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DRAG CHARACTERISTICS OF A SERIES OF LOW-DRAG BODIES 

OF RFVOLUTION AT MACH NUMBERS FROM 0.6 TO 4.0 

By Roy V. 	 Harris, Jr., and Emma Jean Landrum 
Langley Research Center 

SUMMARY 

An ana ly t ica l  and experimental study has been made of t h e  drag character­
i s t i c s  of a se r i e s  of low-drag bodies of revolution a t  Mach numbers from 0.6 
t o  4.0. The bodies considered i n  t h i s  study are length-volume Haack-Adams 
bodies and were derived, with t h e  use of slender-body theory, t o  have a minimum 
wave drag f o r  a given length, volume, and base area. Although t h e  wave drag of 
these bodies can be considered as minimum only f o r  t h a t  pa r t i cu la r  c lass  of 
bodies which are e i the r  closed (zero base radius) o r  have zero surface slope at  
t h e  base, it has been shown t h a t  t he  wave drag of these bodies i s  only s l i g h t l y  
greater  than tha t  for t h e  minimum-wave-drag body. When t h e  body base area i s  
zero, t he  Haack-Adams bodies are iden t i ca l  with the  Sears-Haack bodies. 

Wave-drag coef f ic ien ts  determined with the  use of slender-body theory are 
i n  good agreement with t h e  experimentally determined wave-drag coeff ic ients  near 
a Mach number of 1.0. However, as Mach number (M) is  increased, t he  slender-
body theory overestjmates t h e  body wave drag. These Mach number e f f ec t s  are 
greater  a t  the  lower fineness r a t io s .  The slender-body theory gives good agree­
ment near a Mach number of 1.0 because as the  Mach number approaches 1.0 the 

fineness r a t i o  becomes large w i t h  respect t o  d G and the  slender-body 
requirement i s  more nearly sa t i s f i ed .  A t  t he  higher Mach numbers, the  body 
fineness r a t i o  must be very large i n  order t o  satisfy the  slender-body require­
ment. Computations i n  which t h e  method of charac te r i s t ics  i s  used show good 
agreement with t h e  experimental r e su l t s .  

In  order t h a t  t he  turbulent skin-fr ic t ion drag data  could be compared on a 
convenient basis ,  t h e  average skin-fr ic t ion coeff ic ients  and corresponding 
Reynolds numbers were transformed t o  t h e  incompressible case by t h e  Sommer and 
Short T '  method (NACA TN 3391). Most of these data,  pa r t i cu la r ly  a t  t h e  lower 
transformed Reynolds numbers, f a l l  above the  K6rmdn-Schoenherr incompressible 
curve. A t  t he  higher transformed Reynolds numbers, t he  average sk in- f r ic t ion  
coeff ic ients  more near ly  approach t h e  K6rm6n-Schoenherr curve. This t rend would 
be expected since at  t h e  higher transformed Reynolds numbers, t he  boundary-layer 
thickness i s  smaller with respect t o  the  body radius  and, hence, more nearly 
approaches the  two-dimensional case. 



INTRODUCTION 

The a b i l i t y  t o  predict  t h e  drag of bodies of revolution has become increas­
ingly important as a r e s u l t  of t he  emphasis being placed on high-speed missiles 
and a i r c r a f t  i n  recent years. O f  par t icu lar  importance are the  so-called Haack-
A d a m  bodies of revolution (ref. 1)because they of ten a re  used as a bas is  f o r  
obtaining rapid estimates of body wave drag. When the  body base area i s  zero, 
t he  Haack-Adams bodies are iden t i ca l  with t h e  Sears-Haack bodies of revolution 
(refs. 2 and 3 ) .  The Haack-Adam bodies were derived by using slender-body 
theory i n  an attempt t o  define the  body shapes f o r  minimum wave drag. Although 
the  wave drag of these bodies can be considered as minimum only f o r  t h a t  pa r t i c ­
u l a r  c lass  of  bodies which a re  e i the r  closed (zero base radius) or have zero 
surface slope a t  the  base,, it has been shown t h a t  t h e  wave drag of these bodies 
i s  only s l i gh t ly  grea te r  than t h a t  f o r  the  minimum-wave-drag body ( r e f .  4) .  

Slender-body theory indicates  t ha t  t he  wave drag o f  Haack-Adams bodies i s  
invariant with Mach number. However, i f  t h e  supersonic area r u l e  is  used i n  
combination with slender-body theory i n  an attempt t o  account f o r  t he  Mach num­
ber e f fec ts ,  it can be seen tha t  there  should be some wave-drag var ia t ion  with 
Mach number f o r  these bodies ( r e f .  5 ) .  In  addition; it has been shown experi­
mentally tha t  t he  wave-drag coeff ic ients  f o r  a s e r i e s  of Haack-Adams bodies 
with a fineness r a t i o  of 8 do vary i n  the  Mach number range from 1.6 t o  2.4 and 
a re  l e s s  than t h a t  predicted by slender-body theory (ref.  6 ) .  Also, t he  r e s u l t s  
of skin-fr ic t ion calculations f o r  cones (ref.  7) indicate  tha t  t he  skin-fr ic t ion 
drag of bodies of revolution w i l l  be s l i g h t l y  grea te r  than t h a t  f o r  t he  equiv­
a l en t  f l a t  p l a t e  which is  most of ten used as a basis f o r  skin-fr ic t ion drag 
predictions.  

A s  a r e s u l t  of these considerations, a study has been made by ana ly t ica l  
and experimental means t o  determine the  drag charac te r i s t ics  over a wide range 
of Mach numbers and Reynolds numbers for a s e r i e s  of  Haack-Adams bodies of 
revolution designed t o  have minimum wave drag f o r  a given length, volume, and 
base area. 

SYMBOLS 

Measurements f o r  t h i s  investigation were taken i n  the  U.S. Customary System 
of Units. Equivalent values are indicated herein i n  the  Internat ional  System 
(SI) i n  the  in t e re s t  of promoting use of t h i s  system i n  fu ture  NASA reports .  
Details concerning the  use of SI ,  together with physical constants and conver­
sion factors ,  are given i n  reference 8. 

A cross-sectional area,  sq in .  ( m e t e d )  

'D,w wave-drag coeff ic ient ,  Wave drag 
q&ax 

transformed average skin-fr ic t ion coeff ic ient  

2 
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pressure coeff ic ient ,  P - Po0 
cP q 

d diameter, in. (meters) 

2 length, in.  (meters) 

M free-stream Mach number 

P loca l  s t a t i c  pressure, lb/sq in.  (newtons/meter2) 

Po0 free-stream s t a t i c  pressure, lb/sq in.  (newtons/meter2) 

9 free-stream dynamic pressure, lb/sq in.  (newtons/meter2) 

r radius,  in.  (meters) 

R" transformed Reynolds number based on body length 

X distance along longitudinal ax is  of body, in .  (meters) 

Subscripts: 

base base 

max maximum 

THEORETICAL CONSIDERATIONS 

Slender-body theory, which w a s  used i n  deriving the  Haack-Adams body 
shapes of t h i s  investigation, i s  a special  case of small-perturbation poten t ia l -
f l o w  theory with the  addi t ional  r e s t r i c t i o n  tha t  the  product r i f i  i s  very 
much l e s s  than x ( re f .  9) .  This theore t ica l  approach indicates  t ha t  f o r  t h i s  
c lass  of bodies ( i .e . ,  bodies which have e i the r  zero base radius  o r  zero sur­
face slope a t  the  base),  the  body wave drag i s  invariant with Mach number and 
depends only on the  fineness r a t i o  and degree of afterbody closure. The e f f ec t s  
t h a t  are predicted by slender-body theory of fineness r a t i o  and afterbody 
closure on the  wave drag of length-volume Haack-Adams bodies (ref. 1) are shown 
i n  f igure  1. 
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In  order t o  examine the  e f f ec t s  of Mach number on body wave drag f o r  a wide 
range of body fineness r a t io s ,  pressure d is t r ibu t ions  were computed by the  
method of charac te r i s t ics  (ref. 10) f o r  afterbody closure r a t i o s  of 0 and 0.532 

, and f o r  body fineness r a t i o s  from 5 t o  15. The calculations were made f o r  Mach 
numbers of 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0. The wave drag w a s  obtained by 
integrat ing the  computed pressure d i s t r ibu t ion  over t he  body according t o  t h e  
following re la t ion :  
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The equations for body radius  (derived from ref. 1) and wave-drag coeff i ­
c ien t  f o r  t h e  bodies with Abase/& = 0 are 

The corresponding equations f o r  t he  bodies with Abase/!,, = 0.532 are 

+ 0.16934 cos-'(l - Ff" 

The r e s u l t s  of t h i s  ana ly t ica l  study, along with the  corresponding r e s u l t s  
obtained with t h e  use of slender-body theory, are shown i n  f igures  2 and 3 f o r  
the  afterbody closure r a t i o s  of 0 and 0.532, respectively.  The charac te r i s t ics  
theory indicates  t h a t  body wave drag i s  not invariant  with Mach number and 
approaches the  slender-body theory with decreasing Mach number. Also, t he  Mach 
number e f f ec t s  a r e  grea te r  a t  t he  lower fineness r a t io s .  Thus, it can be seen 
t h a t  slender-body theory overestimates t h e  body wave drag, pa r t i cu la r ly  a t  t h e  
low fineness r a t i o s  and high Mach numbers where the  fineness r a t i o  2 / h a  i s  

not very large with respect t o  d G (i.e.,  where the  slender-body r e s t r i c ­

t i o n  r d z < <x i s  not met).  

EXPERIMENTS 

Models 

Haack-Adam bodies of revolution with fineness r a t i o s  of 7, 10, and 13 
were constructed of aluminum f o r  t he  afterbody closure r a t i o s  of 0 and 0.532. 
The longitudinal d i s t r ibu t ions  of body r a d i i  are shown i n  f igure  4 f o r  each 
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series. Photographs of t h e  models are presented i n  f igure  5 ,  and t h e  ordinates 
are given i n  t ab le  I. 

The theo re t i ca l  length of each O f  t h e  bodies with Abase/hax = 0 w a s  

38.240, 39.670, and 41.400 inches (97.130, 100.762, and 105.156 cm) f o r  t h e  
fineness r a t i o s  of 7, 10, and 13, respectively.  In  order t o  accommodate a 
sting-support system, these bodies were terminated a t  the  longitudinal s t a t i o n  
which,produced a base radius  of 0.880 inch (2.235 cm) a t  an ac tua l  length of 
36 inches (91.44 cm). Thus, t h e  t es t  models consisted of t h e  forward 36 inches 
(91.44 cm) of t he  theo re t i ca l  bodies. Since the  requirement of a sting-support 
system f o r  t h e  tes t  models eliminated the  poss ib i l i t y  of measuring the  t o t a l  
drag of t h e  theo re t i ca lbod ies ,  only pressure models were constructed f o r  t h e  
series with Abase Ihax= 0. Both force and pressure models were constructed 

f o r  t he  bodies with Abase/&,, = 0.532. 

Each of t h e  pressure models had a single  row of o r i f i c e s  along the  length 
of the body. A t  t h e  7- and 26-inch (17.78- and 66.04-cm) s ta t ions ,  o r i f i c e s  
were a l so  located 90' apar t  around t h e  bodies. The o r i f i c e  locations are given 
i n  t ab le  11. The force models were constructed so t h a t  t he  bodies could be 
attached t o  the sting-support system by means of an in te rna l ly  mounted s t r a in -
gage balance. 

T e s t s  and Corrections 

The tests were conducted i n  t h e  Langley 8-foot transonic pressure tunnel, 
i n  t he  Langley 4- by h-foot supersonic pressure tunnel, and i n  the high Mach 
number tes t  sect ion of t he  Langley Unitary Plan wind tunnel. The Mach number 
ranges f o r  t he  tests i n  each of t he  wind tunnels were 0.60 t o  1.20, 1.41 
t o  2.01, and 2.50 t o  3.95, respectively.  For a l l  tests, t he  dewpoint i n  the  
tes t  sections w a s  maintained su f f i c i en t ly  low t o  insure negl igible  condensation 
e f f ec t s  . 

Pressure tests.- The Reynolds number based on the body length of 36 inches 
(91.4q- c m )  a t  each t e s t  Mach number was as shown i n  the  following tab le :  

Iach number 

0.60 
.80 
90 
95 

1.00 
1.03 
1.20 
1.61 
2.01 
2.50 
2.96 
3.95 

Reynolds num 

9.5 x 106 
11.4 
11.9 
12.2 
12.4 
12.4 

12.7 
12.8 
11.1 
9.0 
9.0 
9.0 

_ _  . . 
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A l l  pressure data  were obtained with the angles of a t tack  and s ides l ip  of the 
model adjusted t o  produce a x i a l l y  symmetric pressure d is t r ibu t ions  a t  the 7­
and 26-inch (17.78- and 66.04-cm) s ta t ions .  The pressure data obtained i n  the 
Langley 8-foot transonic pressure tunnel and the Langley 4- by 4-foot super­
sonic pressure tunnel  were determined from photographs of t h e  multiple-tube 
manometer boards t o  which t h e  pressure leads from t h e  model o r i f i ce s  were con­
nected. In  the  Langley Unitary Plan wind tunnel, the  pressure measurements 
were made by connecting the o r i f i c e s  t o  valves which sample 48 pressures i n  
sequence on a s ingle  transducer. The transducer output was d ig i t ized  and 
recorded on punch cards t o  expedite data reduction. 

Force tests.- The force- tes t  portion of the invest igat ion w a s  performed 
f o r  t he  bodies w i t h  Abase/&ax = 0.532 only. The tunnel  stagnation pressure 
w a s  varied a t  each Mach number i n  order t o  obtain data f o r  a wide range of 
Reynolds numbers. A l l  the  force data  were obtained w i t h  angles of a t tack  and 
s ides l ip  of the model adjusted t o  produce zero normal force and zero s ide  force. 
The forces act ing on the bodies of revolution were measured by means of a s t ing-
supported six-component strain-gage balance mounted within t h e  models. The base 
pressures were measured by means of a s ta t ic-pressure o r i f i c e  located within the  
model base cavity, and the  measured drag forces  were adjusted t o  correspond t o  a 
base pressure equal t o  free-stream s t a t i c  pressure. 

Boundary-layer t r ans i t i on  was fixed on t h e  force models by placing 
1/8-inch-wide (0.318-cm) roughness s t r i p s  around the  bodies a t  t h e  1/2-inch 
(l.27-cm) s ta t ion .  For the tests i n  the  Langley 8-foot transonic pressure tun­
n e l  and i n  the Langley 4- by 4-foot supersonic pressure tunnel, t he  roughness. 
pa r t i c l e s  consisted of N o .  80 carborundum g r i t .  For the tests i n  the  Langley 
Unitary Plan wind tunnel, the  roughness p a r t i c l e s  were N o .  60 carborundum g r i t .  

RESULTS AND D I S C U S S I O N  

Pressure Distributions 

The measured surface pressure coeff ic ients  f o r  t h e  bodies of revolution 
with Abase/bax = 0 are presented i n  table 111. The experimental surface 

pressure coeff ic ients  are compared w i t h  those from charac te r i s t ics  theory at  a 
Mach number of 2.01 i n  f igure  6. Table N presents  t he  measured surface pres­
sure coeff ic ients  f o r  the bodies with Abase/hax = 0.532. The surface pres­
sure coeff ic ients  f o r  those Mach numbers a t  which comparisons could be made 
with the  charac te r i s t ics  theory a re  shown w i t h  t h e  theory i n  f igure  7. A s  
might be expected, t h e  limited comparisons shown i n  f igures  6 and 7 indicate  
good agreement between t h e  experimental pressure d is t r ibu t ions  and those deter­
mined by the method of character is t ics .  

Wave Drag 

Experimental wave-drag coeff ic ients  have been determined f o r  the bodies 
w i t h  Abase/&= = 0.532 by integrat ing t h e  measured surface pressure 
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coeff ic ients .  Figure 8 presents  a comparison between the experimental wave-drag 
var ia t ion with Mach number and t h a t  indicated by t h e  method of charac te r i s t ics  
f o r  t h e  fineness r a t i o s  of 7, 10, and 1.3. Also shown are t h e  drag l eve l s  indi­
cated by slender-body theory. The r e s u l t s  obtained with t h e  use of t he  charac­
t e r i s t i c s  theory show excellent agreement with t h e  experimental resu l t s ,  and 
the  slender body theory gives good agreement near a Mach number of 1.0. How­
ever, as Mach number i s  increased, t he  slender-body theory overestimates the 
body wave drag. It should a l so  be noted t h a t  t he  e f f e c t s  of Mach number are 
greater  a t  t h e  lower fineness r a t io s .  The slender-body theory gives good agree­
ment near a Mach number of 1.0 because as the  Mach number approaches 1.0 the  

fineness r a t i o  becomes la rge  w i t h  respect t o  d M 2  - 1 and the  slender-body 
requirement i s  more near ly  sa t i s f ied .  A t  t he  higher Mach numbers, t he  body 
fineness r a t i o  must be very la rge  i n  order t o  satisfy t h e  slender-body 
requirement 

Skin-Friction Drag 

The turbulent skin-fr ic t ion drag coeff ic ients  have been determined f o r  the  
bodies with Abase /hax  = 0.532 by subtracting the  experimental pressure drag 
from the  measured drag. In  order t h a t  these data  could be compared on a con­
venient basis ,  t he  resu l t ing  turbulent average sk in- f r ic t ion  coeff ic ients  and 
the  corresponding values of Reynolds number based on body length have been 
transformed t o  the  incompressible case by the  Sommer and Short T '  method 
(refs. 11and P).The transformed skin-fr ic t ion coef f ic ien ts  C$ and 

Reynolds numbers R* f o r  t h e  various Mach numbers and fineness r a t i o s  a re  com­
pared w i t h  t he  K&rm&-Schoenherr incompressible curve i n  f igure  9. 

Most of t he  data, pa r t i cu la r ly  a t  the  lower transformed Reynolds numbers, 
f a l l  above the  K&rmdn-Schoenherr curve. This trend would be expected since the  
K&&n-Schoenherr formula w a s  derived by using two-dimensional ( f l a t -p l a t e )  
re la t ions .  A t  the  higher values of the transformed Reynolds number, t he  average 
skin-fr ic t ion coeff ic ients  more near ly  approach the  K&rm&n-Schoenherr curve. 
T h i s  trend would a l s o  be expected since a t  the  higher transformed Reynolds num­
bers,  t he  boundary-layer thickness i s  smaller w i t h  respect t o  the  body radius  
and, hence, more nearly approaches the  two-dimensional case. 

CONCLUDING RENARKS 

The results of an ana ly t ica l  and experimental study of t he  drag character­
i s t i c s  of a se r i e s  of low-drag bodies of revolution a t  Mach numbers from 0.6 t o  
4.0 warrant the  following concluding remarks. 

Wave-drag coef f ic ien ts  determined with the  use of slender-body theory 
i . e . ,  small-perturbation potential-flow theory with the  addi t ional  r e s t r i c t i o n  

t h a t  t he  product of t he  body radius r and t he  Prandtl-Glauert f ac to r  {E 
i s  very much l e s s  than the  distance along the  longi tudinal  axis  of the  
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i n  good agreement with t h e  experimentally determined wave-drag coeff ic ients  near 
a Mach number of 1.0. However, as Mach number M is  increased, t he  slender-
body theory overestimates the  body wave drag. These Mach number e f f ec t s  a re  
greater at the  lower fineness r a t i o s .  The slender-body theory gives good agree­
ment near a Mach number of 1.0 because as t h e  Mach number approaches 1.0 the  
fineness r a t i o  becomes large with respect t o  JM2 - 1 and the slender-body 
requirement i s  more nearly sa t i s f i ed .  A t  t he  higher Mach numbers, t h e  body 
fineness r a t i o  m u s t  be very la rge  i n  order t o  satisfy the  slender-body require­
ment. Computations i n  which the  method of charac te r i s t ics  is  used show good 
agreement with the  experimental results. 

Most of the experimental transformed turbulent  average skin-fr ic t ion coef­
f i c i e n t s  f a l l  above the  Kdrmh-Schoenherr incompressible curve a t  t he  lower 
transformed Reynolds numbers. A t  the  higher transformed Reynolds numbers, the 
average skin-fr ic t ion coeff ic ients  more near ly  approach the  Kdrmdn-Schoenherr 
curve. T h i s  t rend would be expected since at  the higher transformed Reynolds 
numbers, t he  boundary-layer thickness i s  smaller w i t h  respect t o  t h e  body radius  
and, hence, more near ly  approaches the  two-dimensional case. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va. ,  August 17, 1965. 
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TABU I.- MODEL ORDINATES 

(a) U.S. Customary Units 

__ 
r in inches for 2/& = 

XJ 

in. 


0 0 0 0 0 0 0
. loo .089 .063 .049 .077 .054 .042 
.200 .149 .io6 .082 .131 .092 .071 
.300 .202 .143 .111 .18Q .126 097.400 .252 -177 .138 .223 .156 .120 
.goo .296 .209 .163 .264 .185 ,142
.600 .339 -239 .1% .302 .212 .163 
.TOO .379 .268 .208 .338 .237 .182 
.Eo0 .418 .296 .230 .373 .261 .201
.900 .456 .322 .251 .bo7 .285 .219 
1.000 .492 .348 .271 .440 .308 .237
1.500 .661 .467 .364 * 590 .413 .318 
2.000 .a11 .574 .447 * 725 .508 * 391
3.000 1.077 .763 .595 .964 .675 .5194.000 1.308 .927 .723 1.172 .a21 .631 
5.000 1.512 1.073 .838 1.357 -950 .7316.000 1.695 1.204 .941 1.524 1.067 .820
7.000 1.858 1.321 1.034 1.674 1.171 .901 

8.000 2.004 1.426 1.117 1.808 1.266 .974
9.000 2.135 1.521 1.190 1.930 1.351 1 039

10.000 2.251 1.606 1.261 2.041 1.429 1.099 

11.000 2.353 1.681 1.322 2.137 1.496 1.151 

12.000 2.442 1.747 1.376 2.227 1.557 1.197
13.ooo 2-519 1.805 1.424 2.300 1.610 1.238
14.000 2.584 1.854 1.465 2.366 1.656 1.274
15.ooo 2.636 1.895 1.501 2.423 1.696 1.30516.000 2.677 1* 929 1.530 2.470 1.729 1.330
17.ooo 2.706 1.954 1.554 2.507 1.755 1.350 
18.000 2.725 1.972 1.572 2.537 1.776 1.366
19.000 2.732 1.982 1.584 2.557 1.790 1.377 
20.000 2.727 1.985 1.591 2.568 1.798 1.383 
21.000 2.712 1.980 1.592 2.571 1.800 1.385 
22.000 2.685 1.968 1.588 2.566 1.796 1.382 
23.000 2.647 1.947 1.578 2.555 1.787 1.375
24.000 2.597 1.920 1.562 2* 532 1-772 1.363
25.ooo 2.536 1.884 1.540 2* 503 1.752 1.348
26.000 2.462 1.840 1.513 2.466 1.726 1.328
27.000 2.376 1.789 1.480 2.422 1.695 1.304
28.000 2.277 1.728 1.441 2* 371 1.660 1.277
29.000 2.164 1.659 1.396 2.314 1.620 1.246 

30.000 2-037 1.581 1.345 2.251 1.576 1.212 

31.000 1.895 1.494 1.286 2.184 1.529 1.176 

32.ooo 1.736 1.396 1.221 2.113 1.479 1.138 
33.000 1.558 1.287 1.149 2.042 1.429 1* 099 
33.500 2.006 1.404 1.080 
34.000 1.360 1.166 1.068 1-973 1.381 1.062 
34.500 1.941 1.359 1.045 
35.000 1.136 1.031 .979 1.912 1.339 1.030 
35.500 1.889 1.322 1.017 
36.000 .a80 .880 .a80 1.876 1* 313 1.010 
37.000 .577 -709 -770
38.000 173 .512 .648 
38.240 0 
39.000 .268 -509 
39.670 0 
41.400 0 
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TABLE I.- MODEL ORDINMES - Concluded 

(b) SI Units 

r in centimeters for 2/a- = 

X J  
cm 


0 0 0 0 0 
.254 .226 .160 .124 .196 
.508 -378 .269 .208 .333 
.762 

1.016 
.513 
.640 

363 
.450 

.282- 351 
.457 
.566 

1.270 
1.524 

752 
.861 

531 
.607 

.414 

.472 
.671 
.767 

1.778 .963 .681 .528 -859 
2.032 1.062 .752 .584 .947 
2.286 1.158 .818 .638 1.034 
2.540 1.250 .884 .688 1.118 
3.810 1.679 1.1% .925 1.499 
5.080 2.060 1.458 1.135 1.842 
7.620 

io.  160 
2.736 
3 322 

1.938 
2.355 

1.511 
1.836 

2.449 
2.977 

12.700 3.840 2.725 2.129 3.447 
15.240 4.305 3.058 2 * 390 3.871 
17.780 4.719 3.355 2.626 4.252 
20.320 5.090 3.622 2.837 4.592 
22.860 5.423 3.863 3.023 4.902 
25.400 5.718 4.079 3.203 5.184 
27.940 5.977 4.270 3.358 5.428 
30.480 6.203 4.437 3.495 5.657 
33.020 6.398 4.585 3.617 5.842 
35 * 560 6.563 4.709 3 721 6.010 
38.100 6.695 4.813 3.813 6.154 
40.640 6.800 4.900 3.886 6.274 
43.180 6.873 4.963 3.947 6.368 
45.720 6.922 5 * 009 3.993 6.444 
48.260 6.939 5.034 4.023 6.495 
50.800 
53.340 

6.927 
6.888 

5.042 
5 - 029 

4.041 
4.044 

6.523 
6.530-55.880 6.820 4.999 4.034 6 518 

58.420 6.723 4.945 4.008 6.490 
60.960 6.596 4. 877 3.967 6.431 
63.500 6.441 4.785 3.912 6.358 
66.040 6.253 4.674 3.843 6.264 
68.580 6.035 4.544 3.759 6.152 
71.120 5.784 4.389 3.660 6.022 
73.660 5.497 4.214 3.546 5.878 
76.200 5.174 4.016 3.416 5.718 
78.740 4.813 3.795 3.266 5.547 
81.280 4.409 3.546 3.101 5.367 
83.820 3.957 3.269 2.918 5.187-85.090 5 095 
86.360 3.454 2.962 2.713 5.011 
87.630 4.930 
88.900 2.885 2.619 2 A87 4.856 
90.170 4.798 
91.440 2.235 2.235 2.235 4 * 765 
93.980 1.466 1.801 1.956 
96.520 
97- 130 

,439 
0 

1.300 1.646 

99.060 .681 1.293 
100.762 0 
105.156 0 

0 0 
.I37 .107 
.234 .180 
.320 .246 
396 .305 

.470 .361 

.538 .414 

.602 .462 

.663 .511 

.724 .556 

.782 .602 
1.049 .808 
1.290 .993 
1- 715 1.318 
2.085 1.603 
2.413 1.857 
2.710 2.083 
2.974 2.289 
3.216 2.474 
3.432 2.639 
3.630 2.791 
3.800 2.924 
3.955 3.040 
4.089 3.145 
4.206 3.236 
4.308 3.315 
4.392 3.378 
4.458 3.429 
4.511 3.470 
4.547 3.498 
4.567 3 - 513 
4.572 3.51.8 
4.562 3.510 
4.539 3.493 
4.501 3.462 
4.450 3.424 
4.384 3.373 
4.305 3- 312 
4.216 3.244 
4.115 3.165 
4.003 3.078 
3.884 2.987 
3.757 2.891 
3.630 2 0 791 
3.566 2.743 
3.508 2 697 
3.452 2.654 
3.401 2.616 
3.358 2.583 
3 0 335 2.565 

~~ 



TABLE 11.- O R I F I C E  LOCATIONS 


Orifice 

*base/bax = A b a s e  &lax = 0.532 

1 0.010 0.010 0.009 0.011 0.009 0.010 

2 .016 .016 .015 .017 .017 .016 

3 .023 .022 .021 .024 .023 .023 

4 035 .034 .032 .038 .038 .038 

5 .052 .050 .048 .056 055 055 

6 .078 075 .072 .084 .083 .083 

7 .io5 .loo .096 .111 .111 .111 

8 .131 .126 .121 139 .138 139 

9 157 .151 .144 .167 .166 .166 

10 .183 .176 .168 .194 .194 .194 

11 .183 .176 .169 195 .194 .194 

12 .183 .176 .168 195 193 .194 

13 .183 .176 .169 .194 .194 .194 

14 235 .226 .217 .250 .222 .221 

15 .288 .277 .265 .306 .249 .250 

16 .340 378 .361 .361 277 .278 

17 392 .428 .409 .417 305 305 

18 .444 9 479 9 457 .472 .416 .417 

1-9 497 529 .502 .528 .472 473 

20 9 549 .604 9 578 584 .528 .528 

21 .628 0 655 .626 .667 9 583 584 

22 .681 0655 .626 .722 ,666 .667 

23 .681 9655 .626 .722 .722 723 

24 .680 655 .626 .722 723 723 

25 .680 0 705 .674 .722 .722 723 

26 733 755 723 778 723 723 

27 785 .806 771 9 833 778 778 

28 .838 .831 '795 .889 ..834 833 

29 .864 .856 .819 e 917 .889 ..889 

30 .890 .881 .843 .944 9 917 917 

31 917 .892 853 972 9 945 945 

32 927 .go2 863 983 972 972 

33 937 994 984 9 983 

34 995 994 


0 39.670 [ 41.400I 36.000- 56.000 36.0007 2 ,  in.3 38.240 
-00.762 105.156 91.440 31.440 91.440 
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-- 

TABLE 111.- PRESSURE COEFFICIENTS FOR THE BODY WITH A ~ ~ ~ ~ / A ~ ,= o 

Cp for M = 
~ ~~~ xi2 

3.80 0.90 1-95 1.00 1.03 1.20 ~ . 6 1  2.01 
~~~ 

3.010 0.375 3.417 0.453 3. 482 09 523 3.561 3 551 1.444 0.415 0.010
.016 ,325 363 398 .424 .464 503 .501 .405 .354 .016 
.023 .267 .300 .328 9 355 394 .436 9 435 .368 .330 ,023
.035 . l9l  .213 235 .260 .299 343 329 .267 .249 ,035
.052 .152 .171 . l91  .213 .e56 .298 .301 .229 .211 .052 
.078 .098 ,107 .119 .140 1.79 .224 .217 .175 .161 .078
.lo5 .054 .054 .064 9 079 .119 .163 173 .145 .131 . io5 
.131 .026 .027 .030 .043 ,082 -125 .136 .115 .io3 .131 
.157 .003 .002 .001 .011 .049 .092 .io3 .093 .083 .i57
.183 -.017 - .025 - 033 -.028 ,005 .047 077 .071 .065 .183 
0235 -0037 -e048 - .061 - 0 059 -.021 .015 .044 .Ob1 .037 ,235
.288 -.061 --.089 

076 -.095 - .io6 - ,071 -.031 .000 .013 .012 .288
.340 -.072 -.111 -.I24 - .lo2 - ,067 - .029 -.oio -.005 .340 
.392 -.Os - .io7 -9133 -.158 - 139 - .114 - .066 -.047 -.Ol9 .392
.444 -.084 -.105 - -134 - .162 -.151 -.I18 - .072 -.042 -.031 .444 
.497 -.085 - .io6 - 135 - .182 -.185 

- 176 - .I46 -e091 -.058 -.045 .497
.549 -.082 -.lo2 -.I29 - .174 - 157 - 099 w.072 -a055 ,549
.628 -.074 --094 - .115 - -144 - .213 - .187 - -124 -.09l -.073 .628
.681 -.059 -.051 

- 076 --094 - . io7 -.217 - 193 --140 -.099 -.080 .681 
-733 -0037 - .062 - .066 -.211 - 189 - 134 -.lo6 -.089 .733
-785 - e 0 1 2  -.021 -.025 - .023 - .189 - 193 --1.47 -.114 -.096 .785
.838 .oi3 .012 .017 .030 .o7� - .182 -.150 -.120 -.io1 .838
.%4 .047 .050 .060 075 .144 - .081 --144 -e117 -e099 .%4
.890 . o s  .096 .112 .129 193 .071 - 095 m.110 -.Og4 .89O 
.917 .14C .156 175 193 9 237 157 .064 -.067 -.O% .917
.927 .165 .1% .202 .221 .251 173 .110 -015 -.074 .927
0937 -194 .215 .229 	 .246 .264 .185 .138 -071 -e005 -937 . . ~-



TABLE 111.- PRESSURE COEFFICIENTS FOR THE BODY 

WITH Abase/%ax = o - Continued 

(b) 2/d" = 10 


cP for M = 

x/2 


1.60 0.80 0.90 


3.010 1. 214 0.23~0.255 
.016 199 .21E .232 
.022 ,156 .16: 179 
.034 .113 .11� .126 
.050 .090 .ogc .098 
075 .062 9 059 .063 

.loo 039 .031 .031 

.126 .019 .01c .006 

.151 .006 -.004 -.011 

.176 .001 -.012 -.016 

.226 --014-.031 -0039 

277 -.022 -9039 -.049 

378 ..031 -.051 -.063 

.428 - 039 -.060 -.076 

479 -.Oh3 -.063 -.078 

529 e. 048 -.069 -.085 

.604 m . 0 3 2  --049-.062 

655 * .028- 045 -.060 

705 ..009 -.022 -.033 

755 .003 -,009 -.015 

.806 .024 .013 .011 

.831 .040 .031 .031 

.a56 .061 .056 059 

.881 .088 .087 .094 

.892 .098 .lo2 .111 

.902 .114 .117 .130 


14 


0.95 1.00 

~~ 

0.276 0.31: 

.250 .28;

.196 .225 

.141 .172 

.io9 .142 

.074 .io3 

.038 .067 

.009 .034 


- . o n  .005 
-.016 .005 
--043- 9 033 -.058 --040 -.072 -.085 
--091- 095 
-.094 -.115 
-9099-.127 --069-.125 
-.070 -.124 
-.036 -.io6 
-.016 .018 
.015 .062 
.040 .085 
.072 .113 
.io8 .150 
.125 .167 
.145 .1% 

x/2

1.03 1.20 1.61 2.01 


0.347 0.289 0.252 0.226 3.010 

.321 .28E! .23t .194 .016 

.267 .244 .20� 179 .022 

.213 .166 .145 .130 .034 

.184 159 .14c .120 .050 

.147 .121 .lo� .092 075 

,110 095 .08: .069 .loo 
079 .071 .066 9 053 .126 
.049 .052 .05: .043 .151 
.046 .040 .042 .032 .176 
.005 .016 .017 .011 .226 -.009 .005 .013 .007 277 
-.067 -.032 -.02c -.018 378 -.082 - 045 -.026 -.023 .428 
- 9 097 -.060 -.041 --034 479 -.115 -0077- 057 529 
-.119 -.078 -.065 --043 .604 -.121 -,081 -.061 -.052 655 
-.114 -.069 -.063 - .050 705 -.112 - 079 -.063 -9053 755 -.io7 -.080 -.066 -.052 .806 
-.085 -.079 -.065 - 057 .831 -.007 -.067 - 057 -.056 .856 
.114 -.031 -.051 -.052 .881 
.152 -.008 --046--047 .892 
.182 .028 --044 .902 



-- 

TABLE 111.- PRESSURE COEFFICIENTS FOR THE BODY 

WITH Abase/hax = 0 - Concluded 

.i 

- -I 


Cp for M = 
. -. ..~ ~x/2 xi1 

0.90 1.20 1.61 2.01 
~.. .. 

1.009 ).170 0.185 0.196 3.228 0.260 0.282 0.262 0.212 0.182 1.009 
.015 .148 .153 .154 .180 .207 .231 .209 173 .156 .015 
.021 .118 .119 .i18 .144 .168 .192 .171 .131 .119 ,021 
.032 .079 .074 .076 .086 . io7 133 .096 079 9 079 .032 
.048 .071 .066 .071 -079 0093 .125 .116 .083 .078 .048 
.072 .062 .057 .056 .065 .083 .114 .089 .065 .060 .072 
.096 .035 .029 .024 .030 .ob2 073 .07e 057 .o52 .096 
.121 .023 .016 .010 .013 .023 .05s .054 .042 .036 .121 

.144 .021 .or3 .006 .010 .021 .066 057 035 .031 .144 

.168 .009 -.ooi -,011 -.010 -.010 .03E .031 .024 .021 .168 

.217 .005 -.oo4 -.013 -.012 -.009 .043 .024 .015 .012 .217 

.265 -.004 -.018 -.030 - e 0 3 1  -.033 .014 .ooe .002 -.001 .265 

.361 -.011-.024 -9037 -.040 -.050 - .02c - .013 --014 -.015 .361 

.409 -.007 -.021 -.033 -.034 -.060 -.03� - ,025 - .025 -.025 .409 

457 -.014 -.028 - .042 -.044 -.061 - .Oh: -.021 -.021 - .022 457 


.502 -.oi4 -.027 - .04C -.042 -.067 -.067 - 033 -.031 -.028 .502 

9 578 -.oio -.023 - 036 -.036 -.066 --074 -.03E -.038 -0033 578 

.626 -.010-.024 - .037 -.039 -.068 -.07: -.05C --045 - 040 .626 

.674 ,000 - . o n  -.01s -.019 -.025 - .07: --041 - -042 -0037 .674 

723 .006 -.007 -.014 -.014 .OOO -.o6E - 045 - .036 -.031 723 

771 .017 .006 .ooc .005 .017 - .07: - .052 - -042 -.038 771 

795 .027 .017 .014 .020 .036 - .071 - -056 --042 - -040 795 


.819 .037 .030 .027 .037 .056 --054 - .056 -0039 - 9 037 .819 

843 .058 .054 . o 5 ~  .071 .094 05: -.031 - .03e - .036 .843 


9 853 .067 .065 .071 .083 . log  .lot  - .02; -.032 - .032 853 

.863 .074 ,073 .081 .097 .124 .142 -.oi: -.028 .863 


~. _ _  - . .  ~-



Cp f o r  M = 

1.60 3.80 3.90 1.95 1.00 1.03 1.20 1.61 2.01 2.50 2.96 3.95 

1.011 I. 318 3 356 3 * 385 I.420 3 455 0.490 0.474 0.416 0.386 3. 341 3 323 3.302 3.011 
,017 .264 .296 317 347 .380 .417 391 .341 .314 ,270 .252 2 3 6  .017 
.024 .234 .262 .282 31.3 9 347 9 383 371 .291 .269 .229 .216 .198 .024 
.038 153 .170 .182 .208 .241 .281 .251 .226 .210 .184 175 159 .038 
.056 .134 .151 .161 .185 ,218 9 259 ,244 .201 .183 .154 .146 .128 .056 

.084 .089 .og8 .io8 .129 .160 .200 .192 159 .147 .122 .114 .098 .084 

.111 .051 .052 055 .071 .lo2 .142 .151 2 9  ,119 .098 ,094 .082 .111 

9 139 .027 .025 .023 ,038 .065 .io3 ,117 .io3 095 .078 9 077 .068 139 

.167 .008 .005 -.001 .008 .034 9 075 .082 077 073 .061 .060 053 .167 

.l94 - .008 - .016 - 024 - .018 .003 .042 .052 053 .054 .047 ,046 .043 .194 

.250 - .023 - .032 - .046 - 044 - .021 .018 .038 .038 ,041 .029 ,029 .028 .250 

.306 -0037 - .046 - .063 -.065 - 048 --014 009 .020 L O 2 1  .013 .016 .01g .306 

.361 - 049 - .064 -.083 -0093 - 084 - -054 - .022 --004 .003 -.001 .003 .016 .361 

.417 - 047 - .063 -.080 - .083 -.090 - 064 - .027 - .015 - .007 -.010 -.008 .001 .417 

.472 - 059 - 9 075 - ,098 -.107 - 112 -.O89 -.050 - .027 - .018 -.019 --.020 

017 - .006 .472 

.528 - .063 - .081 -,106 - 133 - .142 -.119 - .070 -.041 -.031 -e030 - .008 .528 

.?a4 - 9 057 - .071 -*093 - .io6 - .140 - .121 - 053 - 039 - 9 037 - .034 -.017 584 

.667 -.048 - .060 -.080 - 9 093 -0153 - ,066 --.061 

053 - 043 - 9 039 - .022 .667 

.722 - 049 - .060 - .080 -.091 - .172 - 079 - .054 - .O46 -.029 .722 

778 -.069 -0057 -9055 - .OM -SO29 778 

833 - .005 - .oog -.019 -.016 -.I23 -.122 -.087 -.067 -0057 - 055 - .Ob9 -.031 83.3 


.889 .016 ,013 .011 .020 ,005 - e 1 0 0  -.080 - .064 - .056 - .054 - ,048 -.031 .889 

917 .031 .036 035 ,047 .07e -.065 -.064 - .052 - -047 -.051 - .Ob5 - 031 917 


.944 ,041 .046 .050 .063 . lo5 -.025 -.Oh0 -.O38 - ,036 .944 

972 .047 057 .064 .078 .12i .03i .013 - 016 -.023 -SO31 -.031 - .018 9 972 

983 ,043 .052 059 073 .114 .039 .033 009 -.003 -.018 - .022 -.017 983 


9 994 .024 .031 .036 .050 -092 .029 .oog ,010 .006 -.010 -.ooe ,005 994 


L 1 



TABW IV.- PRESSURECOEFFICIENTS FOR THE BODY WITH Abase/ba = 0.532 - Continued 

(b) 2 / d m a  = 10 


Cp f o r  M = 

0.60 0.80 0.90 0.95 1.00 1.03 1.20 1.61 2.01 2.50 2.96 3.95 


0.009 0.201 0.220 0.239 0.259 0.298 0.222 0.200 0.183 0.174 0.009 
.017 .158 .165 1.75 .192 .229 .237 .208 ' .181 .169 .147 .134 .123 .017 
.023 .149 .151 .164 .180 .218 .227 .211 .167 .149 .128 .117 .102 .023 
.038 .I23 *a7 .131 .146 .182 -1-93 .194 ,156 *a5 .113 ,102 .088 .038 

' 

055 .089 ,091 .og1 .lo4 137 .151 .140 .1l2 .io3 .086 .082 .070 -055
,083 057 9 055 055 .062 .094 .la .111 .088 .081 .066 ,063 .054 ,083 
.111 ,038 .031 .026 .029 9 057 .085 077 .061 .056 .049 .045 .041 ,111 
.138 .032 .023 .01g .026 9 053 .089 .076 9 057 .048 .048 .042 .038 .138 

.166 .014 .004 -.006 -.005 .016 9 055 053 .042 .036 033 .032 .029 .166 

.194 .010 - 004 -.012 -.013 .006 ,050 .038 .032 .028 .026 .025 .023 .194 

.222 .005 -.007 -.017 -.018 -,001 ,045 .031 .026 .021 .022 .018 .018 .222 

.249 -.004 -.014 -.026 -.027 -.003 .041 .023 .017 .014 .01g .015 .018 .249 

-277 -.010 -.024 --.038 039 -.045 - 035 .oog .011 .007 .001 .009 .007 .014 277 

305 -.010 -.023 -,042 - 035 .006 .003 .003 -.016 .004 .007 ,007 9 305 

.416 -,022 - 041 -.057 -.067 -.069 --043 -.026 -.01g -.020 -.011 - 014 -.004 .416 

.472 -.022 -.041 -0057 --065 

--079 - 077 -,060 - 9 037 -.025 -.022 -.013 -.017 -.008 .472 

.528 -.021 -.Ob0 -.056 -.065 -.071 -.032 -.025 -.026 -.020 -.022 -.011 .528 

583 -.015 -.031 --047 -.052 -.078 --.089 079 -9037 -.031 - 035 -.025 -.027 -.011 583

.666 -.020 -.036 -.051 - 059 -.086 - 053 -,042 - 039 -.025 -.027 -.016 .666 

.722 -.014 -.031 -.046 -.051 -.087 - 097 -.065 --047 -0035 - 033 -.032 -.018 .722 

9 778 .004 -,008 -,021 -.023 -.052 -.080 - 041 -.Ob0 -.032 -9035 - 033 -.025 778 

,834 .014 004 -.004 - .003 035 -.072 -.Ob7 -.036 -.028 - 034 - 033 -.025 .834 

.889 .028 ,020 ,014 .018 .054 -.052 - 034 -.027 -.024 --030 - .032 -.025 .889 

91-7 ,036 .029 .023 .032 .064 -.040 -.031 -.022 -.018 917 

945 .041 037 9 035 .044 .076 -.013 -.01g -.016 .002 -.021 - 024 -.016 0 945 

972 .041 .040 .038 .049 .082 .026 .025 .009 .005 -.008 -.020 -.015 972 

984 .028 .023 .021 * 033 .064 .029 .01g .010 .003 -.001 -.011 .003 ,984 


w 995 .004 - 002 .000 .010 .043 035 -.031 -.001 -,002 -.013 -.009 995 




Cp for M = 
x/1 ~~~ 

1.60 3.80 0.90 3*95 1.00 1.03 1.20 1.61 2.01 2.50 2.96 3.95 

) .010 3 159 3.170 0.186 3.196 3.230 1.234 3.213 0.185 I. 161 3.145 0 1.37 0.124 3,010 
.016 133 133 .143 .150 ,181 .185 .185 .160 133 .118 .110 095 .016 
.023 .078 9 073 .076 077 .io5 . lo8 .120 .112 .089 077 079 .068 .023 
.038 0 079 .076 .078 077 . lo2 .114 .088 .070 .062 .054 055 ,043 .038 
055 .065 .062 .064 .062 .086 .io5 097 .081 .068 053 9 053 ,043 055 


.083 .045 9 039 037 033 9 053 .078 .070 .060 .049 .038 .041 .034 .083 


.111 .031 .024 .021 .014 033 .056 .052 .042 037 .028 .031 .029 .111 

139 .015 .003 - .004 -.013 - .002 .021 .034 ,032 .026 .023 .024 .023 139 


.166 ,012 .003 - ,002 - .012 -.001 .008 .024 .020 .017 .020 .021 .016 ,166 


.194 .013 ,004 -.001 - ,010 .001 .010 .022 .018 .013 .013 .016 .013 .194 


.221 .005 - .004 -.013 -.025 - .017 .000 .018 ,014 .008 .011 .012 .oog .221 


.250 .005 - .004 -.010 - .020 - .014 .013 .010 ' .010 .005 .008 .008 .005 .250 


.278 .000 - ,009 - .018 - 032 - .023 .017 .011 .004 .001 .003 .005 .004 .278 

9 305 - .005 -.017 -.028 -.040 -0037 .003 -.004 -.003 - .006 -.001 .002 .002 9 305 

.417 - ,015 - .029 -.041 - 057 -.058 - .018 -.025 -.oig - .017 -.013 -.012 - .005 .417 

473 -.010 -.022 - .032 - .Ob5 -.050 - .023 -e023 1 -.018 -.019 - .017 -.013 - .007 9 473 


.528 - .oog -.021 - .030 - 045 - .052 - 9 037 -.021 -.017 -.021 - .017 - .013 - .007 .528 


.584 -.ox2 -.023 - 033 -.048 - .061 - 9 057 4 3 5  -.031 - 025 - .024 - .020 - .012 584 
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Figure 1.- Effects  of afterbody closure and fineness r a t i o  on wave drag of 
length-volume Haack-Adam bodies of revolution as predicted by slender-
body theory. 
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Figure.2.- Effects of Mach number on wave-drag variation with body fineness 
ratio. Abase/&= = 0. 
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Figure 3 . - Effects of Mach number on wave-drag var ia t ion  with body fineness 
r a t io .  Abase/& = 0.532. 
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volume Haack-Adams bodies of revolution. 
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Figure 5.- Photographs o f  the models. 
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Figure 	6.- Comparison of experimental pressure d i s t r ibu t ions  with character­
i s t i c s  theory for t he  bodies with Abase/hax = 0. M = 2.01. 
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Figure 7.- Comparison of experimental pressure d i s t r ibu t ions  with character­
i s t i c s  theory f o r  the  bodies with Abase/ptnax = 0.532. 
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.Figure 7.- Continued. 
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Figure 7.- Concluded. 
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