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SUMMARY 

A n  experimental  and t h e o r e t i c a l  s tudy  of  sonic-boom gene ra t ion  o f  a b l u n t  
body a t  a high supersonic  Mach number has  shown t h a t  f o r  a c c u r a t e  measurement 
of  sonic-boom flow f i e l d s  wi th  convent iona l  s t a t i c - p r e s s u r e  probes,  s t r o n g  
pressure  f i e lds  w i t h  large flow a n g u l a r i t i e s  should be avoided. Small models, 
f o r  which l a r g e r  nondimensionalized d i s t a n c e s  and t h u s  weaker p res su re  f i e lds  
can be ob ta ined ,  are preferable t o  large models even w i t h  t h e  sacrifice i n  con­
s t r u c t i o n  accuracy and t h e  demands placed on measurement systems. When t h e  pur­
pose o f  sonic-boom t e s t i n g  is the  provis ion  o f  data f o r  use  i n  e x i s t i n g  geometric 
a c o u s t i c  e x t r a p o l a t i o n  methods, t h e  l i m i t a t i o n s  on overpressure  are even more 
demanding because s i g n a t u r e  impulse is  found t o  fo l low a c o u s t i c a l  d i s tu rbance  
l a w s  only for very weak flow f i e l d s .  The most s i g n i f i c a n t  f i n d i n g ,  however, i s  
tha t  t h e  a p p l i c a b i l i t y  o f  far-field sonic-boom theory  previous ly  demonstrated 
f o r  more s l ende r  shapes may now be extended t o  bodies  w i t h  r a t i o s  o f  diameter 
t o  l eng th  as g r e a t  as  two and t o  Mach numbers a t  least as  high as 4.14. T h i s  
l as t  conclusion i s  p a r t i c u l a r l y  important  i n  view o f  t h e  l i m i t a t i o n s  t o  the  use  
o f  e x i s t i n g  methods f o r  e x t r a p o l a t i o n  o f  c lose- in  experimental  data. 

INTRODUCTION 

A large number of  wind-tunnel experimental  programs ( refs .  1 t o  12)  have 
been conducted t o  explore  t h e  na tu re  of  sonic-boom phenomena and t o  d e f i n e  the  
a p p l i c a b i l i t y  of  t h e o r e t i c a l  p r e d i c t i o n  methods. Genera l ly ,  these s t u d i e s  dem­
o n s t r a t e d  a rather remarkable a b i l i t y  of  s i m p l i f i e d  t h e o r e t i c a l  methods (based 
p r imar i ly  on refs. 13 t o  16 and descr ibed  i n  ref. 17) t o  provide accurate e s t i ­
mates of  sonic-boom characterist ics f o r  a wide v a r i e t y  o f  bodies ,  wings, wing-
body combinations,  and complete supersonic  aircraft  conf igu ra t ions .  

L i t t l e  e f f o r t ,  however, has  been devoted t o  an exp lo ra t ion  of  t h e  a p p l i ­
c a b i l i t y  of the  theory  t o  very  b lun t  body shapes a t  h igh  supersonic  speeds -
shapes r e p r e s e n t a t i v e  o f  e n t r y  v e h i c l e s  and o f  exhaust  gas plumes t h a t  develop 
behind ascending spacecraft and dominate the  sonic-boom gene ra t ion .  Wind-tunnel 
tes ts  of t he  Apollo command module and of  t he  Sa turn  V-Apollo launch v e h i c l e  w i t h  
a s imulated exhaust  plume (refs.  18 and 19) have provided data f o r  e x t r a p o l a t i o n s  
which c o r r e l a t e d  w e l l  w i t h  f l i gh t - t e s t  r e s u l t s  ( refs .  20 and 21) .  These wind-
tunne l  measurements, however, were made only i n  t he  extreme nea r  f i e l d ,  and t h u s  
do no t  provide information on f low-f ie ld  development over a range o f  d i s t a n c e s  
s u f f i c i e n t  f o r  the  t e s t i n g  o f  t h e o r i e s  based on asymptot ic  approximations.  

Because o f  small d i s tu rbance  approximations made i n  its development, the  
theory  is commonly be l ieved  t o  be i n v a l i d  a t  hypersonic  speeds and p a r t i c u l a r l y  
so for b l u n t  shapes.  Never the less ,  i n  view o f  t he  past  successes  o f  the  theory ,
it is be l ieved  prudent t o  exp lo re  c a r e f u l l y  its l i m i t a t i o n s  rather than  t o  
accep t  a p r i o r i  i ts i n a p p l i c a b i l i t y  under c e r t a i n  cond i t ions .  
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The experiment descr ibed i n  t h i s  r e p o r t  p rov ides  data on t h e  f low f i e l d  
genera ted  by a b l u n t  body, a parabolo id  o f  r e v o l u t i o n  w i t h  a r a t i o  o f  diameter  
t o  l e n g t h  o f  two, a t  a Mach number o f  4.14. To provide s u f f i c i e n t  d a t a  on t h e  
evo lu t ion  of  the  f low f i e l d  f o r  comparison wi th  far-field t h e o r e t i c a l  estimates, 
measurements o f  s ta t ic  p r e s s u r e s  genera ted  by models o f  two d i f f e r e n t  s izes  were 
made a t  d i s t a n c e s  from 2 t o  32 body l e n g t h s .  The extreme c lose - in  d i s t a n c e s  
were included t o  provide more informat ion  on s i g n a t u r e  development, and t o  he lp  
assess problems encountered i n  measurement o f  s t a t i c  p r e s s u r e s  i n  s t r o n g  shock 
f i e l d s .  The models o f  d i f f e r e n t  s i z e s  a ided  i n  a s tudy  o f  t h e  compromise 
between large models f o r  a c c u r a t e  geometr ic  d e f i n i t i o n  and small models for 
gene ra t ion  o f  weak flow f i e l d s  meeting the  requirements  o f  a c o u s t i c a l  ex t rap­
o l a t i o n  methods. 

SYMBOLS 

A c r o s s - s e c t i o n a l  area normal t o  body a x i s  

D body maximum diameter, base diameter  

1 T AI1 

F(T) area d i s t r i b u t i o n  f u n c t i o n ,  

h perpendicular  d i s t a n c e  from model c e n t e r  l i n e  t o  measuring probe 

K r  r e f l e c t i o n  f a c t o r  

2 model l e n g t h  

M Mach number 

P r e fe rence  p r e s s u r e ,  free stream s t a t i c  

AP incrementa l  p r e s s u r e  due t o  model f low f i e l d  

APA ad jus t ed  incrementa l  p re s su re  a t  bow shock of  measured 
p res su re  s i g n a t u r e  (see f ig .  6 ( b ) )  

Apb incrementa l  p re s su re  a t  bow shock o f  t h e o r e t i c a l  p re s su re  s i g n a t u r e  

r body r a d i u s  

X d i s t a n c e  measured a long  body l o n g i t u d i n a l  a x i s  from body nose 

Ax l o n g i t u d i n a l  d i s t a n c e  from p o i n t  on p res su re  s i g n a t u r e  t o  p o i n t  
where p re s su re  s i g n a t u r e  curve  c r o s s e s  zero-pressure r e fe rence  
a x i s  

AX A ad jus t ed  va lue  of l e n g t h  of p o s i t i v e  p o r t i o n  o f  measured p res su re  
s i g n a t u r e  (see f ig .  6 ( c ) )  
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AXb l e n g t h  o f  p o s i t i v e  p o r t i o n  o f  t h e o r e t i c a l  p re s su re  s i g n a t u r e  

Y r a t i o  o f  s p e c i f i c  heats (1.4 f o r  a i r )  

e angle  between r a d i a l  l i n e  through probe o r i f i c e  and l i n e  between 
probe and model c e n t e r  l i n e s  (see f ig .  3)  

T dummy v a r i a b l e  of  i n t e g r a t i o n  measured i n  same d i r e c t i o n  and us ing  
same u n i t s  as x 

TO value  o f  T g i v i n g  largest p o s i t i v e  va lue  of  i n t e g r a l  iTF(T) dT 

A prime i s  used t o  i n d i c a t e  a first d e r i v a t i v e  and a double prime is  used 
t o  i n d i c a t e  a second d e r i v a t i v e  w i t h  r e s p e c t  t o  d i s t a n c e  a long  the  model a x i s .  

MODELS, APPARATUS, AND TESTS 

To o b t a i n  data f o r  a wide range  o f  d i s t a n c e s  from t h e  model (expressed i n  
terms o f  t h e  model l e n g t h ) ,  i t  w a s  necessary  t o  c o n s t r u c t  two models. These 
models i l l u s t r a t e d  i n  f i g u r e  1 had i d e n t i c a l  forebody shapes but  d i f f e r e d  i n  
scale by a f a c t o r  o f  4. T h i s  made i t  p o s s i b l e  t o  measure p re s su re  s i g n a t u r e s  
f o r  the large model a t  nondimensionalized d i s t a n c e s  o f  2, 4, and 8 ,  and f o r  t he  
s m a l l  model a t  nondimensionalized d i s t a n c e s  o f  8, 16, and 32; these d i s t a n c e s  
are w e l l  w i th in  the  l i m i t e d  space o f  the  wind-tunnel t e s t  s e c t i o n .  The model 
forebodies  are pa rabo lo ids  def ined  by t h e  equat ions  shown i n  t he  f i g u r e .  The 
s t i n g  suppor ts  f o r  t h e  models were designed t o  avoid the  gene ra t ion  of  a pres­
s u r e  d i s tu rbance  ahead of the  expansion from the  forebody maximum diameter. 

A ske t ch  o f  t he  wind-tunnel t es t  appa ra tus  is  a l s o  shown i n  f i g u r e  1 .  The 
model a c t u a t o r ,  mounted on the  tunne l  s i d e w a l l ,  p rovided . remote ly  c o n t r o l l e d  
l o n g i t u d i n a l  motion f o r  t h e  model. P re s su re  probes,  mounted on t h e  permanent 
tumnel s t i n g  suppor t  system were capable o f  remotely c o n t r o l l e d  la teral  and 
l o n g i t u d i n a l  movement. The tunne l  s t i n g  suppor t  motion w a s  used t o  place t h e  
model and the  p res su re  sens ing  appa ra tus  i n  the  proper  r e l a t i v e  p o s i t i o n  and 
the  model a c t u a t o r  w a s  used t o  move the  model from one p o s i t i o n  t o  another  as 
the  measurements were taken.  The pressure-sensing appa ra tus  was cons t ruc t ed  
so t h a t  the  p res su re  s i g n a t u r e  o f  t h e  modei ( a l l  t h e  s i g n a t u r e  ahead o f  t h e  
expansion from the  forebody maximum diameter) could be registered by the  sens ing  
probe before  t h e  bow shock impinged on the  o r i f i c e s  o f  t h e  r e fe rence  probe. 

The probes were very  s l e n d e r  cones ( 2 O  cone ha l f - ang le ) ,  each having t o p  
and bottom o r i f i c e s  w i t h  a diameter o f  0.089 cm.  Note t h a t  a l i n e  connect ing 
t h e  p a i r  o f  o r i f i c e s  i s  perpendicular  t o  t he  h o r i z o n t a l  p lane  con ta in ing  the  
model and the  probe. The s e l e c t i o n  of a p a i r  o f  o r i f i c e s  rather than the  
previous ly  used set o f  f o u r  w i t h  c i r c u m f e r e n t i a l  spacing o f  90° i s  d iscussed  
later.  Other c o n s i d e r a t i o n s  t o  be taken i n t o  account i n  provid ing  a c c u r a t e  
wind-tunnel measurements o f  sonic-boom characterist ics are g iven  i n  refer­
ences  22 and 23. 
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TEST CONDITIONS 

The i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley Uni ta ry  Plan wind tunnel  
a t  a Mach number of 4.14 with  a s t a g n a t i o n  p res su re  l e v e l  o f  V.20 MN/m2 
(29.55 p s i a )  and a s t a g n a t i o n  tempereature  o f  800 C (1760 F ) .  

THEORETICAL CONSIDERATIONS 

The c h a r a c t e r  o f  s p a c e c r a f t  c o n f i g u r a t i o n s  and t h e i r  o p e r a t i o n a l  environ­
ment permit  t h e  use  o f  far-field theory  f o r  sonic-boom p r e d i c t i o n s .  The b lunt ­
n e s s  i n s u r e s  a r a p i d  coa lescense  of shocks t o  produce a s imple wave form e a r l y  
i n  t h e  propagat ion and t h e  high a l t i t u d e s  provide a s u f f i c i e n t  t i m e  f o r  t h e  
formation o f  classical  far-field "N-wave" p r e s s u r e  s i g n a t u r e .  

The e x i s t i n g  nea r - f i e ld  t h e o r e t i c a l  p r e d i c t i o n  methods are, i n  fac t ,  inap­
p r o p r i a t e  f o r  t h i s  a p p l i c a t i o n .  The n e a r - f i e l d  numerical  p r e d i c t i o n  methods 
(refs.  24 and 25) have been shown t o  provide detai led s i g n a t u r e s  which c o r r e l a t e  
w e l l  wi th  measured s i g n a t u r e s  f o r  supersonic  c r u i s e  a i r p l a n e s .  However, t h e  
so-ca l led  nea r - f i e ld  t h e o r i e s  are based on a suppos i t i on  t h a t  t h e  gene ra t ing  
bodies  are long and s l e n d e r  and t h e  d i s tu rbances  weak; c o n d i t i o n s  which obviously 
are not  m e t  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  It might be noted t h a t  t h e  nea r - f i e ld  
theory  g i v e s  s i g n a t u r e s  which i n  a l l  cases are longer  than those  g iven  by far-
f i e l d  theory  f o r  t h e  same cond i t ions ;  whereas,  as  w i l l  be seen ,  b l u n t  shapes 
a c t u a l l y  produce s i g n a t u r e s  very much s h o r t e r  than those  g iven  by the  f a r - f i e l d  
theory .  

Another approach f o r  t h e  development o f  n e a r - f i e l d  (and far-f ie ld)  predic­
t i o n  methods which may be a p p l i c a b l e  t o  b l u n t  c o n f i g u r a t i o n s  is being pursued 
by L. Ting ( r e f .  26). T h i s  procedure which is based on t h e  method o f  cha rac t e r ­
i s t i c s  does not  have t h e  inhe ren t  l i m i t a t i o n s  o f  t h e  l i n e a r i z e d  theory  methods 
on which p r e s e n t  t h e o r i e s  are based. 

The f a r - f i e l d  theory  t o  be employed i n  t h i s  s tudy  is descr ibed  i n  refer­
ences  13 and 15. Discuss ions  o f  t h e  theo ry ,  development o f  numerical  methods 
f o r  i ts implementation, and numerous c o r r e l a t i o n s  wi th  experimental  data are 
given i n  r e f e r e n c e  27. 

I n  t h e  fo l lowing  equa t ions  obtained from r e f e r e n c e  15, t h e  bow shock over­
p res su re  d i r e c t l y  under t h e  f l i g h t  pa th  o f  an aircraft  i n  l e v e l  supersonic  
f l i g h t  is related t o  t h e  geometry of the  a i rcraf t  and t h e  f l i g h t  cond i t ions :  

The l eng th  o f  t h e  p o s i t i v e  po r t ion  of  t h e  "N wave" p r e s s u r e  s i g n a t u r e  is  g iven  
by 
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Thus t h e  impulse or t h e  area under t h e  p o s i t i v e  po r t ion  o f  the s i g n a t u r e  i s  

sAp dx = --KryM2J T 0  F(T) d-r (3)f i G  0 

For a body wi th  no l i f t ,  the  func t ion  F(T) i n  equa t ions  ( I ) ,  (21 ,  and ( 3 )  
depends only on t h e  l o n g i t u d i n a l  d i s t r i b u t i o n  o f  c ros s - sec t iona l  area and is 
def ined  as 

For previous  s t u d i e s  i n  which t h e  bodies  were s l e n d e r  and t h e  d i s tu rbances  prop­
aga ted  a long  l i n e s  no t  t oo  far d i f f e r e n t  from Mach l i n e s ,  area d i s t r i b u t i o n s  as 
def ined  by supersonic  area r u l e  concepts  were employed. I n  t h i s  i n s t a n c e ,  where 
t h e  b lun t  shape f o r c e s  t h e  formation o f  a normal shock ahead of  t he  nose,  nor­
m a l  area d i s t r i b u t i o n s  are be l ieved  t o  be more appropr i a t e .  

For t h e  body shape chosen f o r  t h i s  experiment,  t h e  t h e o r e t i c a l  sonic-boom 
characteristics may be determined by a completely a n a l y t i c  process .  The area 
development is simply A = nx2. With proper care i n  handl ing a s i n g u l a r i t y  i n  
t h e  second d e r i v a t i v e  o f  t he  area development a t  t h e  nose,  i n  a manner similar 
t o  tha t  used i n  r e fe rence  28, t h e  sonic-boom s i g n a t u r e  q u a n t i t i e s  become 
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The s i g n a t u r e  c h a r a c t e r i s t i c s  may a l s o  be  expressed i n  convenient parametr ic  
forms which, wi th  Y set equal  t o  1 .4 ,  are 

For t h e  cond i t ions  o f  t h i s  t es t ,  t h e  parameters  become 

= 11.12 

Through use of  t h e s e  parameters ,  t h e o r e t i c a l  s i g n a t u r e s  f o r  a given body 
a t  a given Mach number may be represented  by a s imple N-wave. Var i a t ions  wi th  
d i s t a n c e  are taken  i n t o  account  i n  t h e  parameters .  The f a r - f i e l d  parametr ic  
form of  s i g n a t u r e  p r e s e n t a t i o n  i s  p a r t i c u l a r l y  u s e f u l  i n  a n a l y s i s  of  exper i ­
mental  d a t a .  It may be used, as  w i l l  be shown la te r ,  t o  assess t h e  degree t o  
which f a r - f i e l d  c o n d i t i o n s  are approached and t o  eva lua te  t h e  a p p l i c a b i l i t y  of  
t h e  theory .  

RESULTS AND DISCUSSION 

Basic d a t a  f o r  t he  measured s i g n a t u r e s  a t  va r ious  d i s t a n c e s  are shown i n  
f i g u r e  2 .  The r a t i o  of  t h e  incremental  p r e s s u r e s  t o  t h e  free-stream s t a t i c  
va lue  is  p l o t t e d  as  a func t ion  o f  nondimensionalized d i s t a n c e  from t h e  ze ro  
incremental  p re s su re  p o i n t .  
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The cause o f  the  double peaked behavior  o f  the  s i g n a t u r e s  i n  the  v i c i n i t y  
o f  the  bow shock, which i s  p a r t i c u l a r l y  no t i ceab le  f o r  t h e  c lose- in  p o s i t i o n s ,  
is unknown. It may be the  r e s u l t  o f  a shock-boundary-layer i n t e r a c t i o n .  
A t  larger d i s t a n c e s  where t he  shock s t r e n g t h  i s  much reduced and the  p res su re  
peaks less sha rp ly  de f ined ,  t h e  doubled peak behavior  t ends  t o  d isappear .  

It w i l l  be noted t h a t  superimposed on each of  t he  measured and faired sig­
n a t u r e s  is an ad jus t ed  s i g n a t u r e .  A shock f r o n t  i s  known t o  be extremely t h i n ,  
and measured s i g n a t u r e s  would be expected t o  d i s p l a y  a sha rp ly  def ined  pres­
s u r e  rise i n  t he  v i c i n i t y  of a shock were i t  no t  f o r  t he  effects  of  model and 
probe v i b r a t i o n  and probe. boundary l a y e r  which cause t h e  p res su re  r ise t o  
spread  over  a f i n i t e  d i s t a n c e .  A method of  r e c o n s t r u c t i n g  an i d e a l i z e d  i n v i s ­
c i d  s t eady  uniform f low s i g n a t u r e  from measured data devised i n  r e f e r e n c e  27 
has been app l i ed  t o  these data. The adjustment  c o n s i s t s  of  extending forward 
t h e  p re s su re  curve behind the  shock and i n s e r t i n g  a v e r t i c a l  l i n e  t o  r e p r e s e n t  
an ad jus t ed  shock so t h a t  t h e  area under the  o r i g i n a l  s i g n a t u r e  is preserved.  
For t h e  h/Z = 2 s i g n a t u r e ,  t he  complete ad jus t ed  s i g n a t u r e  i s  n o t  shown; how­
e v e r ,  t h e  estimated peak va lue  o f  b p ~ / p  is given.  For t h i s  s i g n a t u r e ,  uncer­
t a i n t i e s  i n  forward e x t r a p o l a t i o n  o f  t h e  s i g n a t u r e  behind t h e  shock prec lude  
any accu ra t e  de te rmina t ion  o f  the  ad jus t ed  shock p res su re  rise. Adjusted sig­
n a t u r e s  can be adequate ly  def ined  f o r  t h e  remaining d i s t a n c e s .  

Before cont inuing  w i t h  t h e  d i scuss ion  o f  r e s u l t s ,  i t  seems appropr i a t e  t o  
d i s c u s s  t he  s e l e c t i o n  of  t h e  measuring probe used i n  these tes t s ,  and t h e  prob­
lems encountered i n  a t tempt ing  t o  a c c u r a t e l y  measure s t a t i c  p r e s s u r e s  i n  flow 
f i e l d s  w i t h  s t rong  shocks and large flow a n g u l a r i t i e s .  One of  t h e  problems i n  
wind-tunnel sonic-boom measurement is t o  provide an  adequate  d e f i n i t i o n  o f  t he  
p res su re  rise a c r o s s  and the  l o c a t i o n  of  a r e l a t i v e l y  t h i n  i n c l i n e d  shock f r o n t .  
Orifices i n  mul t ip l e  o r i f i c e  probes are commonly arranged i n  a p lane  i n c l i n e d  
a t  the  Mach angle  or t h e  shock ang le  t o  provide a better d e f i n i t i o n  o f  t he  pres­
s u r e  rise a c r o s s  t h e  snock. When measurements are t o  be made a t  more than  one 
Mach number, more than  one probe or, more p r a c t i c a l l y ,  a compromise des ign  i s  
requ i r ed .  Even f o r  t h i s  test  a t  a s i n g l e  free-stream Mach number, t he  l o c a l  
shock f r o n t  ang le  var ied  from about  3 3 O  t o  1 4 O .  Earlier unreported s t u d i e s  have 
shown t h a t  a two o r i f i c e  probe which does not  have t h i s  problem ( a  l i n e  con­
nec t ing  t h e  two o r i f i c e s  i s  perpendicular  t o  t h e  p lane  con ta in ing  the  probe and 
the  model, and t h u s  both o r i f i c e s  remain i n  t h e  shock f r o n t  f o r  any shock ang le )  
provides  s ta t ic  p res su re  measurements i n  moderate s t r e n g t h  flow f i e lds  essen­
t i a l l y  i d e n t i c a l  t o  those  provided by o t h e r  probe des igns  inc lud ing  t h e  commonly 
used fou r  o r i f i c e  probe w i t h  90° c i r c u m f e r e n t i a l  spacing.  The performance of  t he  
two o r i f i c e  probe i n  s t r o n g  shock f i e l d s  had no t  been eva lua ted ,  b u t ,  because 
of t he  aforementioned advantage,  w a s  chosen f o r  these tests. 

Addi t iona l  data gathered i n  these tests and presented  i n  f i g u r e  3 s e r v e  
t o  demonstrate t h e  characterist ics of  t he  chosen probe and a l s o  t o  p o i n t  o u t  
hazards  a s s o c i a t e d  w i t h  a t t empt s  t o  a c c u r a t e l y  measure s ta t ic  p r e s s u r e s  i n  flow 
f i e l d s  w i t h  s t r o n g  shocks and t h e  a s s o c i a t e d  large f low angles .  Here, p re s su re  
s i g n a t u r e s  measured w i t h  t he  two o r i f i c e  probe ( 8  = 90° and 270°) are compared 
w i t h  s i g n a t u r e s  obtained by a s i n g l e  o r i f i c e  e i ther  f a c i n g  the  model (e  0°) 
or f a c i n g  away (8  = 1800). The measured s i g n a t u r e s  are a l s o  compared w i t h  cal­
cu la t ed  s i g n a t u r e s  obta ined  by use  of  t h e  f i n i t e - d i f f e r e n c e  computing program 
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of  r e fe rence  29. Even wi th  t h e  f i n e s t  computat ional  g r i d  be l ieved  t o  be 
p r a c t i c a l  i n  view o f  computer t i m e  and c o s t ,  there is no assurance  t h a t  a con­
verged s o l u t i o n  has  been obta ined .  F ine r  g r i d s  r e s u l t  i n  d e c r e i s i n g  peak over-
p r e s s u r e s  and decreas ing  s i g n a t u r e  l eng ths .  Never the less ,  t h e  computed s igna­
t u r e  is  be l ieved  t o  o f f e r  t h e  best estimate t h a t  can p r e s e n t l y  be found f o r  t h e  
c lose- in  s t r o n g  shock p res su re  s i g n a t u r e  (h / l  = 2 ) .  Inc reas ing  r e l i a n c e  must 
be placed on t h e  experimental  data as the  d i s t a n c e  i n c r e a s e s  because of  t h e  
numerical  s o l u t i o n  convergence problem and i n c r e a s i n g  r e l i a b i l i t y  o f  t h e  probe 
measurements. 

For t h e  two-body-length d i s t a n c e ,  where t h e  f i n i t e - d i f f e r e n c e  s o l u t i o n  
p r e d i c t s  f low a n g u l a r i t y  o f  20.3O j u s t  behind the  shock, i t  is seen  t h a t  t h e  
0 = Oo and the  0 = 180° measurements are v a s t l y  d i f f e r e n t .  An overpressure  
r a t i o  o f  about  13 is recorded by the  o r i f i c e  f a c i n g  the  model; whereas the  
o r i f i c e  f a c i n g  away r eco rds  an overpressure  r a t i o  of  less than  2 .  These d i f ­
f e r e n c e s  are so large t h a t  t h e  accuracy o f  any simple pressure-sens ing  probe 
i s  ques t ionab le .  The two o r i f i c e  probe registers p r e s s u r e s  near  the  shock t h a t  
appear t o  be too  low by a f a c t o r  o f  two or more. An arrangement o f  o r i f i c e s  
(number, l o c a t i o n ,  and s i z e )  could probably be devised t o  g i v e  reasonably  accu­
rate r e s u l t s  over  some Mach number and flow a n g u l a r i t y  range ,  bu t  any univer­
s a l l y  a p p l i c a b l e  probe design f o r  use  i n  f low f i e l d s  w i t h  s t r o n g  shocks is  
u n l i k e l y .  A bet ter  technique  is  t o  make t h e  measurements a t  a l o c a t i o n  where 
the  shock s t r e n g t h  i s  weak enough t o  i n s u r e  t h a t  t h e  choice  o f  probe design is  
n o t  c r i t i c a l .  

A t  t he  eight-body-length d i s t a n c e ,  t he  p res su re  v a r i a t i o n  w i t h  8 i s  much 
more subdued, t h e  0 = 90° and 270° d a t a  occupy a midd le  p o s i t i o n ,  and t h e  
overpressure  r a t i o s  have decreased t o  l e v e l s  of  one or less. The estimated f low 
ang le  o f  about  4 . 7 O  is  no t  y e t  small, bu t  i s  now comparable w i t h  t he  probe cone 
angle .  E i t h e r  t he  two o r i f i c e  probe design o r  t h e  convent iona l  f o u r  o r i f i c e  
des ign  would be expected t o  provide v a l i d  s t a t i c - p r e s s u r e  measurements f o r  over-
p res su res  and a n g u l a r i t i e s  of  t h a t  magnitude and smaller. 

The data presented and d iscussed  i n d i c a t e  t h a t  sonic-boom measurements 
i n  a s t r o n g  p res su re  f i e l d  w i t h  large flow a n g u l a r i t i e s  should be avoided,  even 
though t h e  choice  o f  smaller models (which provide larger nondimensionalized 
d i s t a n c e s  and t h u s  weaker p res su re  f i e l d s )  e n t a i l s  a sacr i f ice  i n  t he  accuracy 
o f  t h e  model c o n s t r u c t i o n  and r e q u i r e s  p r e c i s i o n  measurement techniques .  Data 
presented  i n  t h i s  r e p o r t  (see f i g .  2 ( f ) )  and elsewhere (refs.  3 t o  12) i n d i c a t e  
t h a t  q u i t e  s a t i s f a c t o r y  measurements can be made w i t h  peak overpressure  r a t i o s  
no larger than 0.1.  A t  tha t  l e v e l ,  t h e  measurement problems d iscussed  h e r e i n  
are n e g l i g i b l e .  A s  a matter o f  i n t e r e s t ,  many o f  t h e  r e f e r e n c e s  j u s t  c i ted  
show accep tab le  s i g n a t u r e  measurements w i t h  peak overpressure  r a t i o s  consid­
e r a b l y  less  than 0.01. A t  the  h igher  end o f  t he  p res su re  spectrum, overpressure  
r a t i o s  of  about  one are perhaps marginal .  

Overpressure and l o n g i t u d i n a l  d i s t a n c e  scales used i n  the  p r e s e n t a t i o n  
o f  the  b a s i c  data were chosen so  t h a t  each o f  t h e  s i g n a t u r e s  would be approxi­
mately t h e  same s i z e .  T h i s ,  however, camouflages t h e  drast ic  changes t h a t  occur  
i n  both peak overpressure  and s i g n a t u r e  l eng th  as h / l  i n c r e a s e s .  To remedy 
t h i s  s i t u a t i o n ,  a scaled p i c t o r i a l  r e p r e s e n t a t i o n  o f  t h e  model p r e s s u r e  f i e l d  
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development is given i n  f i g u r e  4. Note t h a t  peak overpressure  expressed as a 
r a t i o  t o  free-stream s t a t i c  p res su re  v a r i e s  from a va lue  o f  about  2 t o  a va lue  
o f  about  0.1 and tha t  s i g n a t u r e  l eng th  v a r i e s  from about  2 t o  16 body l eng ths .  

I n  s p i t e  o f  t h e  drast ic  s i g n a t u r e  changes depic ted  i n  f i g u r e  4, it  is  
p o s s i b l e  ( w i t h  the  a i d  o f  t h e  theory  previous ly  d i scussed )  t o  d e f i n e  overpres­
s u r e  and l o n g i t u d i n a l  d i s t a n c e  parameters which permit  a reasonable  superposi­
t i o n  of  a l l  the  s i g n a t u r e s .  S igna tu res  p l o t t e d  i n  t h i s  parametric form are 
shown i n  f i g u r e  5. Note t h e  p rogres s ive  na tu re  of  the  s i g n a t u r e  development 
and t h e  approach t o  t h e  far-field t h e o r e t i c a l  form as  h/Z i n c r e a s e s .  Based 
on previous  exper ience ,  i t  w a s  somewhat s u r p r i s i n g  t o  f i n d  t h a t  even a t  32 body 
l e n g t h s ,  t he  measured s i g n a t u r e  w a s  s t i l l  i n  a process  o f  evo lu t ion  t o  i ts  
u l t i m a t e  t h e o r e t i c a l  form. 

To f u r t h e r  examine the  evo lu t ion  of  t h e  s i g n a t u r e s  w i t h  h/Z and t o  permit  
some degree o f  e x t r a p o l a t i o n  t o  larger h/Z d i s t a n c e s ,  t he  primary far-field 
s i g n a t u r e  parameters  were p l o t t e d  as  a func t ion  o f  h/Z i n  f i g u r e  6 .  I n  f ig­
u r e  6 ( a ) ,  i t  is  seen t h a t  there i s  a g radua l  and cont inued growth i n  s i g n a t u r e  
impulse parameter wi th  h/Z. But even a t  32 body l e n g t h s  t he  measured impulse 
is  only about  65 pe rcen t  of  t h e  far-field t h e o r e t i c a l  va lue .  It appears  tha t  t h e  
impulse parameter w i l l  cont inue  t o  inc rease  w i t h  i nc reas ing  h/Z, bu t  whether 
the f u l l  t h e o r e t i c a l  va lue  w i l l  be reached is  unce r t a in .  As has been d i scussed ,  
there is some ques t ion  as  t o  t h e  accuracy o f  s t a t i c - p r e s s u r e  measurements i n  
the  presence o f  s t rong  shocks;  t h u s ,  t h e  impulse is  a l s o  i n  ques t ion .  However, 
these e r r o r s ,  i f  p r e s e n t ,  d iminish  r a p i d l y  w i t h  h/Z, and t h u s  t h e  e x t r a p o l a t i o n  
should not  be g r e a t l y  affected. 

The very l o w  va lues  of  measured s i g n a t u r e  impulse shown i n  f i g u r e  6 ( a )  f o r  
t h e  smaller h/Z va lues  p o i n t  ou t  a previous ly  unrecognized d i f f i c u l t y  a r i s i n g  
i n  a t t empt s  t o  use c lose - in  measurements f o r  large models i n  conjunct ion  w i t h  
p re sen t  t h e o r e t i c a l  e x t r a p o l a t i o n  methods (refs. 25, 30,  and 31) t o  provide 
sonic-boom estimates. Because e x i s t i n g  e x t r a p o l a t i o n  methods are based on geo­
metric a c o u s t i c s ,  i t  w a s  recognized t h a t  more a c c u r a t e  e x t r a p o l a t i o n s  would be 
made w i t h  smaller va lues  of  i n p u t  overpressures  provided they were a c c u r a t e l y  
def ined;  t h u s ,  a compromise between l a r g e  models f o r  accu ra t e  overpressue d e f i ­
n i t i o n  and small models f o r  weak d i s tu rbance  gene ra t ion  ( a t  larger r e l a t i v e  d i s ­
t ances )  is requ i r ed .  For models gene ra t ing  l i f t ,  i t  w a s  a l s o  recognized tha t  
t h e  r e l a t i v e  d i s t a n c e  should be l a r g e  enough t o  permit a reasonable  approach t o  
f low-f ie ld  a x i a l  symmetry. The p resen t  e x t r a p o l a t i o n  methods ( w i t h  the except ion  
of t h e  r e l a t i v e l y  new and un te s t ed  method of  re f .  26)  do no t  d i s t i n g u i s h  between 
volume- and l i f t - g e n e r a t e d  f i e l d s  which behave very d i f f e r e n t l y  i n  the  extreme 
near  f i e l d .  T h i s  requirement ,  i n  p a r t i c u l a r ,  b r i n g s  about  a s t r o n g  bias i n  
favor  o f  t h e  small model. 

For very b lun t  bod ie s  a t  high supersonic  speeds ,  there i s  an a d d i t i o n a l  
f a c t o r  complicat ing t h e  model s i z e  s e l e c t i o n  problems. The a d d i t i o n a l  f a c t o r  
is the  v a r i a t i o n  w i t h  d i s t a n c e  o f  t he  measured impulse.  The impulse parameter 

1; is one o f  t he  fundamental i n v a r i a n t s  i n  t he  e x t r a p o l a t i o n  pro­

cess. Thus, i f  t h e  e x t r a p o l a t i o n  i n p u t  s i g n a t u r e  has a n  improper va lue  o f  
impulse,  t h e  whole e x t r a p o l a t i o n  process  i s  i n v a l i d .  It is  seen tha t  t h e  impulse 
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measured a t  h/2 = 2 (aga in  r e f e r r i n g  t o  f ig .  6 ( a ) )  could be t o o  small f o r  
e x t r a p o l a t i o n  purposes  by a f a c t o r  of  two or more even after account ing  f o r  
p o s s i b l e  i n a c c u r a c i e s  o f  s t a t i c - p r e s s u r e  measurements i n  t h e  s t r o n g  shock f i e l d .  
(The impulse parameter g iven  by the  no t  q u i t e  converged f i n i t e - d i f f e r e n c e  solu­
t i o n  is 3 . 5 . )  T h i s  cons ide ra t ion ,  which a g a i n  a rgues  f o r  small models, is  seen 
t o  p l ace  s t r i n g e n t  demands on a c c u r a t e  c o n s t r u c t i o n  o f  s m a l l  models and on 
accu ra t e  measurement o f  very  weak d i s tu rbances .  There i s ,  however, some hope 
t h a t  the  e x t r a p o l a t i o n  method o f  r e f e r e n c e  26 which i s  based on t h e  method of 
c h a r a c t e r i s t i c s  and a l lows  f o r  t h e  presence o f  nonweak shocks,  w i l l  provide a 
means o f  handl ing larger models and s t r o n g e r  p re s su re  f i e lds .  

The b e s t  demonstrat ion o f  a no t  q u i t e  expected bu t  f o r t u n a t e  a p p l i c a b i l i t y  
o f  t h e  s imple far-field theory  t o  t he  p r e s e n t  s i t u a t i o n  is  seen i n  f i g u r e  6 ( b ) .  
Here t h e  bow-shock p res su re  rise o f  t h e  a d j u s t e d  experimental  data p l o t t e d  as  a 
func t ion  o f  h/2 is seen t o  a sympto t i ca l ly  approach a va lue  almost  e x a c t l y  
equal  t o  t h a t  g iven  by t h e  theory.  S ince  t h e  bow-shock p res su re  r ise  is  commonly 
accepted as t h e  s i n g l e  most important  index o f  sonic-boom i n t e n s i t y ,  t he  impli­
c a t i o n s  o f  these d a t a  are very  s i g n i f i c i a n t .  It appears  t h a t  t h e  earlier demon­
strated a p p l i c a b i l i t y  o f  far-field theory  t o  p r e d i c t i o n  of  sonic-boom i n t e n s i t y  
f o r  s l e n d e r  bodies  a t  moderate supersonic  speeds  may now be extended t o  bodies  
w i t h  r a t i o s  o f  diameter t o  l eng th  as great as two and t o  Mach numbers a t  least 
as high as  4 .14 .  Although t h e  c o r r e l a t i o n  shown here has  been obta ined  only for 
t he  uniform atmosphere of  t h e  wind tunne l ,  t h e  conclus ion  is  expected t o  apply 
a l s o  t o  t h e  real  atmosphere. References 2 ,  3 ,  and 17, for example, show t h a t  
f a r - f i e l d  t h e o r e t i c a l  p r e d i c t i o n s  for a uniform atmosphere are a l s o  a p p l i c a b l e  
t o  t h e  real atmosphere provided t h a t  account is  taken o f  atmospheric propagat ion 
f a c t o r s  now given  by t h e  computer program of r e f e r e n c e  25. 

Var i a t ion  w i t h  d i s t a n c e  o f  t h e  last  o f  t h e  f a r - f i e l d  s i g n a t u r e  parameters ,  
t he  s i g n a t u r e  l e n g t h ,  is  shown i n  f i g u r e  6 ( c ) .  T h i s  parameter a l s o  appears  t o  
be approaching t h e  far-field theo ry  l e v e l ,  b u t  i s  doing so  very s lowly.  

Mention was made earlier o f  t h e  c o n t r a s t  between the  way far-field char­
ac te r i s t ics  were approached f o r  t h e  body o f  t h e  p re sen t  experiment and t h e  way 
they  were approached f o r  more s l e n d e r  bodies  o f  prev ious  tests.  An example is  
shown i n  f i g u r e  7 .  For t h e  p re sen t  model and f o r  a body o f  t h e  same shape but  
w i t h  a diameter t o  l eng th  r a t i o  o f  0.16 ( ref .  111, the impulse parameter i s  
shown as a func t ion  of h/2.  I n s e t  ske t ches  show t h e  development o f  t h e  s igna­
t u r e s .  Fa r - f i e ld  theory  impulse parameter l e v e l s  and s i g n a t u r e s  are a l s o  shown. 
S i g n a t u r e s  are shown i n  paramet r ic  form; t h u s ,  a s i n g l e  s i g n a t u r e  covers  a l l  
d i s t a n c e s  f o r  the  theory .  The c h a r a c t e r  o f  t h e  d a t a  f o r  the  p r e s e n t  tests was 
d iscussed  previous ly .  Data f o r  t he  more s l e n d e r  body are seen t o  be i n  marked 
c o n s t r a s t .  The impulse parameter l e v e l  i s  r e l a t i v e l y  cons t an t  and i s  q u i t e  
c l o s e  t o  t h e  t h e o r e t i c a l  va lue .  Ex t r apo la t ion  o f  s i g n a t u r e s  t o  large d i s t a n c e s  
should create no t r o u b l e  even f o r  s i g n a t u r e s  taken as c l o s e  as two 6ody l eng ths .  
Th i s  f i g u r e  c l e a r l y  i l l u s t r a t e s  t h e  e x t r a  care t h a t  must be taken i n  t h e  plan­
n ing  o f  sonic-boom tests o f  b lun t  shapes t o  o b t a i n  meaningful data, whether 
t h a t  data is t o  be used f o r  v a l i d a t i o n  of t h e o r i e s  or  f o r  e x t r a p o l a t i o n .  
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CONCLUSIONS 

An experimental  and t h e o r e t i c a l  s tudy  of  sonic-boom gene ra t ion  o f  a b l u n t  
body a t  a high supersonic  Mach number has provided the fo l lowing  conclusions:  

1. For a c c u r a t e  measurement of  sonic-boom flow f i e lds  w i t h  convent iona l  
s t a t i c - p r e s s u r e  probes,  s t r o n g  p res su re  f i e l d s  w i t h  large flow a n g u l a r i t i e s  
should be avoidecr. Small models, f o r  which larger nondimensionalized d i s t a n c e s  
and t h u s  weaker p re s su re  f i e l d s  can be ob ta ined ,  are p r e f e r a b l e  t o  large models 
even w i t h  t h e  sacr i f ice  i n  c o n s t r u c t i o n  accuracy and the  demands placed on 
measurement systems. A d i scuss ion  o f  model s i z e  compromises and some guidance 
on a l lowable  overpressures  are given i n  t h e  t e x t .  

2.  When the  purpose o f  sonic-boom t e s t i n g  is the  p rov i s ion  of  data f o r  use 
i n  e x i s t i n g  geometr ic  a c o u s t i c  e x t r a p o l a t i o n  methods, t h e  l i m i t a t i o n s  on over­
p res su re  are even more demanding because s i g n a t u r e  impulse is  found t o  fo l low 
a c o u s t i c a l  d i s tu rbance  l a w s  on ly  f o r  very weak flow f ie lds .  

3. The a p p l i c a b i l i t y  o f  far-field sonic-boom theory  previous ly  demonstrated 
f o r  more s l e n d e r  shapes may now be extended t o  bodies  w i t h  r a t i o s  o f  diameter t o  
l e n g t h  as  great as two and t o  Mach numbers a t  least as high as  4.14. 

The t h i r d  conclusion i s  p a r t i c u l a r l y  s i g n i f i c a n t  i n  view of  t h e  implica­
t i o n s  o f  the  first two which i n d i c a t e  s e r i o u s  l i m i t a t i o n s  t o  the use o f  e x i s t i n g  
methods f o r  t h e  e x t r a p o l a t i o n  o f  c lose- in  experimental  data. 

Langley Research Center  

National  Aeronaut ics  and Space Adminis t ra t ion 

Hampton, VA 23665 

July 29,  1977 
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