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There are  a great  number of special ized problems which resu l t  f rom flight at 
ex t remely  high speeds. Some of these problems are  new, others are  mere ly  magni-  
fied by the highe~ speeds. The fluctuating surface p r e s s u r e s  generated by subsonic 
turbulent boundary layers  has rece ived  considerable attention in recent  years .  These 
fluctuating surface p r e s s u r e s  are  t ransmit ted  through the vehicle skin and resu l t  in 
high internal  noise levels .  The current  crop of je t  t ranspor ts  has requi red  cons ider -  
able insulation to minimize this effect and achieve reasonable passenger  comfort .  
The question a r i ses  then as to what levels  might be expected by flight at hypersonic 
speeds. It is the purpose of this paper  to make some es t imates  of the order  of mag-  
nitude of the levels  which might be expected for s eve ra l  cases  of current  in teres t .  

The fluctuating surface p r e s s u r e s  created by a turbulent boundary layer  are,  of 
course, dependent upon the physical  charac te r i s t i c s  of the boundary layer .  A con- 
s iderable body of data now exists,  which re la tes  these surface p r e s s u r e s  to the local 
flow conditions for the case of subsonic turbulent flow over  a fiat plate. In general ,  
these resu l t s  show that the root mean square  of the fluctuating p r e s s u r e s  on the s u r -  
face are  d i rec t ly  proport ional  to the local dynamic p r e s su re  of the flow and are  
largely independent of both Reynolds and Mach numbers .  This genera l  resu l t  s tems 
from the fact that turbulent boundary charac te r i s t i c s  over flat plates  change only 
slowly with both Reynolds and Mach numbers.  If, for example, we take the skin 
fr ic t ion coefficient as a measure  of boundary- layer  cha rac te r i s t i c s  we can see that 
only smal l  changes occur over wide ranges of Reynolds and Mach numbers .  Indeed, 
if we look at d imensionless  veloci ty  prof i les ,  e i ther  mean or turbulent, we see that 
such relat ionships are  quite general  in nature.  Hence, the fact that the dimensionless  
ra t io  of roo t -meanrsqua re  fluctuating surface p r e s s u r e  to s t r eam dynamic p r e s s u r e  
is essent ia l ly  constant for the case of subsonic turbulent boundary l ayers  on flat 
plates or slightly curved surfaces  is not surpr is ing  and, in fact, provides  a clue that 
subsonic resul t s  may be extrapolated to hypersonic speeds for cases  where the 
boundary-layer  charac te r i s t i c s  a re  not great ly  a l tered by effects of cooling, p r e s su re  
gradient,  or gas dissociat ion.  

The data to date are  summar ized  in Table 1. The agreement  is excel lent  even 
though the tes ts  were  made in widely varying environments .  The data of 
Wil lmarth was obtained in a smal l  4 - inch-d iamete r  pipe. The data of Seraflni  was 
obtained in a specially designed rectangular  acoustic channel, 8 × 18 inches.  In these 
tes ts  the p r e s su re  gradient was controllable.  The flight data of Mull was obtained on 
the wing and fuselage of a je t  a i rc raf t .  
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T a b l e  1 

Rat io  of R o o t - M e a n - S q u a r e  F l u c t u a t i n g  S u r f a c e  P r e s s u r e  ~ to 
S t r e a m  D y n a m i c  P r e s s u r e  q f r o m  V a r i o u s  S o u r c e s  

M a c h  R e y n o l d s  P r e s s u r e  Type of ] 
-~ n u m b e r  n u m b e r  G r a d i e n t  T e s t  I 

0.3 to 0.8 

0 .65 

0.3 to  0.8 

0.3 to  0.7 

1 to  20 × 106 

10 to  100 × 106 

2 to 20 × 106 

2 to  20 x 106 

A u t h o r  

3.5 x 10 -3 

5 .0  x 10 .3 

5 . 0  x 1 0 - 3  

6 . 0  x ~ 1 0  " 3 

I 
F a v o r a b l e  I Channe l  W i l l m a r t h  - 

NACA TN 4139 
None Channe l  S e r a f i n i -  

NACA u n p u b l i s h e d  
F a v o r a b l e  or  F l i g h t  Mul l  - 

none  NACA u n p u b l i s h e d  
F a v o r a b l e  Channe l  W i l l m a r t h -  

NACA u n p u b l i s h e d  

It  would  a p p e a r  t h a t  a m e a n  v a l u e  of abou t  4.5 × 1 0  3 could  be  c h o s e n  to r e p r e -  
s e n t  a l l  t h e s e  da ta ;  e s p e c i a l l y  w h e n  i t  i s  r e m e m b e r e d  t h a t  a l l  t h e s e  da t a  w e r e  
m e a s u r e d  u s i n g  m i c r o p h o n e s  and  the  r e s u l t s  m e a s u r e d  in d e c i b e l s .  

If we c h o o s e  the  r a t i o  of ~ /q  = 4.5 × 10 -3 and  a s s u m e  t h a t  t h i s  r a t i o  ho lds  e v e n  
a t  h y p e r s o n i c  s peeds ,  t h e n  i t  i s  obv ious  t ha t  the  h i g h e s t  v a l u e s  of ~ wi l l  be ob ta ined  
when  q i s  a m a x i m u m .  Wi th  t h i s  in  mind ,  l e t  u s  c o n s i d e r  w h a t  c a s e s  m i g h t  c u r r e n t l y  
be of m o s t  i n t e r e s t .  Two i m m e d i a t e l y  c o m e  to mind ;  the  h i g h - s p e e d  n o s e - c o n e  
r e e n t r y  and the  t a k e - o f f  of a p o w e r e d  r o c k e t .  At  the  p r e s e n t  t i m e  we can  p r o b a b l y  
i g n o r e  the  p r o b l e m s  w h i c h  m i g h t  a r i s e  f r o m  s u s t a i n e d  f l i gh t s  a t  h y p e r s o n i c  s p e e d s .  
In t h i s  i n s t a n c e  a g r e a t  n u m b e r  of o t h e r  p r o b l e m s  m u s t  be  s o l v e d  b e f o r e  con t inuous  
f l igh t  a t  M a c h  n u m b e r s  g r e a t e r  t h a n  5 w i l l  be  a c h i e v e d .  

We wi l l ,  t h e r e f o r e ,  l i m i t  the  d i s c u s s i o n  to  the  r e e n t r y  of m a n n e d  o r  u n m a n n e d  
v e h i c l e s  and  to the  t a k e - o f f  and c l i m b - o u t  p h a s e  in  p o w e r e d  f l igh t .  F i r s t  l e t  u s  c o n -  
s i d e r  the  u n m a n n e d  v e h i c l e ,  i .e . ,  t h e  b a l l i s t i c  m i s s i l e ,  s i n c e  t h i s  r e p r e s e n t s  a s o m e -  
w h a t  d i f f e r e n t  p r o b l e m  t h a n  the  m a n n e d  v e h i c l e .  The p r i n c i p a l  d i f f e r e n c e  i s  in  the  
d e c e l e r a t i o n  r a t e s  w h i c h  a r e  p e r m i s s i b l e .  T h i s  a s p e c t  i s  no t  too  i m p o r t a n t  f o r  the  
u n m a n n e d  v e h i c l e ;  bu t  i t  i s  e x t r e m e l y  i m p o r t a n t  in  the  c a s e  of a m a n n e d  v e h i c l e ,  
p a r t i c u l a r l y  i f  we e x p e c t  the  o c c u p a n t  to  p e r f o r m  a use fu l  func t ion .  E v e n  if  the  o c c u -  
p a n t  i s  a p a s s e n g e r  only,  he would  p r o b a b l y  o b j e c t  s t r e n u o u s l y  to be ing  bo th  s q u a s h e d  
and  f r i e d .  

Le t  u s  t h e r e f o r e  look  a t  the  n o s e - c o n e  r e e n t r y  p r o b l e m  and  s e e  w h a t  i s  i nvo lved  
and  w h e t h e r  i t  a p p e a r s  l i ke ly  t h a t  we can  m a k e  s u c h  a c a l c u l a t i o n  w i th  s o m e  hope t h a t  
the  r e s u l t s  a r e  c o r r e c t .  C o n s i d e r a t i o n s  o t h e r  t h a n  n o i s e  have  d e t e r m i n e d  n o s e - c o n e  
shape ,  t h a t  i s ,  h e a t  t r a n s f e r .  In  o r d e r  to  keep  the  h e a t  t r a n s f e r  r a t e s  to  the  v e h i c l e  
s u r f a c e s  to  a c c e p t a b l e  v a l u e s ,  c u r r e n t  c o n s i d e r a t i o n s  d i c t a t e  a b l u n t - n o s e d ,  h i g h - d r a g  
body s u c h  as  s h o w n  in F ig .  1. Such a s h a p e  h a s  a v e r y  s t r o n g  s h o c k  wave  a h e a d  of 
i t  and  even  though  the  s t r e a m  M a c h  n u m b e r  i s  of the  o r d e r  of 20, the  flow f i e ld  be tween  
the  body and  the  s h o c k  wave  i s  s u b s o n i c  o r  s l i g h t l y  s u p e r s o n i c .  As  a r e s u l t ,  i t  shou ld  
be  p o s s i b l e  to  u s e  the  r e s u l t s  p r e s e n t e d  in  T a b l e  1 w i t h  an  e x c e l l e n t  e x p e c t a t i o n  of 
ob t a in ing  the  c o r r e c t  r e s u l t .  F u r t h e r m o r e ,  the  p r e s s u r e  g r a d i e n t  a r o u n d  the  body i s  
f a v o r a b l e  and  i t  would  be  e x p e c t e d  t h a t  t h e  b o u n d a r y - l a y e r  c h a r a c t e r i s t i c s  would  not  
be  g r e a t l y  d i f f e r e n t  f r o m  s u b s o n i c  r e s u l t s .  C o n s i d e r i n g  t h e n  the  c a s e  of s u c h  a body 
r e e n t e r i n g  the  e a r t h ' s  a t m o s p h e r e ,  w.e wi l l  u se  the  fo l lowing  n o t a t i o n  to d e s c r i b e  the  
q u a n t i t i e s  of i n t e r e s t .  
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Fluctuating Surface Pressures 

MACH NO. MZ fSHOCK WAVE 
/ OENS,TY P, /  STREAML,N  

TOTAL PRESSURE HI / / BOUN£1ARY LAYER 

DYNAMIC PRESSURE ~ . ,  -6~ qz- .. - .:. 

STREAMLINE 
~ NOSED BODY 

STAGNATION 
STREAMLINE 

M] 
Pl 

H I 

H i ~ H t 
MAX. qz =0.4312 H I ,  M t = 1.41g 

~ =  4 . 5  x I0  -3 qt 

Fig. 1 - Blunt-nosed body at hypersonic speeds 

The subscr ipt  1 r e f e r s  to conditions immediate ly  behind the shock at the nose. 
The subscr ipt  ~ re la tes  to local conditions between the shock wave and the boundary 
layer,  aft of the nose. Since the roo t -mean- squa re  p r e s s u r e  # is l inear ly  re la ted to 
q, the point on the body of most  in te res t  is where the value q~ is a maximum. 

At high Mach numbers  an ext remely  strong bow wave precedes  the body and the 
value of M 1 is about 0.4 for a range of s t r eam Mach numbers  from 4 to 20. 

If we follow the path of a s t reaml ine  through the shock and around the body, we 
get the following picture:  St reamlines  which go through the shockwave near the nose 
are  bentand flow around the body between the shock wave and the boundary layer .  As 
a s t reaml ine  moves around the body, the flow speeds up but the total p r e s su re  along 
the s t reaml ine  is essent ia l ly  constant. If we take a s t reaml ine  which l ies  close to the 
boundary layer,  we see that such a s t reaml ine  c ros ses  the shock wave very  near  the 
stagnation s t reaml ine  and hence we can assume that the total p r e s s u r e  H~ along this 
s t reaml ine  behind the shock is essent ia l ly  equal to the total p r e s su re  of the s tagna- 
tion s t reaml ine  behind the shock H 1. With this assumption, the total p r e s su re  of this 
s t reaml ine  behind the shock can be calculated quite simply from the normal  shock 
relat ions.  The compress ib le  flow rela t ions  tel l  us that the maximum value of q~ for 
a given total p r e s su re  n 4 or H i in this case, occurs  at a Mach number of 1.415. This 
then de termines  our point of in te res t  and is independent of the geometry,  i .e. ,  we don't  
need toknow the exact shape of the nose; we will  pick the par t icu la r  pointwhere  maxi -  
mum qZ. is obtained. This value is uniquely related to H~ at a value of M~ = 1.415 and 
the rat ib q~/H~ = 0.4312. It should be noted that the calculation procedures  used here  
do not account for any effects associated with ext remely  high t empera tu res ,  such as 
dissociat ion or  var iab le  rat io of specif ic  heats. It is felt that all such effects  would be 
sma l l i n  t e r m s  of the final answer, which is required only toperhaps  the neares t  +3 db. 

If we concern ourse lves  only with the maximum value of q~ and, hence, the max-  
imum roo t -mean- squa re  p r e s su re  at the surface ~ it is possible  to calculate ~ during 
reen t ry  using the normal  shock relat ionships and the reen t ry  ca lcula t ionprocedure  
descr ibed by Allen and Eggers  in NACA TN 4047. 
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Allen and Eggers  der ived an equation which yields the veloci ty  at any point along 
the t r a j ec to ry  f rom reen t ry  into the a tmosphere  until impact.  The veloci ty  at any 
point was found to be dependent on the  init ial  veloci ty  at r een t rance  V B and a p a r a m -  
e ter  here in  designated as ~. The p a r a m e t e r  ~ desc r ibes  the cha rac t e r i s t i c s  of the 
vehicle ,  i .e. ,  i ts drag coefficient  cv, i ts mass  m, its a rea  A, and i ts  r een t rance  angle 
into the a tmosphere  ~E" It Can be assumed that over  the t r a j e c to ry  range of in teres t ,  
i .e. ,  where the Mach numbers  and q~ values  are  high, that ~ is  essent ia l ly  constant. 
That is, ~ for a given miss i l e  does not va ry  along the t ra jec to ry .  Knowing the r e l a -  
tionship between vehicle  veloci ty  and altitude, an equation re la t ing local  dynamic p r e s -  
sure and altitude can be der ived in t e r m s  of p a r a m e t e r  ~ and reen t rance  veloci ty  v E. 

Figure  2 shows the var ia t ion  of q~ with altitude for a reen t rance  veloci ty  of 20,000 
feet  per  second and for seve ra l  values  of p a r a m e t e r  ~. The vehic le  r e e n t e r s  the 
a tmosphere  at approximately 200,000 feet  andplummets  toward the ear th .  The v a l u e s  
of q~ inc rease  to a maximum and then dec rease .  The peak or maximum value of q~ 
along the t r a j ec to ry  is dependent on ~. High ~ values give low maximum valueswhtch  
occur at re la t ive ly  high alti tudes, whereas  low ~ values  give la rge  m ax lm um va lues  of 
q~ which occur  at re la t ive ly  low alt i tudes.  High ~ values give rapid vehic le  d e c e l e r a -  
tions at high alt i tudes where  heat can be radiated rapidly away f rom the body, which 
is des i rable  f rom heat t r ans fe r  considerat ions.  The high vehic le  dece le ra l iona th igh  
altitude resu l t s  in low ve loc i t i es  at low altitude, which may not be des i rab le .  

In any case, the maximum values of q~ shownhere  are  much h igher than  anything 
here tofore  experienced.  Even with a v value of 7000, the peak of q~ is  over  4000 
pounds per  square foot, which is five to ten t imes  the values towhich we a re  normal ly  
accustomed.  The sound p r e s s u r e  leve ls  associa ted with values  of q~ using ~ = 4.5 × 
10-3 q~ are  shown on Fig. 3 where sound p r e s s u r e  level  is plotted as  a function of 
altitude. The reent rant  veloci ty  for these curves  is 20,000 feet  pe r  second. Curves  
are  shown for ~ values of 7000, 4000, and 1000. 

It can be seen from this figure that one resu l t  of achieving low ~ values  wil l  be 
increas ing values of surface sound p r e s s u r e  level .  For  example,  if a ~ value of 1000 
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F l u c t u a t i n g  S u r f a c e  P r e s  s u r e  s 

i s  a c h i e v e d ,  the  m a x i m u m  s o n n d p r e s -  2.0 
s u r e  l e v e l  w i l l  be 170 db. T h i s  i s  
e x t r e m e l y  high and m i g h t  w e l l  r e s u l t  1.8 
in s t r u c t u r a l  d e t e r i o r a t i o n  of t h e  1.6 
v e h i c l e .  T h i s  i s  p a r t i c u l a r l y  t rue  s i n c e  
o ther  f o r c e s  and t e m p e r a t u r e s  are  1.4 
a l s o  at  n e a r  m a x i m u m  v a l u e s  at  th i s  
s a m e  stage. ALTITUDE, 1.2 

FT '  
One i m p o r t a n t  f a c t o r  w h i c h  m u s t  I.o 

be c o n s i d e r e d  i s  the e x p o s u r e  t i m e .  
.8 

For  a v a l u e  of  v of 7000 the t i m e  for  
the v e h i c l e  to  fa l l  f r o m  s a y  140 ,000  .6 
f e e t  to  50 ,000  f e e t  i s  p e r h a p s  30 s e c -  
onds .  F o r  a v a l u e  of 1000,  the t i m e  for  .4 
the v e h i c l e  to  t r a v e l  f r o m  140 ,000  to  
4 0 , 0 0 0  f e e t  i s  of the o r d e r  of 15 .2 
s e c o n d s .  

F i g u r e  4 s h o w s  the v a r i a t i o n  of  
the  m a x i m u m  sound p r e s s u r e  l e v e l  
e n c o u n t e r e d  dur ing  r e e n t r y ;  i . e . ,  th i s  
c o r r e s p o n d s  to  the  peak  or m a x i m u m  
of the c u r v e s  shown on F ig .  3.  The  
sound p r e s s u r e  l e v e l s  c o r r e s p o n d i n g  

~105 

z ° ° ° /  / I • 4000  f / 

10001 
/ I I I I I I I 

I10 130 150 170 
SOUND PRESSURE LEVEL, DB 

F i g .  3 - M a x i m u m  l o c a l  s o u n d  p r e s s u r e  
l e v e l  d u r i n g  r e e n t r y  

to  t h i s  condi t ion  have  been  p lo t ted  a s  a funct ion  of the p a r a m e t e r  ~ for  v a r i o u s  
r e e n t r a n c e  v e l o c i t i e s .  It i s  ev ident  f r o m  t h i s  f i gure  that  quite  h igh  v a l u e s  of sound 
p r e s s u r e  l e v e l  w i l l  be e n c o u n t e r e d  for  n e a r l y  a l l  unmanned  m i s s i l e s  under  c u r r e n t  
c o n s i d e r a t i o n .  

It i s  o b v i o u s  that  the high e x t e r n a l  l e v e l s  m a y  w e l l  c r e a t e  a s t r u c t u r e s  
p r o b l e m  o r  r e s u l t  in high in terna l  l e v e l s  w h i c h  could  a f f e c t  the o p e r a t i o n  of the 
v e h i c l e .  
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Let  us  now c o n s i d e r  b r i e f l y  the  f l ight  of a m a n n e d  s p a c e  v e h i c l e .  F i r s t  l e t  us  
look  at  the  p o w e r e d  o r  t a k e - o f f  p h a s e  and  t hen  the  r e e n t r y  phase .  Again ,  a s  in  the  
p r e v i o u s  example ,  we wi l l  c o n s i d e r  only  wha t  i s  h a p p e n i n g  on the  n o s e  cone ,  wh ich  in 
t h i s  c a s e  c o n t a i n s  the  occupan t  and  r e l a t e d  e q u i p m e n t .  F i g u r e  5a g i v e s  the  ve loc i ty ,  
a c c e l e r a t i o n ,  and  a l t i t ude  as  a func t ion  of t i m e  f r o m  t a k e - o f f  to  f i r s t - s t a g e  bu rnou t .  
The  we igh t  of the  pay l oad  c h o s e n  i s  3 0 0 0 p o u n d s  and  the  o r b i t a l  a l t i t ude  a p p r o x i m a t e l y  
200 m i l e s .  As  can  b e  s e e n  f r o m  the  f i gu re ,  the  m a x i m u m  a c c e l e r a t i o n  is  abou t  130 
f t / s e c  2 o r  4 g ' s .  The  v e l o c i t y  at  the  end  of b u r n o u t  i s  8600 f t / s e c  and  the  a l t i tude ,  
about  164,000 feet .  The  sound  p r e s s u r e  l e v e l s  wh ich  would be  e x p e c t e d  on  the  n o s e -  
cone r e g i o n  u s i n g  t h e s e  r e s u l t s  a r e  shown in Fig.  5b. The  s h a p e  of the  nose  cone  h a s  
b e e n  a s s u m e d  to be s i m i l a r  to  t ha t  for  the  u n m a n n e d  v e h i c l e  e x c e p t  t h a t  i t  wi l l  p r o b -  
ab ly  be  even  m o r e  b lun t  in  shape .  The  r e s u l t s  shown  r e p r e s e n t  the  m a x i m u m  v a l u e  
a c h i e v e d  a t  a s i n g l e  po in t  on the  n o s e - c o n e  s u r f a c e .  The  so l id  c u r v e  i s  the  n o i s e  
which  r e s u l t s  f r o m  b o u n d a r y - l a y e r  t u r b u l e n c e .  The  do t ted  c u r v e  s h o w s  the  l e v e l s  
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which might be expected from the rocket itself. Rocket noise predominates for the 
first 40 seconds and then the boundary-layer noise takes over. The principal reason 
for the decrease in rocket noise is that after a flight Mach number of 1 is achieved, 
the rocket noise is directed predominantly rearward and only a very small amount 
can be propagated forward. It is apparent from the figure that the levels are low and 
in fact no higher than we currently experience subsonically. This results from the 
fact that high dynamic pressures are never achieved since the high velocities only 
occur at high altitudes. 

Itwould appear that no serious noise problem should occur around the nose region 
of such a rocket during the initial powered phase of the flight. 

Let us now look at the reentry portion of the flight. The velocities, deceleration, 
and altitudes as a function of time for the assumed vehicle are shown in Fig. 6a. The 
deceleration is a maximum of approximately 200 feet/second 2 or a little over 6 g's. 
Notice that high deceleration rates, over 5 g's, exist for about 20 seconds. It might 
be possible that higher deceleration rates (I0 g's) can be used but it would seriously 
impair the occupant's ability to perform useful functions. If it is noted that the 
velocity decreases from 26,500 feet/second to 4000 feet/second between 200,000- and 
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about 120~000-foot altitude, then the low values  of sound p r e s s u r e  level  exper ienced 
during reen t ry  (Fig. 6b) are  not surpr is ing.  Figure  6b shows a maximum value of 
sound p r e s s u r e  level  of about 135 db, which is quite low and should not create  any 
ser ious  problems.  

In conclusion it can be said that the noise leve ls  in the nose-cone region for 
manned vehic les  will  probably be low, la rge ly  as a resul t  of human l imitat ions to g 
forces .  

The unmanned vehicle,  i .e. ,  the bal l is t ic  miss i le ,  may well  have ex t remely  s eve re  
noise p rob lems  which could resu l t  in s t ruc tura l  fa i lu res  or ins t rument  malfunctions.  
The absolute leve ls  a re  quite high, perhaps 155 db, for cases  of current  in te res t  and 
wil l  probably increase  as heat t r ans fe r  problems are  solved. 

DISCUSSION 

L. S. G. Kovasznay (Johns Hopkins University) 

All the data which shows this r a the r  spectacular  constancy of sound p r e s s u r e  
level  compared  to dynamic p r e s s u r e  is based solely on data available up to Mach 
number 0.8, yet  we know that the general  nature of supersonic boundary l aye r s  is 
somewhat different. This dis turbs  me, because Mr. Callaghan has shown that the 
maximum dynamic p r e s s u r e  " q "  will  be exper ienced at a Mach number of 1.415~ and 
we do not yet have boundary- layer  noise data for this Mach number. 

Now, when looking at, say, shadow p ic tu res  of shel ls ,  one sees  another kind of 
in teres t ing sound wave pat tern  and we know f rom the l i t t le  information we have 
obtained, most ly by hot-wire  measu remen t s  in supersonic  tunnels just  outside the 
boundary layer ,  that the boundary l aye r s  don't  seem to emit  anything spectacular  as 
long as the wall is  smooth, uninterrupted and there  is  only a l i t t le sound. But if there  
is any edge of roughness,  then the amount of sound inc reases  t remendously.  This 
may be especia l ly  t rue for  ablation cooling, or any kind of pitting on the nose cone, 
and I expect  s t rong effects  of this nature. 

There  is  another question~ and it  might be possible  to t r ea t  it theoret ical ly .  If 
one has a hypersonic~ blunt body, where the shock wave is hugging the contour~ there  
is  an in teres t ing  space of subsonic flow between the shock wave and the boundary 
layer;  any disturbance p resen t  there  will  affect the location of the shock wave causing 
the shock wave to move or " j iggle ."  There  will  be an in teract ive  zone which might 
give re in forcement  of fluctuations. 

My only caution is  that even these aspects  of the problem have to be considered 
in great  detail  before we accept  this type of t r ea tment  as even approximate.  

L Dyer (Bolt, Beranek, and Newman, Massachuset ts)  

Here is a short  l i s t  of the sources  of p r e s s u r e  fluctuations that may also be of 
importance in miss i l e  flights. 
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We can cer ta inly have rocket  engine noise, as  Mr. Callaghan has mentioned; 
rocket  engine vibration,  which is  d i rec t ly  t ransmi t ted  f rom the rocket  engine to the 
miss i l e  i tself;  boundary- layer  p r e s s u r e  fluctuations, as Mr. Callaghan has also 
mentioned; and another phenomenon that hasn ' t  been mentioned which we cal l  wake 
noise. Wake noise is  associa ted  with the field downstream of the miss i l e  or 
r e - en t e r i ng  body. Also, we have what we might cal l  b a s e - p r e s s u r e  fluctuations for 
supersonic conditions, and these fluctuations are  going to be par t icu lar ly  important  
for r e -en t ry ;  osci l lat ing shocks, mentioned by Mollo-Chris tensen,  which depend on 
the par t icu la r  design of the mi s s i l e  or  r e - e n t r y  body; the possibi l i ty  of t r ansmiss ion  
or convection of vor t ic i ty  through shocks, a p roblem which was discussed by Ribner 
not too long ago. Finally we have the convection of a miss i l e  through a turbulent 
a tmosphere.  

While many of these sources  of p r e s s u r e  fluctuations are  probably not too impor -  
tant, I think in r e - e n t r y  we are  probably going to have to wor ry  about b a s e - p r e s s u r e  
fluctuations probably to the same extent that we might worry  about the boundary- 
layer  p r e s s u r e  fluctuations. This is  what p re l iminary  measuremen t s  and calculat ions 
seem to indicate. 

One final comment  is this: that the b a s e - p r e s s u r e  fluctuations would likely 
maximize  at the maximum dynamic p r e s s u r e  of the miss i l e ,  just  as in the case of 
boundary- layer  fluctuations. 

It may be difficult, on an exper imenta l  basis ,  to look at p r e s su re  fluctuations as 
a function of t ime and decide whether it is one or  another mechanism. An important  
feature  is the scale of the p r e s s u r e  fluctuations. The b a s e - p r e s s u r e  fluctuations are  
apt to be of a much l a rge r  scale  and hence more  important  in exciting vibra t ions  of 
the miss i le ,  even though they may only be the same order  of magnitude in p r e s s u r e  
as the boundary- layer  field. 

G. M. Corcos  (Universi ty of California,  Berkeley) 

There is very  l i t t le reason to expect  that the p r e s su re  fluctuation level  at the 
wall of the boundary layer  ought to be independent of p r e s su re  gradient. This is a 
general  comment,  not r e s t r i c t ed  to this paper,  since other par t ic ipants  have pointed 
out possibly more  ser ious  other sources  of noise. Since shear  force at the wall and 
turbulence level  depend on the p r e s s u r e  gradient, I think i t ' s  a fa i r ly  safe guess that 
the p r e s s u r e  fluctuation would also depend on the p r e s su re  gradient and general ly 
increase  in posit ive p r e s s u r e  gradients.  

H. S. Ribner (Universi ty of Toronto) 

Mr. Callaghan makes frequent  r e fe rence  to the f luc tua t ingpressures  in t e r m s  of 
"sound p res su re  l eve l s" :  these "hydrodynamic" or incompress ib ly  generated p r e s -  
sures  are  not sound in the s t r i c t  sense,  and I would p re fe r  Blokhintsev 's  t e rm 
"pseudo- sound." 

E. E. Callaghan 

In reply to Professor Kovasznay, the effect of Mach number on the rates of root- 
mean-square surface pressure to dynamics pressure, P/q, would appear to be small 
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in  e x t r a p o l a t i n g  s u b s o n i c  r e s u l t s  to  low s u p e r s o n i c  speeds .  A r e c e n t l y  d e c l a s s i f i e d  
p a p e r *  shows  no M a c h  n u m b e r  e f fec t  on P/q  fo r  a r a n g e  of f l igh t  M a c h n u m b e r s  f r o m  
0.8 to  1.4. 

It  i s  c e r t a i n l y  a g r e e d  t h a t  the  type  of c a l c u l a t i o n s  p e r f o r m e d  in t h i s  p a p e r  c a n  
m e r e l y  p r e d i c t  o r d e r  of m a g n i t u d e .  I t  would  be  e x p e c t e d  t h a t  s t r o n g  f a v o r a b l e  p r e s -  
s u r e  g r a d i e n t s  would l o w e r  the  r a t i o  of P/q w h e r e a s  a d v e r s e  g r a d i e n t s  would r a i s e  it. 

In r e g a r d  to j i g g l i n g  the  bow wave ,  i t  would b e  e x p e c t e d  t h a t  a s  long  a s  the  
s t r e a m  M a e h  n u m b e r s  a r e  3 o r  l a r g e r  the  bow wave  i s  e x c e e d i n g l y  s t ab l e .  It  would 
only be  a t  the  l o w e r  M a e h  n u m b e r s ,  s ay  2 o r  l e s s ,  t h a t  s h o c k  wave  i n s t a b i l i t y  would 
give r i s e  to  l a r g e  s u r f a c e  p r e s s u r e  f l u c t u a t i o n s .  

It i s  i m p o s s i b l e  to  a s s e s s  w h a t  e f f e c t  a b l a t i o n  type  n o s e  c o n e s  wi l l  have  on 
i n t e r n a l  no i se .  Undoubted ly ,  the  r o u g h  s u r f a c e  r e s u l t i n g  f r o m  a b l a t i o n  wi l l  g r e a t l y  
i n c r e a s e  the  s u r f a c e  p r e s s u r e  f l u c t u a t i o n s .  On the  o t h e r  hand ,  the  a b l a t i n g  m a t e r i a l  
would be  e x p e c t e d  to  have  a v e r y  h igh  t r a n s m i s s i o n  l o s s ,  so  t h a t  one e f f ec t  m a y  
b a l a n c e  the  o the r .  

I a g r e e  c o m p l e t e l y  wi th  Dr .  C o r c o s .  The  c a s e  d i s c u s s e d  h e r e  a s s u m e s  t h a t  the  
p r e s s u r e  g r a d i e n t  i s  f a v o r a b l e  bu t  no t  s t r o n g .  S t r o n g  g r a d i e n t s  shou ld  g r e a t l y  a l t e r  
the  r e s u l t s .  We do have  s o m e  u n p u b l i s h e d  f l i g h t d a t a  w h i c h  show t h a t  s t r o n g f a v o r a b l e  
g r a d i e n t s  r e d u c e  the  r a t i o  of ~ /q  c o n s i d e r a b l y .  We a l s o  have  da ta  in  the  p r e s e n c e  of 
a s t r o n g  a d v e r s e  g r a d i e n t ,  and  f o r  s u c h  a c a s e  the  l e v e l s  a r e  v e r y  high.  In one c a s e ,  
s e p a r a t e d  flow on a w ing  r e s u l t e d  in  a s u d d e n  i n c r e a s e  of 25 d e c i b e l s .  

F o r  the  m o s t  p a r t ,  I m u s t  a g r e e  w i th  the  c o m m e n t s  by  Dr .  Dye r .  We have  looked  
a t  the  p o s s i b i l i t y  of n o i s e  g e n e r a t i o n  of the  type  d i s c u s s e d  by  R i b n e r ~  and  e v e n  if we 
a s s u m e  v e r y  s e v e r e  a t m o s p h e r i c  t u r b u l e n c e  the  n o i s e  l e v e l s  g e n e r a t e d  a r e  v e r y  low. 
Mos t ly  b e c a u s e  s e v e r e  a t m o s p h e r i c  t u r b u l e n c e  i s  no t  r e a l l y  v e r y  t u r b u l e n t  a t  a l l  in  
c o m p a r i s o n  to b o u n d a r y  l a y e r s  o r  j e t  mix ing ,  e tc .  

The  q u e s t i o n  of f l u c t u a t i n g  b a s e  p r e s s u r e s  m a y  we l l  be  a v e r y  s e v e r e  p r o b l e m .  
I t  l ooks  v e r y  m u c h  l ike  the  k ind  of a p r o b l e m  wh ich  m u s t  be  s t u d i e d  in e i t h e r  wind 
t u n n e l s  o r  r o c k e t - p o w e r e d  m o d e l s .  

~Norman J.  McLeod  and Ga re th  Jo rdan ,  " P r e l i m i n a r y  F l igh t  Survey of F u s e l a g e  and 
Boundary  L a y e r  Sound P r e s s u r e  L e v e l s , "  NACA RM H 5 8 B l l ,  1958. 

SH. S. R ibne r ,  " S h o c k - T u r b u l e n c e  I n t e r a c t i o n  and the Gene ra t i on  of N o i s e , "  NACA 
TR 1223, 1955. 
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