounting 
f o r  these neglected e f fec ts  could be incorporated into the rule.  I n  
the next section, a simple method is  presented for estimating the e f fec t  
of ref lect ions produced by the wing and t a i l .  Generally, the reflections 
produced by the body are extremely complex, and no simple method has been 
developed fo r  handling these effects .  However, the influence of these 
ref lect ions i s  usually s m a l l  compared with those produced by the wing 
and t a i l .  

The application of the supersonic area rule may be simplified with- 
out a significant loss  i n  effectiveness beyond that associated with dis- 
regarding the ref lected e f fec ts  of the body by considering only the cross- 
sectional areas of the fuselage intercepted by normal cuts. The appli- 
cation of the ru le  is f’urther simplified without s ignif icant  loss i n  
effectiveness by us ing  for  wing cross-sectional areas the areas of sec- 
t ions normal t o  the plane of the wing through the intersection of the 
Mach planes with the plane of the wing. (See f ig .  2.) 
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Effect of Reflections Produced by the Wing o r  T a i l  Surfaces 

The problem of ref lect ions of disturbances by the wing o r  horizontal  
t a i l  for  asymmetrical configurations i s  i l l u s t r a t ed  by the  sketch i n  f i g -  
ure 3. Shown is  the side view of a symmetric wing i n  combination with a 
fuselage indented only above the wing. Most of the disturbances from the 
indentation above the wing which are directed downward are re f lec ted  
upward by the wing as shown; thus, the body shaping above the  wing should 
have l i t t l e  e f fec t  on the flow below the wing and an exaggerated e f f ec t  
above the wing. (For symmetrical configurations, the  re f lec t ion  of dis- 
turbances produced by changes i n  the  fuselage shape below the  wing replaces 
the disturbances produced by the upper par t  which could not pass through 
the wing. For such configurations, the ref lect ion e f fec ts  are  accounted 
for  by the basic area rule.) 

The adverse e f fec ts  that may be associated with such re f lec t ions  of 
disturbances by the wing f o r  asymmetrical configurations are i l l u s t r a t e d  
by the zero- l i f t  drag r e su l t s  presented i n  figure 4, which were obtained 
from reference 6. 
investigated i n  combination with an unindented fuselage and two indented 
fuselages. 
removed axial ly  symmetrically from the fuselage. In the other case the 
t o t a l  wing cross-sectional areas were removed only above the wing. With 
the asymmetrical indentation, the  incremental drag coeff ic ient  Q0, which 
i s  based on fuselage f ron ta l  area, w a s  considerably higher than t h a t  f o r  
the symmetrical indentation throughout the Mach number range of the test .  
Further, the asymmetric indentation produced adverse e f f ec t s  on the drag 
compared w i t h  those obtained with no indentation a t  Mach numbers above 1.1. 
Similar adverse e f fec ts  would be expected for  an airplane configuration 
w i t h  symmetrical w i n g  sections with fuselage shaping concentrated above or  
below the wing. For l i f t i n g  conditions, an asymmetric fuselage of the type 
shown i n  figure 4 may r e su l t  i n  reductions i n  wave drag .  

A de l t a  wing having symmetrical a i r f o i l  section was 

In one case the normal cross-sectional areas of t he  wing were 

For the usual design conditions, the problem of determining these 
ref lected e f fec ts  exactly i s  extremely complex since the re f lec t ion  i s  
only pa r t i a l .  However, a reasonable approximation of the e f f ec t  i s  
obtained by assuming tha t  the ref lect ion i s  complete for  disturbances 
originating i n  the region of the wing and i s  not present for  disturbances 
produced by the fuselage ahead of and behind the wing root.  
a n  assumption, the areas of the  fuselage above and below the  plane of 
the wing are considered separately; while ahead of and behind the wing, 
the complete fuselage areas are ut i l ized.  Such a procedure i s  s t r i c t l y  
applicable only when the wing leading edge is  supersonic. However, 
experimental r e su l t s  for  several  asymmetrical configurations, including 
those presented i n  figure 4,  have indicated tha t  fuselage contours based 
on these separate area developments provide increased reductions i n  drag 
even a t  lower Mach numbers. The areas above and below the horizontal  
t , a i l  are separated i n  a similar manner. 

With such 
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It seems reasonable tha t  the plane through the leading and t r a i l i n g  
edges of the wing root section should probably be used as the plane of 
division of cross-sectional areas. Also, reasonably, the areas should 
be divided above and below the wing a t  fuselage s ta t ions between those 
a t  which Mach planes intersecting the leading and t r a i l i n g  edges of the 
juncture sections of the surface cross the center l i ne  ( E  and F i n  
f ig .  5 ) .  

The cross-sectional areas t o  account for  the ref lected disturbances 
above or below the wing or t a i l  plane can be estimated by the method of 
images. Consider a cross section through a wing-fuselage combination 
as shown i n  figure 6. 
the flow in  the region above the w i n g  plane i s  the same as tha t  fo r  a 
wing fuselage composed of the mea  development above the wing plane plus 
i t s  mirrored image. Then the effects  of the ref lected waves are e s t i -  
mated by considering a configuration having twice the areas of the wing 
and fuselage above the wing plane. 
t o  obtain the areas fo r  below the w i n g  plane. 

Within the simplifying assumption described ear l ie r ,  

A corresponding procedure is  u t i l i zed  

In general, the combining of the area developments above or below 
the w i n g  or t a i l  planes with the complete areas fo r  the fuselage ahead 
or  behind the wing or t a i l  t o  form complete area developments w i l l  r e su l t  
i n  discontinuous developments (shown by the dashed l i n e  i n  f ig .  7). 
discontinuities do not represent r e a l  effects  of the asymmetric config- 
uration on the flow. Since the wave drag i s  related t o  the longitudinal 
r a t e  of change of cross-sectional area rather than t o  the cross-sectional 
area, the r e a l  e f fec t  is approximated by shif t ing the areas, as shown i n  
figure 7, so tha t  area developments are  continuous. 

These 

The cross-sectional areas fo r  cambered wings are also divided, w i t h  
the areas of the wing above the chord plane considered separately from 
those for  below t h i s  plane. 
are  considered with the corresponding fuselage areas. The favorable 
e f fec ts  on drag tha t  may be obtained through the use of fuselage contours 
designed on the basis of such divided areas for  a cambered wing are  i l l u s -  
t r a t ed  i n  figure 8. 
tes ted  i n  combination with two contoured bodies. The wing has an  aspect 
r a t i o  of 4.0, a taper r a t i o  of 0.15, an NACA 6 4 ~ 6 ,  
the root, and an NACA 64A.203, 
50-percent semispan t o  the t i p .  
bodies. The t o t a l  cross-sectional areas for  the two bodies were essen- 
t i a l l y  the same. One body w a s  shaped symmetrically t o  obtain favorable 
t o t a l  area distributions by using complete wing cross-sectional areas; 
the other body was shaped asymmetrically t o  obtain favorable area devel- 
opments above and below the wing plane by u t i l i z ing  divided wing cross- 
sectional areas. Since the area for  the cambered wing above the chord 
plane i s  greater than t h a t  below, the indentation of the fuselage above 

The wing areas above or  below the chord plane 

The cambered 4 5 O  sweptback wing of reference 5 was 

a = 0 section a t  
a = 0.8 (modified) section from the 

The wing i s  placed symmetrically on the 
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the w h g  i s  deeper than that below. 
The resu l t s  for  a Mach number 
tha t  the asymmetrical indentation resu l t s  i n  improvements i n  the  drag 
coefficients CD throughout the range of l i f t  coefficient CL. The 
reductions i n  drag a t  l i f t  coefficients are larger than those obtained 
near zero l i f t .  Such modifications also generally provide changes i n  the 
characterist ics of l i f t  coefficient and pitching-moment coefficient C, 
i n  the posit ive direction, as shown i n  figure 8, which should have a 
favorable e f fec t  on the trim drag for  most configurations a t  supersonic 
speeds. 

The design Mach number w a s  1.4. 
M of 1.43 presented i n  figure 8 indicate 

Usually, for  asymmetric configurations, fuselage modifications 
intended t o  reduce the wing or t a i l  disturbances axe concentrated near 
the wing or t a i l  ra ther  than being distributed around the fuselage periph- 
ery. 
of modifications thus concentrated, the cross-sectional areas for  the 
wing or horizontal t a i l  usually should be combined with the fuselage 
areas a t  the longitudinal s ta t ions where the obl iqw cutting planes for  
the w i n g  or t a i l  ( for  example, 
symmetry and the plane of the wing or t a i l  ( B  i n  f ig .  9).  Also, fuse- 
lage modifications intended t o  reduce the disturbances of the ve r t i ca l  
t a i l  are usually concentrated ne- the base of th& surface. For such 
cases, the cross-sectional areas of the ve r t i ca l  t a i l  usually should be 
combined with fuselage areas a t  the s ta t ions where the t a i l  cutt ing planes 
cross the upper surface of the fuselage in the region of the ta i l .  During 
the investigation of a high-wing airplane configuration, it w a s  found 
tha t  a fuselage modification designed on the basis of the area distri-  
butions obtained by combining areas in this.manner resulted i n  s ign i f i -  
cantly lower drag than did a modificatipn obtained by combining the areas 
where the oblique cutting planes crossed the center l ine  of fuselage. 

I n  order t o  define the most sat isfactory longitudinal development 

A i n  f ig .  9) cross the plane of l a t e r a l  

Number of Cutting Planes 

Analysis of fuselage contour designs made w i t h  varying numbers of 
area developments has indicated tha t  usually the changes i n  the fuselage 
l ines  obtained by using more than three area developments fo r  the upper 
or lower par ts  of the configuration should not r e su l t  in significant 
reductions of the drag beyond those obtained with three. The most effec- 
t i ve  application of the area rule would probably be realized by u t i l i z ing  
equally weighted developments obtained with cuts f o r  values of 8 
f ig .  1) of 150, 45O, and 75'. 
developments for  30' segments of a quadrant. However, suff ic ient ly  
accurate approximations of the resul ts  obtained using such cuts are 
arrived at by u t i l i z ing  the cuts for  
cuts are usually more readily obtained. In  arriving a t  an average drag 
coefficient or area distribution, twice as much weight is given the dis- 
t r ibut ion corresponding t o  the 450 plane since th i s  dis t r ibut ion defines 
the average conditions i n  space twice tha t  for  the other distributions.  

(see 
Such cuts define the approximate mean 

8 = 00, 45O, and goo. These l a t t e r  
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Several experimental investigations (refs. 7 and 8) have demonstrated 
tha t  the equivalent stream tube area for  the air swallowed by the  engine 
a i r  i n l e t  should be subtracted from the t o t a l  area development fo r  the 
configuration from the a i r  i n l e t  t o  the ex i t  ( f ig .  10) t o  obtain the  most 
sat isfactory interpretat ion of the wave drag using area development. 

For most airplanes the general stream flow usually separates from 
the fuselage surface a t  the  corner of the je t  ex i t .  Beyond t h i s  s ta t ion  
j e t  and separated flow displace the unseparated stream. The general 
displacement of the  stream generally expands downstream. For configura- 
t ions with nacelle-mounted engines, displacement of t he  j e t  may have a 
s ignif icant  influence on the  drag. For such cases, such an expansion of 
the je t  should be taken in to  account. However, for the  calculation of the 
wave drag for  configurations with bases which form the end of the  effec- 
t i ve  area development, the  addition of constant area at  the base would 
seem sat isfactory fo r  the  present. This area is obtained b y  subtracting 
the stream-tube area entering the i n l e t  from the base area ( f ig .  10) .  

SELECTION OF DESIRABLE LONGITUDWAL AREA 

DEVELOFMEPJT FOR FUSELAGE 

Basic Approach 

I n  order t o  obtain the optimum fuselage cross-sectional area devel- 
opment fo r  a symmetric airplane near the speed of sound, the  single wing 
and t a i l  areas are subtracted from the  t o t a l  or envelope area development 
which i s  indicated t o  have minimum drag character is t ics  fo r  the fixed 
conditions for  the configuration. However, a t  a given supersonic speed, 
the w i n g  or t a i l  has a number of area developments which may d i f f e r  con- 
siderably. Consequently, a given fuselage area development cannot pro- 
vide idea l  t o t a l  developments fo r  each of the wing developments. A 
compromise fuselage area development must be u t i l i zed .  
have determined analyt ical ly  ( r e f .  9) tha t ,  for  the idea l  conditions of 
fixed t o t a l  volume and length, the optimum compromise development is  
obtained by subtracting the average of the area developments f o r  the wing 
and t a i l  from the t o t a l  o r  envelope area development calculated t o  have 
minimum wave drag for  such conditions. Experimental results fo r  several  
configurations have indicated a similar conclusion (refs. 5 and 10, fo r  
example). It may be assumed t h a t  fo r  the fixed conditions of prac t ica l  
airplanes, the optimum fuselage area development i s  obtained i n  a similar 
manner. 

Lomax and Heaslet 
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For most prac t ica l  airplane configurations, the cross-sectional areas 
are usually fixed near the  nose, in the midregion, and near the t a i l  as 
shown i n  figure 11. Obviously, i n  the midregion, the fixed area includes 
the average wing areas superimposed on fixed fuselage areas, whereas near 
the rearward end of the airplane, the average t a i l  areas are added t o  the 
fuselage area. A t  supersonic Mach numbers fo r  the fineness r a t io s  u t i l i zed  
for  pract ical  a i r c ra f t ,  the slender-body theory does not provide a re l iab le  
indication of the area development for  minimum wave drag for  such fixed 
conditions; therefore, the nonslender l inear  theory should be u t i l i zed .  
However, because of the extreme complexity of t h i s  more inclusive theory, 
i t s  use for  the computation of the exact minimum-drag developments for  
these fixed conditions i s  impractical a t  present. 

Recently, Parker ( ref .  11) has used t h i s  more exact nonslender theory 
t o  compute the minimum-drag developments for  the similas but simpler con- 
di t ions of fixed lengths and fixed maximum area. Approximations of the 
developments for  the fixed conditions of prac t ica l  airplanes may be 
obtained through a consideration of the developments for  these simpler 
conditions. Although such developments depend on fineness r a t i o  and Mach 
number, for  the values of fineness r a t i o  of prac t ica l  in te res t  and for  
Mach numbers from 1 .2  t o  2 ( the probable range i n  which fuselage contours 
w i l l  be designed on the basis of the area rule)  the shapes are approxi- 
mately the same. The shape for  a mean condition of these ranges i s  shown 
i n  figure 12. This  shape i s  based on an interpolation of shapes obtained 
by Parker. 
of approximately s t ra ight  l ines  over most of the length. T h i s  suggests 
t ha t  the minimum-wave-drag envelope for  the fixed conditions shown i n  f ig-  
ure l l ( a )  might be approximated by fa i r ing  s t ra ight  l ines  tangent t o  the 
fixed area developments as shown. 

It may be noted tha t  t h i s  development has a corner and consists 

For many configurations, the maximum slopes of the average area 
development of the wing may not be suff ic ient ly  great t o  allow straight  
l ine  tangents t o  be drawn t o  t h i s  development. Such a condition i s  shown 
i n  figure l l ( b ) .  It seem reasonable tha t  for  such cases an arc, tangent 
t o  the development near the peak, as shown, would provide a sat isfactory 
envelope area development. Also, when the wing area dis t r ibut ion extends 
along the reasward end of the airplane, t h i s  wing =ea must be added t o  
the fixed fuselage and t a i l  areas t o  define the proper envelope. 
f ig .  ll(b).) 

(See 

The effects  of fuselage modifications based on several envelope area 
developments ( f ig .  13) have been determined during the tests of an airplane 
w i t h  420 swept Wings ( f ig .  14).  
fairings based on nonslender-body theory as jus t  discussed; the other 
approximates tha t  which would have minimum wave drag based on slender- 
body theory. The design Mach number was 1.2. The incremental minimum wave- 
drag coefficients, which are based on wing area, for  Mach numbers t o  1.2 
are presented i n  figure 13. The drag resu l t s  indicate t h a t  the fuselage 

One envelope u t i l i ze s  the s t ra ight- l ine 
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contours based on the straight-l ine-fairing envelope produce s ignif icant ly  
lower wave drag than did the contours based on the approximation of the 
slender-body theory. Before the nonslender-body theory became available, 
the use of the s t ra ight- l ine envelope rather than the slender-body-theory 
minimum-drag envelope was.proposed as a means for  improving the drag a t  
off-design conditions. Experimental resu l t s  for  several  configurations 
( f ig .  13 and unpublished resu l t s )  indicate tha t  the use of such an enve- 
lope i n  preference t o  one based on slender-body theory reduces the wave 
drag a t  off-design conditions considerably more than a t  the design 
conditions. 

Fuselage Area Developments 

The determination of the fuselage area developments fo r  asymmetric 
configurations i s  considerably simplified by f irst  arriving a t  an axia l  
development of t o t a l  fuselage areas assuming no ref lect ions by the wing 
or tai l .  The procedure described i n  the preceding section is  ut i l ized.  
Then, i n  the region of the w i n g  and t a i l  the t o t a l  area fo r  the fuselage 
i s  divided above and below the w i n g  or t a i l  so  tha t  the changes i n  average 
area for  these separate regions are the same as for  the design envelope. 
For symmetric wings or t a i l s ,  t h i s  requires tha t  the changes of area for  
the fuselage i n  these separate regions be made equal. 
or cambered wings, the fuselage shape i s  further modified by subtracting 
the average changes of areas fo r  the asymmetry from one side of the w i n g  
and adding t o  the other. 

For asymmetric 

With the use of an envelope as described, the indentation of the 
fuselage mea  development i n  the region of the wing is  usually re la t ively 
shallow compared w i t h  the maximum average cross-sectional area of the 
wing. For the example i l l u s t r a t ed  in figure 13, the indentation amounts 
t o  only 10 percent of the maximum average wing cross-sectional area. In  
some cases, a fuselage area dis t r ibut ion with no indentation but with a 
relat ively f l a t  portion i n  the region of the w i n g  may result i n  satis- 
factory wave drags over a range of supersonic speeds. 
be required for the conditions shown i n  figure l l ( b ) .  
drag associated with the  use of these fuselage contours w i t h  l i t t l e  or 
no indentation may be a t t r ibuted t o  the pressure f i e lds  produced by the 
special  longitudinal vasiations i n  the slopes of these area developments. 
Usually, changes i n  the slopes of the fuselage area developments m e  
relat ively gradual along the forebody, the midportion and i n  the region 
of the t a i l ,  but re la t ively severe near the leading edges of the root 
sections of the wing and t a i l  surfaces ( f ig .  13).  
changes may be re la t ive ly  severe near the trailing edge of the wing-root 
sect  ion. 

Such a shape would 
The reductions i n  

For some cases, the 
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For the applications of the simple supersonic area ru le  t o  the design 
of a i r c ra f t  fuselages, certain methods have been used fo r  the cross- 
sectional shaping of the longitudinal changes i n  fuselage area develop- 
ments intended t o  of fse t  the wing and horizontal- ta i l  disturbances. When 
feasible,  such changes have been concentrated on the sides of fuselage. 
When the depth of the fuselage side above o r  below the wing or  t a i l  i s  
re la t ively small, such a procedure may r e su l t  i n  excessive changes of the 
slopes of the l ines  of the fuselage sides, undesired increases i n  the 
fuselage wetted area, and unwieldy dis t r ibut ions of fuselage volume. For 
such conditions, the required changes i n  the fuselage area development 
have been dis t r ibuted around the top or bottom of the fuselage as w e l l  as 
on the sides. A s  an example, for  the high-wing airplane configuration 
shown i n  figure 14 the fuselage side below the wing w a s  suf f ic ien t ly  deep 
t o  allow a l l  the required changes i n  area t o  be concentrated on the sides; 
however, above the wing, a l l  the required changes i n  area were, of neces- 
s i ty ,  placed on the top of the fuselage. 

Where possible, the changes i n  the fuselage area development intended 
t o  offset  disturbances produced by canopies, stores,  nacelles, fa i r ings,  
and other similar components producing changes in the area developments 
should be placed as close as possible t o  these components. 

Recently, several  more comprehensive theories have been developed 
by Lomax and Heaslet ( r e f .  9) and Nielsen ( re f .  12) which provide means 
for  determining special  nonaxially symmetric dis t r ibut ions of volume of 
the fuselage which r e su l t  i n  lower wave-drag coefficients for  fuselage- 
wing-tail combinations than those obtained with fuselage shaping based 
on the supersonic area rule.  The overall  actual wave-drag character- 
i s t i c s  of prac t ica l  airplanes a t  the various operating speeds and a l t i -  
tudes may be further improved by the use of feasible fuselage shaping 
based on these more comprehensive theories. 

INFLUENCE OF AuipwwE DESIGN PARAbECERS 

ON EFFECTIVENESS OF FUSELAGE SWING 

Effect of W i n g  Design 

The range and re la t ive  magnitude of the favorable e f fec ts  of body 

Comparisons of 
shaping based on the supersonic area rule  are markedly influenced by 
the w i n g  configuration, as pointed out i n  reference 2. 
a number of experimental resu l t s  ( r e f .  4, fo r  example) have indicated 
that  the general overall  effectiveness of body shaping i s  usually greater 
w i t h  increased wing or t a i l  leading-edge sweep. Also, comparisons of 
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unpublished experimental r e su l t s  have shown that the re la t ive  effective- 
ness of body shaping is  larger  with the centroids of the cross-sectional 
areas of the wing or t a i l  closer t o  the fuselage. Such inward positions 
of these centroids are generally associated with lower aspect r a t io s  and 
taper r a t io s  of the plan forms and the use of spanwise reduction i n  the 
section thickness r a t io s  from root t o  t i p .  Greater wing sweep o r  inward 
positions of the centroids generally causes the area dis t r ibut ions for  
the w i n g  and t a i l  surfaces fo r  the various values of 0 at the various 
Mach numbers t o  approach more nearly the average dis t r ibut ion used t o  
design the fuselage contours. Thus, the i r regular i t ies  i n  the area dis- 
t r ibut ions for  these various conditions are less ,  as described i n  re f -  
erence 2, and the wave drag i s  less .  

It is  known tha t  increased plan-form taper and some spanwise vari-  
a t ion i n  the section thickness r a t i o  have favorable e f fec ts  on the weight 
of a Wing with a given aspect r a t i o  and mean thickness ra t io .  
of these effects ,  most airplanes incorporate wings w i t h  considerable 
taper i n  plan form and generally some taper in thickness ra t io .  
result of the additional favorable e f fec t  of such tapers on the effective- 
ness of body shaping, it i s  probable that for  configurations with con- 
toured bodies, these tapers should be greater than those considered 
optimum on the basis of analysis of the structure and aerodynamics of 
the wing only. 

Because 

A s  a 

Selection of Design Mach Number 

The design Mach number for  the fuselage contour which would pro- 
vide the optimum compromise performance for  the range of operation of 
am airplane i s  dependent on the re la t ive  importance of operations at  the 
various conditions and the effectiveness of the shaping at  these con- 
di t ions.  Unfortunately, l i t t l e  information is available on the effec- 
tiveness of various body shapes for  wide ranges of conditions. Until 
such information i s  obtained, it would seem advisable t o  design the con- 
tour fo r  a specific Mach number equal t o  a weighted average operational 
speed, within the l imitations discussed below. 

Comparisons of area developments and limited experimental. resu l t s  
( ref .  10, for  example) have indicated that ,  when a fuselage i s  shaped on 
the basis of the supersonic a res  rule  for  a Mach number s ignif icant ly  
greater than that for  which the leading edge becomes supersonic, the 
reduction i n  drag  at the design condition i s  generally only s l i gh t ly  
greater than that obtained a t  t h i s  speed w i t h  a shaping designed for  a 
Mach number l e s s  than the c r i t i c a l  value. On the other hand, the reduc- 
t ions i n  drag at  Mach numbers below t h i s  c r i t i c a l  value obtained w i t h  
such a shaping are considerably l e s s  than those resul t ing from shapings 
designed for  these lower speeds, par t icular ly  at Mach numbers near 1.0. 
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Therefore, the fuselage should generally not be designed for  a Mach nun- 
ber s ignif icant ly  greater than t h i s  c r i t i c a l  value, even though the 
average operating speed of the airplane may be well beyond thls speed. 

EXPERIMENTAL RESULTS 

I n  order t o  i l l u s t r a t e  the general effectiveness of shaping the 
fuselage on the basis of the supersonic area ru le  when u t i l i z ing  the con- 
siderations described i n  the preceding sections, the incremental drag- 
r i s e  coefficients of the airplane configuration shown in f igure 14 
w i t h  unmodified, pa r t i a l ly  modified, and finally modified f'uselage con- 
tours based on these considerations are presented i n  figure 15. The 
resu l t s  were obtained i n  the 8-foot transonic pressure tunnel at  tran- 
sonic Mach numbers up t o  1.2 and a t  a Mach number of 1.43. The design 
Mach number was 1.2. The resu l t s  presented are for  l i f t  coefficients 
near the minimum drag conditions. 
the p a r t i a l  modification included revisions t o  the forward and rearward 
portions of the fuselage, the f i n a l  modification wcluded additional 
modification t o  the midportion of the fuselage. 
drag-rise increments for  t h i s  example configuration fo r  Mach numbers 
from 1.00 t o  1.43 w a s  reduced by 0.0027 or 10 percent by the p a r t i a l  
modification and by 0.0068 or 25 percent by the final modification. 
basic drag  a t  subsonic speeds w a s  essent ia l ly  unaffected. Drag reduc- 
t ions of the same order as those shown were generally obtained at l i f t  
coefficients up t o  0.4. 

As indicated by the area developments, 

The average of the 

The 

CONCLUDING REMARKS 

Several of the more important indications of the foregoing analysis 
are as follows: In  order t o  obtain the greatest  reductions i n  drag by 
u t i l i z ing  the area rule,  the area developments fo r  the wing and fuselage 
above and below the wing- or tail-chord planes should be considered 
separately; i n  order t o  obtain the fuselage area development which pro- 
vides the approximate minbum wave drag for  a usual airplane configura- 
t ion  a t  moderate supersonic speeds, the average wing and t a i l  areas are  
subtracted from an envelope or t o t a l  area development constructed by 
fair ing approximately s t ra ight  l ines  t o  the usual regions of fixed meas; 
and, i n  order t o  obtain the lowest drag for  a range of Mach numbers, the 
maximum design Mach number for  the fuselage contours should generally be 
less  than tha t  a t  which the leading edge of the wing becomes supersonic. 

Langley Aeronautical Laboratory, 
National Advisory Committee for  Aeronautics, 

Langley Field, Va., May 10, 1956. 
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- F -- E- 

Figure 5.- Sketch indicating the region of division of areas above and 
below wing plane. 

xPlane of wing 

i W ’  
P---Mirrored image of part ‘ /  above wing 

Figure 6.- Sketch indicating procedures used t o  account fo r  ref lected 
effects .  

1 Continous development 

rTotal win and 
fusegage area 

Area above wing 

I 
Cross-sectional 

area 

I’ / 
/ I 

Length /Area above tail 

Figure 7.- Sketch i l l u s t r a t i n g  procedure for  obtaining continuous area 
developments above o r  below wing or t a i l  planes. 
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Symmetric fuselage 
Asymmetric fuselage 

Figure 8.- Comparison of drag and pi tch resul ts  obtained for symmetric 
and asymmetric fuselage modifications with cambered swept wing. 
M = 1.43. 
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A 

= Length 

(a) Basic method. 

b Length 

(b)Madified method 

Figure ll.- I l l u s t r a t ion  of procedure for determining the simplified 
minimum-wave-drag envelope for  fixed conditions of prac t ica l  
configurations. 

Cross-sectiml mea 

Length 

Figure 12.- Area development for minimum wave drag based on interpolation 
of nonslender l inear  theory; length and maximum area a t  0.5 length 
fixed. M = 1.4; length t o  maximum diameter = 10. 
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