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A b stra ct

A x is y m m e t r i c  cav i ty  f l o w  e x p e r i m e n t s  have b een  c o n d u c t e d

in t h e  Imperia l  C o l l e g e  N o . 2 Gun Tunnel at  Mach 9 and unit
7 7R e y n o ld s  number o f  1.7x10 / m  and 5.5x10 / m .  The o n c o m in g  

t u r b u l e n t  b oundary  layer  d e v e l o p e d  over  a cone f o r e b o d y  o f  5 °  

s e m i - a n g l e  fo r  a d i s t a n c e  o f  0 .72m ,  w i th  trans i t ion  tak in g  p la ce  

in th e  f i r s t  third o f  t h e  fo r e b o d y .  P i to t  m e a s u r e m e n t s  w ere  

m ad e  in the  b ou nd ary  layer  to  d e t e r m i n e  the v e lo c i ty  p r o f i l e  j u s t  

b e f o r e  s e p a r a t io n .  S u r f a c e  p r e s s u r e  m e a s u r e m e n ts  w e r e  made  

arou n d  c a v i t i e s  w i t h  l e n g t h  t o  d ep th  rat ios  in th e  range  

0 . 8 < L / D < 2 . 4  a t  b o t h  R e y n o ld s  n u m b e rs ,  and compared  w i th  o t h e r  

t w o  d im e n s io n a l  p lan ar  r e s u l t s .  S t r o n g  Reynolds  n um ber  e f f e c t s  

w e r e  n o t i c e d  in th e  r e g i o n  o f  sh ear  layer  r e a t t a c h m e n t  on the  

rear fa c e  w h e re  th e  h i g h e s t  p r e s s u r e s  w ere  recorded,  and w h e re  

e v id e n c e  o f  f l o w  u n s t e a d i n e s s  w a s  a l s o  found. A f r e q u e n c y  

a n a ly s i s  o f  the  f l u c t u a t i n g  p r e s s u r e s  s h o w e d  that  the  o s c i l l a t i o n  

c o u l d  have b een  due t o  a t r a n s v e r s e  a c o u s t i c  mode in the  cav i ty .

H eat  t r a n s f e r  m e a s u r e m e n t s  w ere  made at b o t h  R eyn o ld s  

n u m b e rs  around the  s u r f a c e  o f  c a v i t i e s  w ith  L /D =0.8 ,  1.6 and 2.4  

u s in g  a thin f i lm  t e c h n iq u e .  The h e a t  tran s fer  r e s u l t s  f o l l o w e d  

th e  s a m e  b a s ic  t r e n d s  as the  p r e s s u r e  r e s u l t s .  S tr o n g  R eyn o ld s  

nu m ber  d e p e n d e n c e  w a s  n o t i c e d  again  in the r eg io n  o f  shear  

layer  r e a t t a c h m e n t .

A b a s ic  s e m i - e m p i r i c a l  a n a ly s i s  w as  used to  try to  p r e d ic t  

and e x t r a p o l a t e  th e  e x p e r i m e n t a l  r e s u l t s .  Good p r e d i c t i o n s  o f  

s e p a r a t e d  sh ear  layer  s p r e a d in g  and r e a t ta c h m e n t  w ere  a ch ieved  

by th e  u s e  o f  r e l a t iv e l y  s im p l e  e q u a t io n s ,  and us in g  th i s  a n a ly s i s  

th e  e x p e r i m e n t a l  r e s u l t s  w ere  e x t r a p o l a t e d  to d i f f e r e n t  cav i ty  

l e n g t h s .

A laminar N a v i e r - S t o k e s  c o d e  w as  d eve lop e d  u s in g  a 

G o d u n o v - t y p e  Eu ler  c o d e  as a b a s i s .  Hypersonic  f l a t  p la t e  

b o u nd ary  layer  c o m p u t a t i o n s  g a v e  very accurate  r e s u l t s  w h e n  

co m p a r e d  to  k n o w n  s o l u t i o n s .  A Mach 8 L/D=2 laminar  cav i ty  

f l o w  w a s  c o m p u te d ,  and s u r f a c e  p r e s s u r e ,  heat t r a n s fe r  and skin  

f r i c t io n  p r o f i l e s  in th e  ca v i ty  produced .  T h ese  s e e m e d  in 

q u a l i ta t iv e  a g r e e m e n t  w i t h  the  t u r b u le n t  exper im enta l  r e s u l t s .
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F ig .70 One d im e n s io n a l  Riemann p r o b le m

Fig.71a B lu n t  n o s e d  body  w i th  cav i ty

Fig.71b F la t  p l a t e  w i th  cav i ty

F ig .72 In v isc id  cav i ty  p r e s s u r e s  f o r  M=9

F ig .73 V e l o c i t y  p r o f i l e s  fo r  Mach 8 ad iab at ic  w a l l  f l a t  p la t e  boundary  

layer  a t  Rex =587 0 0 0

F ig .74 T e m p e r a tu r e  p r o f i l e s  f o r  Mach  8 ad iabat ic  w a l l  f l a t  p l a t e  

b ou n d ary  layer  at  Rex =587 0 0 0

F ig .75 D e n s i t y  c o n t o u r s  for  Mach 8 ad iabat ic  w a l l  f l a t  p la t e  boundary

layer  w i th  22 p o in t s  a c r o s s  th e  boundary  layer  at  the  d o w n s t r e a m  

end

F ig .76 D e n s i t y  c o n t o u r s  for  Mach 8 ad iabat ic  w a l l  f l a t  p la te  boundary

layer  w i th  14 p o in t s  a c r o s s  th e  boundary layer  at  the d o w n s t r e a m  

end

F ig .77 D e n s i t y  c o n t o u r s  for  Mach 8 ad iabat ic  w a l l  f l a t  p la te  boundary  

layer  w i th  7 p o in t s  a c r o s s  the  boundary  layer  at  th e  d o w n s tr e a m  

end

F ig .78 P r e s s u r e  c o n t o u r s  for  Mach 8 ad iabat ic  w a l l  f l a t  p la t e  boundary  

layer  w i t h  22 p o i n t s  a c r o s s  the  boundary  layer  at  the  d o w n s t r e a m  

end

F ig .79 V e l o c i t y  p r o f i l e s  fo r  Mach 8 i s o t h e r m a l  w a l l  (Tw / T qo=6) 

f l a t  p l a t e  boundary  layer  a t  Rex =587 0 0 0  

F ig .80  T e m p e r a tu r e  p r o f i l e s  for  Mach 8 i s o t h e r m a l  w a l l  (Tw / T co=6) 

f l a t  p l a t e  boundary  layer a t  Rex =587 0 0 0  

F ig .81 D e n s i t y  c o n t o u r s  for  Mach 8 i s o t h e r m a l  w a l l  (Tw / T qo=6) f l a t

p l a t e  b ou nd ary  layer  w i th  23 p o i n t s  a c r o s s  th e  b oundary  layer at  

th e  d o w n s t r e a m  end

F ig .82 D e n s i t y  c o n t o u r s  fo r  Mach 8 i s o t h e r m a l  w a l l  (Tw / T qo=6) f l a t  

p la t e  b ou n d ary  layer  w i th  16 p o i n t s  a c r o s s  th e  b oundary  layer  

at  th e  d o w n s t r e a m  end
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F ig .83 D e n s i ty  c o n t o u r s  fo r  Mach 8 i s o th e r m a l  w a l l  (Tvv/ T oo=6) f l a t  

p la te  b oundary  layer  w i th  10 p o in t s  a c r o s s  th e  bou nd ary  layer  

at the  d o w n s t r e a m  end

F ig .84  S u r face  p r e s s u r e  vs  l e a d in g  e d g e  in te r a c t io n  p aram eter  

F ig .85 Mach 8 L /D = 2 .0  lam inar  ca v i ty  f l o w f i e l d - v e c t o r  l e n g t h  d ir e c t ly  

p r o p o r t io n a l  to  v e l o c i t y

F ig .86 Mach 8 L /D = 2 .0  la m inar  cav i ty  f l o w f i e l d - v e c t o r  l e n g t h  p r o p o r t io n a l  

to  v e l o c i t y  to  th e  p o w e r  o f  0.25

F ig .87 P r e ss u r e  c o n t o u r s  fo r  Mach 8 L /D = 2 .0  laminar cav i ty  f l o w

F ig .88  D e n s i ty  c o n t o u r s  f o r  Mach  8 L /D = 2 .0  laminar cav i ty  f l o w

F ig .89 T em p era tu re  c o n t o u r s  fo r  Mach 8 L /D = 2 .0  la m inar  ca v i ty  f l o w

F ig .90  S u r fa ce  p r e s s u r e  in c o m p u t a t i o n a l  cavi ty

F ig .91 S u r fa ce  p r e s s u r e  in c o m p u t a t i o n a l  c a v i ty - e x p a n d e d  s c a l e

F ig .92 S ta n to n  num ber  d i s t r i b u t i o n  in c o m p u t a t io n a l  cav i ty

F ig .93 Skin f r i c t io n  d i s t r ib u t io n  in c o m p u ta t io n a l  cav i ty

F ig .94 S ta n to n  number d i s t r i b u t i o n  on a f terb od y

Fig .95 Skin f r i c t io n  d i s t r ib u t io n  on a f te r b o d y

Fig .96 S c h e m a t i c  o f  t e m p e r a tu r e  p r o f i l e  at  r e a t t a c h m e n t
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CHAPTER 1

INTRODUCTION

1.1 G eneral

A cav i ty ,  or s u r f a c e  c u to u t ,  is  a fu n d a m e n t a l ly  im p o r ta n t  

aero d y n a m ic  g e o m e t r y .  Apart  from b e in g  o f  i n t e r e s t  in many  

p r a c t ic a l  p r o b l e m s ,  a cav i ty  f l o w  e x h i b i t s  s o m e  o f  the  m o s t  

c o m p l i c a t e d  and im p o r t a n t  aerodynam ic  p h en o m en a  s u ch  as  

s e p a r a t io n ,  r e a t t a c h m e n t  and f l o w  u n s t e a d i n e s s ,  and th e r e f o r e  

has p ro v ed  idea l  as  a t e s t  p rob lem  f o r  s tu d y in g  t h e s e  f l o w  

f e a t u r e s .  C avity  f l o w s  o ccu r  p ra c t ic a l ly  fo r  a w ide  range  o f  free  

s t r e a m  f l o w  c o n d i t i o n s ,  f rom  s u b s o n ic  and lo w  s u p e r s o n i c  Mach  

n u m b e rs  w h e re  drag and f l o w  o s c i l l a t i o n  are o f  primary  

im p o r ta n c e ,  to  h igh  s u p e r s o n i c  and h y p e r s o n ic  Mach n um bers  

w h e re  h ea t  t r a n s f e r  is  a l s o  o f  c o n s id e r a b le  im p o r ta n c e ,  and  

w here ,  g e n e r a l ly ,  b u lk  u n s t e a d i n e s s  o f  th e  f l o w  is  lo w .

Cavity  f l o w s  may be o f  d irect  p rac t ic a l  i n t e r e s t  under a 

var ie ty  o f  c i r c u m s t a n c e s .  At low  Mach numbers  f l o w  o s c i l l a t i o n  

in b o m b  bays  and w h e e l  w e l l s  can lead to  n o ise ,  b u f f e t i n g  and 

c y c l i c  s t r e s s e s  on  the  s t r u c t u r e  ( see  P lum b ee  e t .a l . ( 1 9 6 2 ) ) . Gaps  

b e t w e e n  l i f t i n g  and c o n t r o l  s u r fa c e s ,  and su r fa ce  c u t o u t s ,  can  

in c r e a s e  drag and a l t e r  th e  heat  t r a n s fe r  c h a r a c t e r i s t i c s  o f  the  

s u r f a c e  o f  v e h i c l e s  f ly in g  at  h igh Mach number ( see  

Larson(1959))  .

Low s p e e d  cav i ty  f l o w s  have been  the  s u b je c t  o f  c o n s id e r a b le  

e x p e r i m e n t a l  e f f o r t  in the  p a s t ,  b ut  i n f o r m a t io n  ab ou t  such  

f l o w s  in th e  h y p e r s o n ic  reg im e is  s p a r s e  . A t  a t im e  w hen  

s e v e r a l  c o u n t r i e s  are c o n t e m p la t in g  r e u s a b le  launch  v e h i c l e s ,  a 

m ore  e x t e n d e d  k n o w l e d g e  o f  such a b a s ic  h y p e r s o n ic  f l o w  

p h e n o m e n a  is  e s s e n t i a l .  The aim o f  th is  w ork  is  th en  to  c o l l e c t  

p r e s s u r e  and h ea t  t r a n s f e r  data  for  such  a f l o w ,  and th ereb y  g e t  

a b e t t e r  p h y s i c a l  u n d e r s ta n d in g  o f  th e  im p o r ta n t  m e c h a n is m s  

in v o lv e d .  P a r a l l e l  w i th  th i s  is  th e  d e v e l o p m e n t  o f  a 

N a v i e r - S t o k e s  c o d e ,  w i th  the  r e s u l t s  o f  th e  c o m p u t a t io n s
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h o p e f u l l y  en h an c in g  th e  p h ys ica l  u n d e rs ta n d in g  o f  the  f l o w .  The  

t im e  s p e n t  on th e  e x p e r im e n t s  and analys is ,  and on the  

c o m p u t a t i o n s ,  is  in part  d e te r m in e d  by s u p p o r t  f rom  the  

s p o n s o r  o f  th i s  work.
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1.2 B ack grou n d -E xp erim en ta l

1.2.1 M ean F low  C h ara cter la tlcs

M o s t  data  ava i lab le  in th e  l i t e r a tu r e  for  s u p e r s o n i c  cav i ty  

f l o w s  are for  tw o  d im e n s io n a l  f l o w s .  A s c h e m a t i c  o f  s u c h  a 

f l o w f i e l d  is  s h o w n  on F i g . l .  A c o m p r e h e n s iv e  s e r i e s  o f

e x p e r i m e n t s  w as  p e r f o r m e d  by Charwat  e t .a  l . ( 1961). T h e s e  

in c lu d e d  p r e s s u r e  and h e a t  t r a n s f e r  m easu rem en ts  fo r  cav i ty  

l e n g t h  to  d ep th  r a t io s  0.5< L /D  < 30 for  Mach 1 .9 -3 .5  t u r b u l e n t  

f l o w s  over  a range o f  R e y n o ld s  numbers .  They,  and o t h e r  

i n v e s t i g a t o r s ,  fou n d  t h a t  t h e r e  is  a cr i t ica l  va lue  o f  L /D  o f  

around 10, and th a t  a t  th i s  v a lu e  a fu n d am en ta l  r e s t r u c t u r i n g  o f  

th e  f l o w  o ccu rs .  Above t h i s  va lu e  the  sep ara ted  sh ear  layer  f rom  

the  u p s tr e a m  face  a t t a c h e s  to  the  f l o o r  o f  th e  cav i ty ,  and

s e p a r a t e s  again as the  f l o w  ap p roach es  th e  d o w n s t r e a m

(r e c o m p r e s s io n )  face .  This is  s h o w n  in Fig.2a,  and is  c a l l e d  a 

c l o s e d  cavity f l o w .  B e l o w  L/D=10,  the  shear  layer  e f f e c t i v e l y  

ju m ps  th e  cav ity,  r e a t t a c h i n g  a t  the r e c o m p r e s s io n  face .  This is  

s h o w n  in Fig .2b,  and is c a l l e d  an open  cavi ty f l o w .  S tr o n g

s t a g n a t i o n  p r e s s u r e  r e c o v ery  is  n o t ic e d  at the  d o w n s t r e a m  face  

w h i le  th e  f l o o r  p r e s s u r e  is  r e l a t iv e l y  c o n s ta n t .

O th er  tw o  d im e n s io n a l  f l o w s  w ere  in v e s t ig a te d  by Zhang(1987)  

at Mach 1.5 to  3, M c D e a r m o n (1960) at  Mach 3.55, S t a l l i n g s  and  

W ilcox(1987)  at  Mach 1.5 t o  2 .86 ,  Clark e t .a l  . 0 9 8 0 )  a t  Mach 0.6  

to  3.0 ,  and an a x i s y m m e t r i c  cav i ty  by J o h a n n e so n (  1955)at  Mach  

1.97. N icol l(1964) ,  G inoux e t . a l  . 0 9 6 8 ) ,  and Hahn(1969) a l l  s t u d i e d  

a x i s y m m e t r i c  laminar  c a v i t i e s  at  h yp erson ic  Mach n u m b e rs .  

Larson(1959) i n v e s t i g a t e d  la m inar  and tu rb u len t  a x i s y m m e t r i c  

c a v i t i e s  a t  Mach 0 . 3 - 4 . 0  and f o u n d  tu r b u le n t  heat  t r a n s f e r  r a t e s  

(n o rm a l ized  by the  v a lu e  on th e  forebody)  q u i te  s im i la r  to  

laminar o n e s  and r e l a t i v e l y  Mach number in d ep en d en t ,  w h ich  

c o n t r a d i c t s  the  t h e o r e t i c a l  r e s u l t s  o f  Chapman(1956) fo r  

t u r b u l e n t  f l o w s ,  a l t h o u g h  a g r e e m e n t  w i th  Chapman's t h e o r y  fo r  

the  laminar  r e s u l t s  w a s  g o o d .  F i g . 3 s h o w s  Larson’s h e a t  t r a n s f e r  

r e s u l t s  f o r  b o th  laminar  and tu r b u le n t  f l o w s  in t e r m s  o f  average  

cav i ty  h e a t  t r a n s fe r  c o e f f i c i e n t  n o r m a l i se d  by the  h e a t  t r a n s f e r
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c o e f f i c i e n t  for  th e  a t t a c h e d  boundary  layer .  It can be s e e n  th a t  

for  his  r e l a t iv e l y  lo n g  cav i t i e s ,  th e  average  h e a t  t r a n s f e r  

c o e f f i c i e n t  is  a b o u t  h a l f  the a t ta ch ed  va lue .  J o h a n n e s o n  s h o w e d  

th a t  th e  r e s u l t s  f o r  a x i s y m m e tr i c  c a v i t i e s  are n o t  very  d i f f e r e n t  

from tw o  d i m e n s io n a l  ca v i t i e s ,  e x c e p t  t h a t  a x i s y m m e t r i c  c a v i t i e s  

e x h ib i t  a s l i g h t l y  la r g e r  drop in p r e s s u r e  moving  fr o m  th e  f r o n t  

to  the  rear o f  th e  cav i ty  f lo o r .  This is  i l l u s t r a t e d  on F i g . 4. The  

"two d im en s ion a l"  cav i ty  i n v e s t i g a t i o n s  a l l  r e p o r t  s t r o n g  3 

d im en s io n a l  e f f e c t s  due  to  the  p r e s e n c e  o f  the  ca v i ty  s id e  w a l l s ,  

w hich  is  on e  o f  t h e  f e a t u r e s  which p r o m p te d  ou r  i n t e r e s t  in 

a x i s y m m e tr i c  c o n f i g u r a t i o n s .

A h y p e r s o n ic  t w o  d im e n s io n a l  cav i ty  at  Mach 6.3 and 8.5 w as  

s tud ied  by N e s t l e r  e t . a l .  (1968) for  v a lu e s  o f  5 < L / D  < 30  . H e a t  

t r a n s fe r  and p r e s s u r e  m e a s u r e m e n ts  w ere  made on  th e  cav i ty  

f loor .  O ther  h e a t  t r a n s f e r  data w ere  taken  by G o r ty s h o v  e t .a l  

.(1982) fo r  M = 3 .5 -4 .5 ,  White(1971) at  s u b s o n i c  and lo w

s u p e r so n ic  Mach n u m b e r s ,  and W i e t i n g (1970) at  Mach 7 for  deep  

cav i t i e s  (L /D < 0 .5 2 4 ) .  Lamb (1981) a t t e m p t e d  a c o r r e l a t i o n  o f  a l l  

the  cavity f l o w  p a r a m e te r s  to  p red ic t  h eat  t r a n s f e r  r a te s .  He 

found heat  t r a n s f e r  r a t e s  in the  cavi ty  to  be  pr im ari ly  d e p e n d e n t  

on the  rate  o f  s p r e a d in g  o f  the  se p a r a te d  sh ear  layer  in to  the  

cavi ty  f l o w f i e l d  and th e r e fo r e  s t r o n g l y  d e p e n d e n t  on in it ia l  

boundary layer  t h i c k n e s s  and cavi ty  l e n g th .  C avity  d ep th  was  

found to  be o f  s e c o n d a r y  im p ortan ce  in d e te r m in in g  b o t h  peak  

and average  heat  t r a n s f e r  ra te s  in op en  cavi ty  f l o w s .

It is  e x p e c t e d  t h a t  peak h ea t  t r a n s fe r  r a te s  in th e  cav i ty  w i l l  

occur in th e  re g io n  o f  shear  layer im p in g e m e n t  on  th e  back  face .  

In th a t  s e n s e  th e  r e a t t a c h m e n t  o f  t u r b u le n t  s e p a r a t e d  f l o w s  in 

genera l  are o f  i n t e r e s t ,  and a summary o f  c o r r e la t e d  d a ta  in th is  

f ie ld  is  g iven  by M erzk irch(1988)  e t . a l . ,  w h o  l o o k e d  a t  ava i lab le  

ex p e r im e n ta l  d a ta  on  the in f lu e n c e  o f  R e y n o ld s  number,  

u p stream  b ou nd ary  t h i c k n e s s ,  Mach number,  and b o d y  g e o m e t r y  

on h ea t  t r a n s f e r  r a t e s  to  c a v i t i e s ,  rearward  fa c in g  s t e p s  and  

b ase  f l o w s .  V ar iou s  a t t e m p t s  have b een  made,  n o t a b ly  by 

Korst(1956) and Chapman(1956),  N es t ler (1973)  Gerhart  and  

Thomas (1974), Keyes(1977) ,  and Tanner(1976) t o  a n a ly s e  the
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r e a t t a c h m e n t  p r o c e s s  to  p r e d ic t  th e  heat t r a n s f e r  r a te s .  

P r e s s u r e s  and heat  t r a n s fe r  r a te s  are l o o s e l y  l ink ed ,  and s o m e  

a u th o r s  have found  power  la w s  l ink ing  p r e s s u r e  and h e a t  

t r a n s f e r  to  f i t  q u ite  w e l l .

L i t t l e  d e ta i l  is  ava ilable  on th e  s t r u c tu r e  o f  the  c a p tu r e d  

v o r t e x  in open  cavi ty  f l o w .  G o r ty s h o v  et .al .  fo u n d  th e  c a p tu r e d  

v o r t e x  t o  s p l i t  in to  a primary and s eco n d a ry  v o r t e x  f o r  

a p p r o x im a te ly  L/D>2.  This is  i l l u s t r a t e d  on Fig. 5. In ad d i t ion  to  

t h e s e  t w o  main v o r t i c e s ,  th ere  is  a l s o  a s e q u e n c e  o f  s m a l l e r  

v o r t i c e s  a t  corn ers .  Roshko(1955) m ade  s o m e  m e a s u r e m e n t s  in 

th e  primary v o r te x  in s u b s o n i c  f l o w ,  and fo u n d  t h a t  

r e c i r c u l a t i o n  v e l o c i t i e s  were  as h igh  as 40% o f  th e  f r e e  s t r e a m  

v e l o c i ty .

The boundary layer in th e  p r e s e n t  e x p e r i m e n t a l  s t u d y  

s e p a r a t e s  at  a f ive  d egree  a n g le  w i th  r e s p e c t  to  th e  cav i ty  

a l i g n m e n t  ( s e e  Fig. 32). In th is  r e s p e c t  the  se p a r a te d  sh ear  layer  

r e s e m b l e s  th a t  o f  a b ase  f l o w ,  a t  l e a s t  in i t ia l ly ,  and s o  it  is  

i n s t r u c t i v e  to  look  at the  wave s y s t e m s  o b s e r v e d  in s o m e  b a s e  

f l o w s  at  th e  po in t  o f  s ep arat ion .  M a r t e l lu c c i  e t . a l . (1966) at  Mach  

6 and Marcil lat(1974) at  Mach 7 i l l u s t r a t e  the  s h o c k - e x p a n s i o n  

s y s t e m  at  the  po in t  o f  s ep ara t ion  on c o n e  base  f l o w s ,  w hich  is  

s h o w n  on Fig. 6a. Pressu re  is  e s s e n t i a l l y  uniform in th e  b a s e  

reg ion  ( th a t  p res s u r e  being d e p e n d e n t  on the c o n e  an g le ) .  The  

lip s h o c k  in the  s h o c k - e x p a n s i o n  s y s t e m  s e e m s  to  be  due to  an 

in i t ia l  o v e r e x p a n s io n  o f  the  inner p a r t  o f  the  b oundary  layer  to  

mainta in  p r e s s u r e  c o n t in u i ty  a c r o s s  th e  se p a r a te d  sh ear  layer,  

and th en  a s u b s e q u e n t  c o m p r e s s io n .  Th is  e f f e c t  l a t e r  p ro v es  

im p o r ta n t  in ca l c u la t in g  the s e p a r a te d  s h ea r  layer  o f  th e  cav i ty  

c o n f ig u r a t i o n  in th is  s tudy .  M a r t e l lu c c i  e t .a l .  m e a s u r e d  t o t a l  

t e m p e r a t u r e s  in the  b a s e  reg ion  and f o u n d  th em  on average  to  

be ab o u t  0.65 t im e s  the  free  s t r e a m  t o t a l  t e m p e r a tu r e .  This  

c o m p a r e s  w e l l  the  e x p e r im e n ts  o f  Emery e t . a l . (1965), w h o  fo u n d  

t o t a l  t e m p e r a tu r e s  in the  se p a r a te d  r e g io n  o f  a ca v i ty  f l o w  to  be  

0.66 t im e s  the free  s tream  t o t a l  t e m p e r a tu r e .  In a d d i t ion  to  the  

l ip s h o c k  in the  b ase  f l o w  p r o b le m ,  th e r e  is  a l s o  a tra i l in g  

s h o c k  (as id en t i f i ed  on F ig .6) w h ic h  a l i g n s  th e  f l o w  w ith  th e
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b od y  ax is  d o w n s t r e a m  o f  s e p a r a t io n .  The t r a i l in g  s h o c k  is  

s t r o n g e r  than  the  l ip s h o c k ,  and p r e s s u r e s  i m m e d i a te ly  

d o w n s tr e a m  o f  it r i s e  above  th e  fr e e  s tream  p r e s s u r e  b e f o r e  

fa l l in g  grad u a l ly  fu r th e r  d o w n s t r e a m  to  the  free  s t r e a m  va lu e .

A n oth er  type  o f  s u p e r s o n i c  se p a r a te d  f l o w  t h a t  b ears  

s im i l a r i t i e s  to  open  ca v i ty  f l o w s  is  th a t  in duced  by s h o c k  w a v e s ,  

s u c h  as at  a c o m p r e s s i o n  corn er  as s t u d i e d  by Low der(1984)  and 

Holden(1972) .  A s c h e m a t i c  o f  s u c h  a f l o w  is  s h o w n  on  Fig .6b.  

S im i la r i t i e s  w i th  h y p e r s o n ic  o p en  cav i ty  f l o w s  in c l u d e  th e  f a c t  

t h a t  b u lk  u n s t e a d i n e s s  o f  th e  f l o w  is  lo w ,  and t h a t  p eak  h e a t in g  

and p r e s s u r e s  o ccu r  near  th e  s h e a r  layer  r e a t t a c h m e n t  p o in t .  

H o w e v e r  s e p a r a t io n s  a t  c o m p r e s s i o n  cor n e r s  d i f f e r  in t h a t  f u l l  

s h ea r  layer r e a t t a c h m e n t  o c c u r s  (as o p p o s e d  to  p art ia l  

r e a t t a c h m e n t  for  o p en  c a v i t i e s ) ,  and th i s  is  r e f l e c t e d  in the  

much h igher  r e a t t a c h m e n t  h ea t  t r a n s f e r  ra te s  r e c o r d e d .  The  

m ech an ism  o f  s e p a r a t io n  is  a l s o  d i f f e r e n t ,  w ith  p r e s s u r e  in d u ced  

se p a r a t io n  o ccu r in g  at  c o m p r e s s i o n  corn er s  r a th e r  than  "fly  

away" s ep a ra t io n  in cav i ty  f l o w s .  Lowder  c o n d u c t e d  his  

e x p e r i m e n t s  at  Mach 9 for  t w o  d i f f e r e n t  R eyn o ld s  n u m b e r s  and a 

number o f  d i f f e r e n t  a x i s y m m e t r i c  and a s y m m e tr ic  c o m p r e s s i o n  

s t e p s .  He fou n d  s u r f a c e  p r e s s u r e s  a t  r e a t t a c h m e n t  up to  a 

f a c t o r  o f  100 g r e a te r  than th e  s u r fa c e  p r e s s u r e  b e f o r e  

se p a r a t io n  for  c o m p r e s s i o n  s t e p s  o f  4 0 ° .  Coleman(1973)  fo u n d  

r e a t t a c h m e n t  h ea t  t r a n s f e r  r a te s  fo r  s u ch  c o m p r e s s i o n  s t e p s  to  

r i se  by a f a c t o r  o f  up to  50 over  the  s u r fa c e  h ea t  t r a n s f e r  rate  

b e f o r e  sep ara t ion .  Lowder  a l s o  n o t i c e d  a R e y n o ld s  n um ber  

d ep e n d e n c e  for  the  r e a t t a c h m e n t  p r o c e s s ,  w ith  h ig h e r  R ey n o ld s  

num bers  lead ing  to  h igher  n o r m a l i z e d  r e a t t a c h m e n t  p r e s s u r e s .  

H o l d e n ’s e x p e r i m e n t s  w ere  c o n d u c t e d  fo r  6.5<M<13, and in c lu d e d  

a t t e m p t s  to  id e n t i fy  th e  o n s e t  o f  s e p a r a t io n  w i t h  in c r e a s i n g  

w e d g e  ang le .  This w a s  a t t e m p t e d  by th e  u se  o f  s k in  f r i c t io n  

g a u g e s  to  record  at  w h ich  w e d g e  a n g le  th e  sk in  f r i c t i o n  red u ced  

to  zero .
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1.2.2 F lu ctu a tin g  F low  C h a ra cter is tic s

The f l o w  in s id e  a cav i ty  can o s c i l l a t e  under a w id e  range  o f  

c o n d i t io n s ,  the  nature  o f  th e  o s c i l l a t i o n  d e p e n d in g  on  th e  free  

s trea m  Mach number,  th e  cav i ty  g e o m e t r y ,  and th e  t h i c k n e s s  o f  

the  s e p a r a te d  sh ear  layer .

Kr ishnam urty  (1955) fo u n d  s h o r t  c a v i t i e s  ( L /D = l -2 )  at  

t r a n s o n ic  s p e e d s  e m i t t e d  high f r e q u e n c y  rad ia t ion  w hich  w as  

s t r o n g  and d ir e c t io n a l  ( o u t  o f  th e  cav i ty )  . Th is  f r e q u e n c y  w as  

fou n d  to  be  i n v e r s e l y  p r o p o r t io n a l  to  cav i ty  l e n g t h  in b o th  

laminar  and tu r b u le n t  f l o w .  No s i m p l e  r e l a t i o n s h i p  b e t w e e n  free  

s trea m  Mach num ber  and c a v i ty  l e n g t h  w a s  n o t i c e d .

R o s s i t e r (1966) , a l s o  a t  t r a n s o n ic  Mach n u m b e rs ,  fo u n d  th a t  

the  u n s te a d y  p r e s s u r e s  c o n ta in  b o t h  random  and p er iod ic  

c o m p o n e n t s .  The random  c o m p o n e n t  d o m in a t e d  in s h a l l o w  

ca v i t i e s  ( L /D > 4  ) and w a s  m o s t  in t e n s e  near th e  rear fa c e ,  w h i le  

the  per iodic  c o m p o n e n t  d o m in a te d  in d e e p e r  c a v i t i e s  ( L /D < 4  ). 

With the  aid o f  f l o w  v i s u a l i z a t io n  he n o t i c e d  d i s c r e t e  v o r t i c e s  in 

the  shear  layer b e in g  s h ed  from th e  cav i ty  l e a d i n g  ed g e .  He  

c o n s t r u c t e d  a m o d e l  b a s e d  on t h e s e  v o r t i c e s  im p a c t i n g  on the  

rear fa ce  o f  the  cav i ty  and, in do ing  so,  e m i t t i n g  a c o u s t i c  w aves  

w hich  trave l  u p s tre a m  to  the  l e a d in g  e d g e  and in i t i a t e  the  

sh ed d in g  o f  an o th er  v o r t e x ,  th u s  fo r m in g  a f e e d b a c k  lo o p .  This  

th eory  w as  fou n d  to  p r e d ic t  cav i ty  o s c i l l a t i o n  f r e q u e n c i e s  q u ite  

w e l l .  The th eo ry  w a s  m o d i f i e d  s l i g h t l y  by H e l l e r  e t . a l .  (1971) to  

a c c o u n t  for  th e  cav i ty  s p e e d  o f  s o u n d  b e in g  d i f f e r e n t  f ro m  the  

free  s t r e a m  va lue  , th u s  im p rov ing  th e  a ccu racy  a t  h ig h er  Mach  

n u m bers .  The d i s c r e t e  v o r t i c e s  n o t i c e d  by R o s s i t e r  l o o k  s im i lar  

to  th e  large  s c a l e  s t r u c t u r e s  f o u n d ,  f o r  e x a m p le ,  in a s u b s o n i c  

free  mix ing  layer by Brow n and R oshko(1974) .  Their  s tud y ,  

o r ig in a l ly  to  i n v e s t i g a t e  th e  e f f e c t  o f  d e n s i t y  ra t io  on  a m ix ing  

layer ,  id e n t i f i e d  o p t i c a l l y  t h e s e  a p p a r e n t ly  t w o  d im e n s io n a l  

v o r t ic a l  s t r u c t u r e s  b e in g  s h e d  from  th e  p o i n t  o f  s e p a r a t io n  o f  a 

l o w  s p e e d  f r e e  m ix ing  layer.  R o c k w e l l  and Knisely(1979)  made a 

l o w  R eyn o ld s  number e x p e r i m e n t a l  s t u d y  o f  a s e p a r a t e d  shear  

layer over  a rearward  f a c in g  s t e p  in i n c o m p r e s s i b l e  f l o w ,  and a 

cavi ty  for  the  sam e f l o w  c o n d i t i o n s  and s t e p  s i z e  ( ie . ,  th e  sam e
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s t e p  R ey n o ld s  n u m ber) .  The r e s u l t s  f o r  f l u c t u a t i n g  p r e s s u r e s  in 

the  shear  layer,  s h o w n  on Fig. 7, in d ic a te  t h a t  the  e f f e c t  o f  the  

rear f a c e  o f  th e  c a v i ty  w as  to  e n h a n c e  th e  o r g a n iz a t io n  o f  the  

large  s c a l e  s t r u c t u r e  o f  th e  sh ear  layer,  w h ic h  for  th e  rearward  

fa c in g  s t e p  c a s e  e x h ib i t e d  v o r t i c e s  o f  th e  "Brown and Roshko"  

type .  H o w e v e r  Ikawa and Kubota(1975) a t  Mach 2 .47  and  

Wagner(1973)  a t  Mach  5 fou n d  no e v i d e n c e  o f  t h e s e  la r g e  s c a l e  

s t r u c t u r e s  in s u p e r s o n i c  shear  la y e rs .

M acG regor  and W h ite  i n v e s t i g a t e d  f l o w  over  s h o r t  c a v i t i e s  

(L /D = 0 .5 -3 )  over  a large  Mach n u m ber  ra n g e  (0 .3 -3 )  t o  ob ta in  

e s t i m a t e s  o f  c a v i ty  drag.  They c la im  p r e s s u r e  o s c i l l a t i o n s  can  

in c r e a se  ca v i ty  drag by up to  250%, and fo u n d  s u c h  o s c i l l a t i o n s  

over  the  e n t ir e  M ach number range .  T h is  in c r e a s e  in drag is  

p r e s u m a b ly  due to  the  large  s c a l e  u n s t e a d i n e s s  in th e  f l o w  

t en d in g  to  p r o d u c e  a larger  v e r t i c a l  e x c h a n g e  of ,  a m o n g s t  o th e r  

f l o w  p r o p e r t i e s ,  ax ia l  m o m e n tu m ,  and h ence  h igh er  t im e  

averaged  p r e s s u r e s  on  the  rear f a c e  o f  th e  cav i ty  and s o  h igher  

drag.  They o b s e r v e d  the  d i s c r e t e  v o r t e x  s h e d d in g  s im i la r  to  th a t  

o f  R o s s i t e r  at  s u b s o n i c  Mach n u m bers  and fou n d  th a t  h is  th eory  

f i t t e d  th e ir  d ata  w e l l .

A l t h o u g h  th e  s h e d d in g  o f  d i s c r e t e  v o r t i c e s  f r o m  th e  cavi ty  

le ad in g  e d g e  has  b e e n  o b s e r v e d  at s u b s o n i c  Mach n u m b e rs ,  i t  

has n o t  b e e n  o b s e r v e d  over  the  c o m p l e t e  Mach n u m ber  range  

w here  o s c i l l a t i o n s  are fou n d  t o  o c c u r .  B ilan in  and Covert(1973)  

c o n s t r u c t e d  a m a th a m a t ic a l  m o d e l  w h e r e b y  o s c i l l a t i o n s  are 

c a u s e d  by s h e a r  laye r  i n s t a b i l i t i e s  ( ie . ,  d i s t u r b a n c e s  in t h e  shear  

layer w hich  have  grow n,  ra th er  th a n  b e in g  d am p ed  out)  

in t e r a c t in g  w i t h  t h e  tra i l ing  e d g e  o f  t h e  cavi ty .  As  in R o s s i t e r ' s  

m o d e l ,  th e  t r a i l in g  ed ge  i n t e r a c t io n  l e a d s  to  a c o u s t i c  w aves  

p ro p a g a t in g  u p s t r e a m  and c o m p l e t i n g  th e  f e e d b a c k  lo o p .  The 

em p ir ica l  c o n s t a n t s  o f  R o ss i t e r ' s  f o r m u l a  are fo u n d  a n a ly t i c a l ly .  

Bilanin  and C o v e r t  m o d e l l e d  the  s h e a r  layer  as an z e r o  t h i c k n e s s  

v o r t e x  s h e e t ,  w h i c h  according  to  M i les (1958 )  s h o u l d  be  s t a b l e  

fo r  f r e e  s t r e a m  Mach num bers  g r e a t e r  than 2-/2. Tam and  

Block(1978) im p r o v e d  upon th is  by ta k in g  s h ea r  layer  t h i c k n e s s  

in to  a c c o u n t  and ana lys ing  m ore  r i g o r o u s l y  th e  a c o u s t i c
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rad ia t ion  from  th e  rear  face .  A summ ary o f  t h e s e  t h e o r i e s  is 

prov id ed  by R o c k w e l l (1 9 8 3 ) .  The Tam and B lo c k  th e o r y  was  

e x t e n d e d  to  s u p e r s o n i c  f l o w  by Zhang(1987) , w h o s e  f l o w

v i s u a l i z a t io n  s e e m e d  t o  co n f irm  the  th eory  th a t  th e  se p a r a te d  

s h e a r  layer  b e c o m e s  s t a b l e  for  Mach num bers  a b o v e  a b o u t  2.7. 

H o w e v e r  a l t h o u g h  t h e s e  th e o r ie s  p red ic t  a c c u r a t e l y  the  

f r e q u e n c i e s  at  w h ich  l o n g i t u d i n a l  m o d es  can o ccu r ,  th e y  do not  

p r e d ic t  w h ich  o f  t h e s e  m o d e s  in p ra c t ic e  w i l l  d o m in a t e ,  nor the  

a m p l i t u d e  o f  th e  o s c i l l a t i o n s .  H o w ev er  a c lu e  to  t h i s  may com e  

f ro m  th e  w o r k  o f  R o c k w e l l  and K nise ly .  It s e e m s  fro m  their  

w o rk  t h a t  th e  s e p a r a t e d  sh ear  layer  for  the  cav i ty  f l o w  c h o s e  as 

i t s  d o m in a n t  f r e q u e n c y ,  o u t  o f  the  p o s s i b l e  r e s o n a n t  f r e q u e n c ie s  

fo r  t h a t  cav i ty ,  th e  o n e  c l o s e s t  to  the natural  v o r t e x  s h ed d in g  

f r e q u e n c y  ( o f  th e  "Brown and Roshko" type) .  In o t h e r  w o r d s ,  the  

ca v i ty  f e e d b a c k  m e c h a n i s m  s e e m e d  to e f f e c t i v e l y  e n h a n c e  the  

f r e q u e n c y  w h ich  a lr ead y  e x i s t e d  in the  shear  la yer .  This is 

b a ck ed  up by th e  r e s u l t s  o f  Zhang(1987) w h o  fou n d  th e  d om in an t  

f r e q u e n c y  in his  ca v i ty  f l o w s  remained e f f e c t i v e l y  c o n s t a n t  w ith  

cav i ty  l e n g t h  ( ie . ,  o u t  o f  p o s s i b l e  r e s o n a n t  f r e q u e n c i e s  fo r  each  

cavi ty ,  i t  s e e m e d  to  "home in" on a part icu lar  p r e fe r r e d  a b s o l u t e  

f r e q u e n c y ) .  T h e s e  r e s u l t s  are i l l u s t r a t e d  on F i g . 8. These  

p r e s s u r e  f l u c t u a t i o n s  w e r e  n o t ic e d  th r o u g h o u t  th e  e n t i r e  cavi ty,  

and w ere  m o s t  i n t e n s e  on  th e  rear face .

H e l l e r  and B l i ss (1975)  p o in t  o u t  th at  the  d i s c r e t e  v o r t i c e s  

o b s e r v e d  by R o s s i t e r  and th e  shear  layer i n s t a b i l i t i e s  o b s erv ed  

at h igh er  Mach n u m b e r s  are n o t  n e c e s s a r i l y  d i f f e r e n t  

m e c h a n i s m s .  They c o n t e n d  th a t  the  d i s c r e te  v o r t i c e s  are a c tu a l ly  

a m a n i f e s t a t i o n  o f  th e  shear  layer i n s t a b i l i t i e s ,  w h ic h  at  

s u b s o n i c  s p e e d s  are far m ore  rapidly am p l i f i ed  and r o l l  up in to  

t h e s e  v o r t i c i e s .

Clark  e t .a l . ( 1 9 8 0 )  c o n d u c t e d  a c o m p r e h e n s iv e  s e r i e s  o f  

e x p e r i m e n t s  l o o k i n g  a t  f l u c t u a t i n g  p r e s s u r e s  over  th e  ent ire  

cav i ty  fo r  a Mach n u m b er  o f  0.6 to  3.0 and L /D  ra n g in g  from 5 

to  10. They  f o u n d  at  a l l  p o s i t i o n s  a broad band  freq u en cy  

s p e c t r u m  upon  w h ich  w a s  su p e r im p o s e d  one  or m o re  peaks .  

H i g h e s t  f l u c t u a t i n g  p r e s s u r e s  were found  on the rear  fa c e  o f  the
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cav i ty .  A l t h o u g h  p ea k s  w ere  n o t i c e d  over  the  en t ir e  Mach  

nu m ber  range ,  th e  co n tr ib u t io n  o f  the  peaks  d e c r e a s e d  w ith  

in c r e a s i n g  Mach  number.

A l t h o u g h  th e  lo n g i tu d in a l  o s c i l l a t i o n  m od e  ( sh e ar  layer  

i n s t a b i l i t y ,  l o n g i t u d i n a l  a c o u s t i c  feed b ack )  s e e m s  to  d om in ate  

fo r  m o s t  f l o w  c o n d i t i o n s ,  a d i f f e r e n t  m od e  has b een  n o t ic e d  for  

d eep  c a v i t i e s .  P lu m b ee  e t .a l . ( 1 9 6 2 ) , East(1966) and Tam(1976)  

fo u n d  e v i d e n c e  o f  a t r a n s v e r s e  m od e  in t h e s e  f l o w  c o n d i t io n s .  

A s c h e m a t i c  o f  th i s  m od e  is s h o w n  on F ig .9, and com p ared  w i th
i

th e  l o n g i t u d o n a l  m ode .  This t r a n s v e r s e  m od e  is a ver t ica l  

a c o u s t i c  m o d e  in th e  cavi ty ,  w h e re  the  air m ass  in th e  cavi ty  

a c t s  in s o m e  w ay  l ike  a H e l m h o l t z  r e s o n a t o r .  It  is  n o t  c lear  

w h e t h e r  n a tu ra l  sh ear  layer in s t a b i l i t y  is  required to  e x c i t e  th is  

m od e ,  and i f  n o t  i t  s e e m s  th a t  q u ite  h igh Mach n u m b ers  w ould  

be required  to  e x c i t e  th is  mode in s h a l l o w  ca v i t i e s  i f  th e  energy  

fo r  th e  o s c i l l a t i o n s  was  to  co m e  from  t u r b u le n t  f l u c t u a t i o n s  

w ith in  the  s h e a r  layer.  The reduced  fr e q u e n c ie s  ( f D / a ) ,  where  f  

is  the  f r e q u e n c y  and a the  average s p e e d  o f  s o u n d  in th e  cavity,  

m e a s u r e d  by E a s t  w ere  in the  range 0 .15 -0 .20 .

In su m m ary ,  i t  is  n o t  c lear  from  the  l i t e r a tu r e  w h e th e r  

cav i ty  p r e s s u r e  o s c i l l a t i o n s  are to be  e x p e c t e d  at  Mach 9, the  

Mach n um ber  o f  th e  p r e s e n t  s tu d y .  The w e l l  d o c u m e n te d  

l o n g i t u d i n a l  m o d e  o f  shear  layer in s t a b i l i t y  and a c o u s t i c  

f e e d b a c k  s h o u l d  c e a s e  to  e x i s t  above  a b o u t  Mach 2.7. H ow ever  

o t h e r  i n v e s t i g a t o r s  have found  ev id e n c e  o f  u n s t e a d i n e s s  above  

th i s  Mach  n u m b e r  (eg . ,  the  S ch l ie ren  p h o t o g r a p h s  o f  Ginoux  

e t .a l . (1968)  a t  Mach 5.3) .  It s e e m s  th a t  i f  o s c i l l a t i o n s  do occur ,  

th e y  w o u l d  be m o s t  s e v e r e  on the rearward fa c e .  It  a l s o  s e e m s  

p o s s i b l e  t h a t  t r a n s v e r s e  m o d e s  c o u ld  be  e x c i t e d  at  th e  high  

Mach n um ber  o f  t h e  p r e s e n t  s tudy .  It is  im p o r ta n t  t o  r e c o g n i z e  

any u n s t e a d i n e s s  in th e  cavi ty  f l o w f i e l d  as White(1971) s h o w e d  

t h a t  s u c h  p r e s s u r e  o s c i l l a t i o n s  can s u b s t a n t i a l l y  a l t e r  the  h eat  

t r a n s f e r  ra te  in th e  sh ear  layer r e a t t a c h m e n t  z o n e .
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1.3 B ack grou n d -C om p u tation al

N u m e r ic a l  m o d e l l in g  o f  cav i ty  f l o w s  can y ie ld  e n o r m o u s  

a m o u n t s  o f  in fo r m a t io n  ab ou t  s u c h  f l o w s  th at  is d i f f i c u l t  to  

o b ta in  e x p e r i m e n t a l ly ,  and s o  is  b e c o m in g  in cr ea s in g ly  popular .  

The main l i t e r a t u r e  review fo r  t h i s  f i e l d  can be fo u n d  in C hap ter  

6, b u t  a t  t h i s  s t a g e  it  is  in s t r u c t i v e  to  look  at  the  s t a t u s  o f  

s u c h  N a v i e r - S t o k e s  c o m p u t a t i o n s  and the main p r o b le m s  in 

carry ing  th e m  out .

S o l u t i o n  o f  the  t im e d e p e n d e n t  N a v ie r - S t o k e s  e q u a t io n s  is 

e s s e n t i a l  f o r  a l m o s t  a l l  cav i ty  f l o w f i e l d s .  At s u b s o n i c  and lo w  

s u p e r s o n i c  s p e e d s ,  large  s c a l e  u n s t e a d i n e s s  o f  the  f l o w f i e l d  is  

u s u a l  and t im e  marching is  o b v io u s ly  required.  A t  h igher  

s u p e r s o n i c  Mach numbers  t im e m arch ing  is a l so  h igh ly  d e s ir a b le  

in o rd er  to  c a l c u la t e  s u b s o n ic  and s u p e r s o n ic  p o r t io n s  o f  the  

f l o w f i e l d  s i m u l t a n e o u s ly ,  as th e  t im e  d ep en d en t  e q u a t io n s  are  

a lw a y s  h y p e r b o l i c  r e g a r d l e s s  o f  th e  f l o w  ve loc i ty .  U n f o r t u n a t e l y  

s o l u t i o n  o f  th e  t im e d e p en d en t  e q u a t io n s  tends  to  lead  to  large  

c o m p u t a t i o n a l  t im es  b e f o r e  a s t e a d y  or s ta t io n a r y  s t a t e  is  

e s t a b l i s h e d ,  and the f iner  the  m es h ,  the  s m a l le r  th e  t im e  s t e p  

t h a t  is  a l l o w e d .  R ecent  w o rk  by Baysal  e t .a l . (1988)  and  

Zhang(1987)  d e m o n s t r a t e  the  c a p a b i l i t i e s  o f  s u c h  m e t h o d s  in 

c a l c u l a t i n g  s u p e r s o n i c  cavi ty  f l o w s  in tw o  d im en s io n s .

Baysa l  e t . a l .  u sed  a c o m p u t a t io n a l  grid o f  9 0 0 0  c e l l s  for  

th e ir  Mach 1.5 c o m p u ta t io n s  and w ere  able to  cap tu re  the  

f l u c t u a t i n g  f l o w  c h a r a c t e r i s t i c s  and t ime mean p r e s s u r e s  

r e a s o n a b l y  a c c u r a te ly  (within  a b o u t  15% o f  ex p er im en t ) .  H o w ev er  

s h o c k  w a v e s  did n o t  s eem  to  be a c c u r a te ly  captured .  Zhang u sed  

a s l i g h t l y  m ore  co a r s e  grid o f  a b o u t  6500  c e l l s ,  and a l t h o u g h  his  

c o m p u t a t i o n s  s e e m e d  to r ep ro d u ce  the bas ic  f l o w  p h y s i c s  

c o r r e c t l y  (in t e r m s  o f  bulk  u n s t e a d i n e s s  o f  the  f l o w f i e l d ) ,  his  

c o m p u t a t i o n s  co u ld  n o t  a c c u r a te ly  predic t  th e  t im e  mean  

p r e s s u r e s  or th e  wave s t r u c t u r e s .  T h e s e  m eth o d s  have numerica l  

d i f f u s i o n  (due to  the  f in i t e  d i f f e r e n c e  form u la t ion )  and ar t i f i ca l  

d i s s i p a t i o n  to  damp o s c i l l a t i o n s  near sh o ck  w aves .  It is  

i m p o r t a n t  t o  e n s u re  th a t  t h e s e  m e c h a n is m s  do n o t  sw am p  the
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real  v i s c o u s  d i s s i p a t i o n  in the  f l o w ,  and in accurate  c a p tu r e  o f  

wave s t r u c t u r e s  is an in d ica t ion  th a t  th is  has n ot  b een  ach ieved .  

In b o th  o f  th e  ab ove  c a s e s  a s im p le  tu rb u len ce  m o d e l  w as  u s e d  

to  r e la t e  the  R ey n o ld s  s t r e s s e s  to  th e  mean f l o w  f i e ld ,  w h ich  

w as  p robably  in a d eq u a te  fo r  a cav i ty  f l o w  s i tu a t ion .

Three d im e n s io n a l  cav i ty  c o m p u t a t io n s  w ere  a t t e m p t e d  by 

R izze t ta (1988) .  T h e s e  c o m p u t a t i o n s  s e e m e d  to p red ic t  e s s e n t i a l l y  

the  c o r r e c t  p r e s s u r e  f i e ld ,  and h ig h l ig h te d  th e  h ig h ly  3 

d im e n s io n a l  n a tu re  o f  p lanar  cav i ty  f l o w s .

None o f  th e  ab ove  s t u d i e s  a t t e m p t e d  to p red ic t  th e  ca v i ty  

h eat  t r a n s f e r  r a te s .  T h e s e  are more  d i f f i c u l t  to p r e d ic t  than  the  

cavi ty  p r e s s u r e s  b e c a u s e  it  is n e c e s s a r y  to  r e s o lv e  a c c u r a t e ly  th e  

boundary  layers  on th e  cav i ty  w a l l s .  This then  req u ires  s m a l l  

n um erica l  d i f f u s io n ,  a more  e l a b o r a te  tu rb u len ce  m o d e l ,  and a 

f in er  m esh ,  and so  much  larger  co m p u ta t io n a l  t i m e s .  H o w e v e r  

laminar  h y p e r s o n ic  s e p a r a te d  f l o w s  can be m o d e l l e d  q u i te  

accu ra te ly ,  as s h o w n  by Power and Barber(1988) in th e ir  

c o m p u t a t i o n s  o f  f l o w  over  a c o m p r e s s io n  s t e p ,  w h e re  sk in  

f r i c t io n  and s u r f a c e  h ea t  t r a n s f e r  w ere  found to  agree  q u i te  w e l l  

w ith  ex p e r im e n t .

The approach  o f  th i s  s tu d y  is then  to  s tar t  w i th  a very h igh  

r e s o l u t i o n  Euler s c h e m e ,  and to  m in im ise  numerical  d i f f u s i o n ,  s o  

th a t  th e  v i s c o u s  f e a t u r e s  can be captured  with  f e w e r  c e l l s  than  

w o u ld  be o t h e r w i s e  n e c e s s a r y .  Then a N a v ie r -S to k e s  o p t io n  w i l l  

be  added, and t e s t e d  e x t e n s i v e l y  for laminar f l o w s  w h e re  th e  

v i s c o u s  e q u a t io n s  are e x a c t l y  known.  The n e x t  s t a g e  w o u l d  be  

the  a d d i t ion  and a s s e s s m e n t  o f  a tu rb u len ce  m o d e l ,  b u t  t h i s  is  

n o t  regarded  as an o b je c t iv e  here.
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CHAPTER 2

FACILITIES AND 
INSTRUMENTATION

2.1 The Im perial C o lle g e  N o.2 Gun T unnel

The N o.2  Gun Tunnel is  l o c a te d  on  the  ground  f l o o r  o f  the  

A e r o n a u t i c s  D e p a r tm e n t  o f  Imperial  C o l l e g e ,  and a fu l l  

d e s c r ip t i o n  is  g iven  by N eedham e t .a l . (1970)  . The tu n n e l  w as  

l a s t  run 5 y ears  p rev iou s  to  the  b eg in n in g  o f  th i s  w ork ,  and s o  

in i t i a l ly  requ ired  c o n s id e r a b le  e f f o r t  t o  r e s t o r e  it  to an 

o p e r a t io n a l  s t a t e ,  w hich  w as  ac tu a l ly  in i t s e l f  one  o f  th e  a im s  o f  

the  cu r r e n t  w ork .  This e n ta i l e d  not  o n ly  r ep lac in g  or repair ing  

major p a r t s  o f  the  e q u ip m en t  (eg. ,  a new vacuum pump),  b u t  a l s o  

"rediscovering"  e x p e r im e n ta l  t e c h n iq u e s  w here  e x p e r t i s e  has  

been  l o s t  in the  d e p a r tm e n t  in rec en t  years  (eg. ,  th e  p r o d u c t io n  

o f  thin  f i lm  h ea t  t r a n s f e r  g a u g es ) .  The im p o r ta n t  s t a g e s  o f  th i s  

work are d e s c r ib e d  in the  f o l l o w i n g  s e c t i o n s .

The s c h e m a t i c  o f  the  tunne l  is s h o w n  in F ig .10 and i t s  

o p e r a t io n a l  c o n d i t io n s  in Tablet .  The lo w  p r e s s u r e  c o n d i t io n  is 

ach ieved  u s in g  a lum in ium  diaphrams and the h igh p r e s s u r e  

c o n d i t io n  u s in g  mild  s t e e l  d iaphrams.  The n o z z l e  p r o d u c e s  a 

nominal Mach number o f  9 which  is  s l i g h t l y  h igher  at  h igh  

p r e s s u r e  due to  d e c r e a se d  boundary  layer t h i c k n e s s  on the  

n o z z l e  w a l l s .

The s t e a d y  run per iod  is ap p ro x im a te ly  5 ms,  and a ty p ica l
CL

tu n n e l  t o t a l  p r e s s u r e  t race  is  s h o w n  on F ig .11. T h e s e  data are  

taken  fo r  each  run by a K i s t l e r  p i e z o e l e c t r i c  t ra n s d u ce r  m o u n te d  

adjacent  to  th e  n o z z l e  th roa t .  A real  ga s  c o r r e c t io n  f a c t o r  w a s  

e s t i m a t e d  fo r  the  t o t a l  p r e s s u r e  va lu es  in the  t e s t  s e c t i o n  u s in g  

the  r e s u l t s  o f  C u l l o t t a  and Richards (1970) . Therm od yn am ic  

equi l ibr ium  w as  a s s u m e d  to  have b e e n  achieved  at  the  n o z z l e  

ex i t .  R e y n o ld s  n u m bers  are o f  the  order  o f  0 .5  m i l l i o n / c m .  S ince  

m od e l  l e n g t h s  o f  the  order  o f  lm w i l l  be  used,  th i s  p e r m it s  

natural  t r a n s i t i o n  o f  the  boundary  layer,  i f  d es ired ,  and
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t u r b u le n t  sep ara t ion  to  be s tu d i e d .  The s t r e a m  t o t a l  

t e m p e r a tu r e  is 1070K, w h e reas  th e  m o d e l  w i l l  be  a t  r o o m  

t e m p e r a tu r e ,  so  th a t  h ighly  c o o l e d  w a l l  c o n d i t io n s  w i l l  be  

s im u la t e d .  This l e ad s  to  a high t r a n s i t i o n  R eyn o ld s  num ber ,  

which  Edwards(1981) fo u n d  to  be a b o u t  6 m i l l ion  on a f l a t  p la t e .

The tu n n e l  a lw ays  requir es  tw o  o p e r a t o r s  and s t r i c t  s a f e t y  

p r o c e d u r e s  are main ta ined .  The m in im um  turn around t im e  is  

ab ou t  45 m in u tes .

2 .2  D ata A cq u istlon

A n a l o g u e  s ig n a l s  from  the  t e s t  s e c t i o n  were p a s s e d  i n t o  th e  

c o n t r o l  room ,  the  tu n n e l  t o t a l  p r e s s u r e  be ing  fed  s t r a i g h t  in to  

the  d ig i t a l  record ing  s y s t e m  and m o d e l  in s t r u m e n t a t io n  s i g n a l s  

th r o u g h  b r id g e - a m p l i f i e r  s y s t e m s  in to  th e  d ig i ta l  rec ord er .  The  

p rev io u s  d ig i ta l  sam p l in g  s y s t e m  w a s  fo u n d  to be  i n o p e r a t i o n a l  

and so  a new s y s t e m  w as  p u rch a sed  and in s t a l l e d .  The n ew  

d ig i ta l  record er  is an exp an d ab le  M icro link  s y s t e m  w h ic h  fo r  

th is  p r o j e c t  recorded  6 ch a n n e ls  o f  d ata  s i m u l t a n e o u s l y ,  each  

ch an n e l  c o n ta in in g  4k s a m p l e s ,  at  a m axim um sa m p l in g  ra te  o f  

125kHz. This  g ives  ab ou t  625 s a m p l e s  during the  s t e a d y  run t im e  

o f  th e  tu n n e l .  The w h o l e  s y s t e m  is  s o f t w a r e  c o n t r o l l e d ,  and is 

t r ig g e r e d  by the  tu n ne l  t o t a l  p r e s s u r e  transducer .  The d ig i t a l  

r ec o rd in g  s y s t e m  is c o n n e c t e d  t h r o u g h  an IEEE i n t e r f a c e  t o  a 

BBC m ic r o c o m p u t e r  w hich  c o n t r o l s  th e  s y s t e m .  S o f t w a r e  in BBC 

b a s ic  w a s  w r i t t e n  to  s e t  up th e  d a ta  s y s t e m  and to  u n load  th e  

data  a f t e r  a run,  and f in a l ly  a g r a p h ic s  package  w r i t t e n  to  

d is p la y  any part o f  the  data  on the  s c r e e n .  N umerical  i n t e g r a t i o n  

o f  th e  h ea t  t r a n s fe r  d ata  a l s o  to o k  p la c e  on  the  BBC, and t h i s  is  

d e s c r ib e d  in more d e ta i l  in S e c t i o n  2 .6 .2 .  A hard co p y  o f  

grap h ica l  o u t p u t  w as  ob ta in ed  by m e a n s  o f  a scree n  dump to  an 

EPSON printer .
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2.3 M odel D esign

2.3.1 A xisym m etric or 2 -D lm en slo n a l

C on s id e r in g  the  w e a l t h  o f  data  ava i lab le  on t w o  d i m e n s io n a l  

c a v i t i e s ,  i t  may s eem  at  f i r s t  th a t  th i s  w o u ld  be  t h e  b e s t  

g e o m e t r y  to  s tudy  to a l l o w  a m ore  d i r e c t  c o m p a r i s o n  w i t h  the  

r e s u l t s  in the  l i tera ture .  H o w e v e r  s e v era l  i n v e s t i g a t o r s ,  n o t a b l y  

M cD earmon and Zhang , f o u n d  th a t  s u p p o s e d l y  t w o  d im e n s i o n a l  

cav i ty  f l o w s  in fa c t  s h o w e d  very s t r o n g  th ree  d im e n s i o n a l  

e f f e c t s  due to  the  p r e s e n c e  o f  th e  s id e  w a l l s  f r o m  s u b s o n i c  

r ig h t  th rou gh  to  h y p e r s o n ic  Mach nu m bers .  The b o u nd ary  la y e r s  

on the  s ide  w a l l s  w ere  f o u n d  to  r o l l  up in to  v o r t i c e s  w h ic h  

m oved  in to  the main f l o w .  The r e s u l t s  o f  M cD earm on  s h o w  

c l e a r ly  how cavity w id th  c o u ld  s u b s t a n t i a l l y  c h a n g e  th e  mean  

p r e s s u r e  d is tru b ut ion ,  th u s  c a s t in g  c o n s id e r a b le  d o u b t  on  the  

va l id i ty  o f  c o m p a r is o n s  b e t w e e n  d i f f e r e n t  s e t s  o f  " two  

dim ens iona l"  data.  C o n s id e r in g  th a t  J o h a n n e so n  and C h a r w a t  

e t .a l .  found  no great  d i f f e r e n c e s  b e t w e e n  their  a x i s y m m e t r i c  and  

tw o  d im en s ion a l  r e s u l t s ,  i t  is  p ro b a b le  th a t  c o m p a r i s o n s  

b e t w e e n  ax isym m etr ic  and t w o  d im e n s io n a l  s t u d i e s  are as valid  

as b e t w e e n  tw o  d i f f e r e n t  s e t s  o f  t w o  d im e n s io n a l  data .  Of  

c o u r s e  a d isadvantage  o f  an a x i s y m m e t r i c  model  is  the  r e d u c e d  

q u al i ty  o f  the Sch lieren  f l o w  v i s u a l i z a t io n ,  but  it  w as  f e l t  th a t  

th is  w as  far o u tw e ig h e d  by th e  d e s ir e  not  to  in c lu d e  "end 

e f f e c t s " ,  and so  an a x i s y m m e t r i c  m o d e l  w a s  ch o s e n .

2.3 .2  Forebody

A co n e  forebody  w as  c h o s e n  main ly  from the  p o in t  o f  v ie w  

o f  ob ta in in g  re l iab le  b ou n d ary  layer  data (avo id ing  s e r i o u s  

e x t e r n a l  e f f e c t s ,  such  as s t r e a m w i s e  p res s u r e  g ra d ie n t ,  w h ich  

are d i f f i c u l t  to  d ocu m en t )  at  the  p o in t  o f  s e p a r a t io n  i n t o  the  

cavity .  A previous  s tud y  by Lin and Harvey (1987) g iv e s  b o u n d a ry  

layer  data on a cone  o f  5 °  sem i  a n g le  a t  p o s i t i o n s  620,  720,  and  

820 mm from the tip.  Thus  a 5 °  sem i  a n g le  co n e  f o r e b o d y  w as  

c h o s e n  with  the cavi ty  p o s i t i o n e d  720 mm fr o m  t h e  t ip.  

F o l lo w in g  the cav i ty  w a s  a cy l in dr ica l  a f t e r b o d y ,  and a 

s c h e m a t i c  o f  the ent ire  m o d e l  is  s h o w n  on F ig .12.
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At f i r s t  g la n c e  it  w o u l d  s e e m  s i m p l e s t  to  have th e  ap p roach  

f l o w  p a ra l l e l  w i th  t h e  to p  o f  the  cav i ty  ( ie. ,  a c o n e  cy l in d e r  

fo reb o d y ,  w i th  the c a v i ty  p o s i t i o n e d  s o m e  d i s t a n c e  d o w n s t r e a m  

o f  th e  ju n c t ion ) .  How ever ,  at  th i s  high Mach number,  th e  Mach  

a n g le  is  very lo w  and th e  recovery  z o n e  q u i te  lo n g ,  and s o  

e x p a n s io n  w aves  f r o m  a c o n e  cy l inder  ju n c t io n  on  th e  fo r e b o d y  

w o u l d  in ev i ta b ly  in t e r f e r e  w i th  the f l o w  at  th e  cav i ty .  This  

w o u l d  be  h igh ly  u n d e s i r a b le  in t erm s  o f  l i m i t in g  th e  u s e f u l l n e s s  

o f  the  s t u d y  as a r e f e r e n c e  f l o w ,  and in t e r m s  o f  d o c u m e n t i n g  

an u p s tr e a m  b oundary  layer  in f lu e n c e d  by a s t r o n g  p r e s s u r e  

grad ient ,  and so  i t  w a s  dec ided  to  make th e  e x p a n s i o n  an 

in teg ra l  part  o f  the  c a v i ty  co n f ig u r a t io n .  O th er  a d v a n t a g e s  o f  

the  m od e l  to  be used  are e a s e  o f  m an u fac tu r e ,  and th e  f a c t  th a t  

the  c o n ic a l ly  d e v e l o p e d  bou nd ary  is  a lready d o c u m e n t e d  fo r  th i s  

f l o w  c o n d i t io n  and g e o m e t r y .  C o m p u ta t io n s  w ere  carr ied  o u t  to  

ob ta in  a r ou gh  a s s e s s m e n t  o f  the  e f f e c t  o f  th e  ap p roach  f l o w  

b e in g  a n g led  at  5 °  to  th e  cavi ty ,  and it  w as  f o u n d  to red u ce  

cavi ty  p r e s s u r e s  by a f a c t o r  o f  about  2 c o m p a r e d  w i th  the  

p a ra l l e l  approach  f l o w  s i t u a t io n  for  the  s a m e  f r e e  s t r e a m  

p res s u r e .  This  d i s p e l l e d  w o r r ie s  that  cav i ty  p r e s s u r e s  m ig h t  be  

to o  lo w  to  m easu re  e x p e r i m e n t a l ly .  In fa c t ,  th e  e f f e c t  o f  an 

e x p a n s io n  at  the p o in t  o f  s ep ara t ion  on a cav i ty  f l o w f i e l d  is 

w o r th  s t u d y in g  in i t s e l f  in t erm s  o f  s i m u la t in g  g a p s  b e t w e e n  

l i f t in g  and c o n t r o l  s u r f a c e s  on h y p erso n ic  v e h ic l e s .

The m ater ia l  f o r  t h e  c o n e  foreb od y ,  e x c e p t  th e  t ip,  w as  

alumin ium.  The s c r e w  on t ip  w as  m achined  fro m  m i ld  s t e e l  to  

give it  g r e a te r  h a r d n e s s .

2.3.3 C ayity  D im en sion s

It  appears  f ro m  th e  l i t era tu re  th a t  a f u n d a m e n t a l l y  

im p o r ta n t  p aram eter  in d e te r m in in g  cav i ty  f l o w s  is  th e  l e n g t h  to  

d ep th  rat io ,  L /D ,  and s o  it  w as  dec ided  to  vary t h i s  p a r a m e te r  

over  a r e a s o n a b ly  la r g e  range  (0.8< L /D  <2.4) ,  a l t h o u g h  on ly  

open cav i ty  f l o w s  are e x p e c t e d  for  t h e s e  v a lu e s .  This  range  o f  

L /D  w as  ach ieved  w i th  a 25mm deep cavi ty ,  and c a v i ty  l e n g t h s  o f  

20,  30, 40 ,  50,  and 60m m .  The L /D =2.4  c a s e  w a s  a l s o  a ch ieved  

us ing  a 12.5mm deep  and 30m m  lo n g  cavi ty .  The c a v i ty  s e c t i o n  o f
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th e  m o d e l ,  s h o w n  in F i g . 13, w a s  made o f  m ild  s t e e l  and w a s  ab le  

to  s l i d e  a lo n g  a c e n tr a l  m em b er  and lo c k  in to  th e  c o n e  fo r e b o d y

(which  w a s  a l s o  s c r e w e d  in to  the  c e n t r a l  member) .  The rear
i

b u lk h e a d  c o u ld  s l id e  b ack w ards  and f o w a r d s  to  ch a n g e  th e  

ca v i ty  l e n g t h .  The c y l in d r ica l  a lu m in ium  a f t e r b o d y  w as  f a s t e n e d  

to  the  cav i ty  s e c t i o n  by fou r  s c r e w s .  The  w h o l e  a s s e m b l y  w a s  

l o c a t e d  r o t a t i o n a l l y  by a lo c k i n g  pin th r o u g h  th e  a f t e r b o d y  and  

a x ia l ly  by t w o  lo c k  n u t s  behind  th e  a f t e r b o d y .

2 .3 .4  M odel Su pport

In the  t e s t  s e c t i o n  o f  the  Gun T u n n e l ,  there  e x i s t s  a s t i n g  

in to  w h ich  m o d e l s  can be  in s e r te d .  The c e n tr a l  m em b er  o f  th e  

m o d e l  w a s  d e s ig n e d  in su ch  a way t h a t  it  c o u ld  be i n s e r t e d  

th r o u g h  th e  s t in g  and lo c k e d  in to  p o s i t i o n  by t w o  lo c k i n g  r ings  

from  th e  rear.  S t r e s s  c a l c u l a t i o n s  w e r e  carr ied  o u t  to  make sure  

t h a t  th e  m o d e l  c o u ld  w i t h s t a n d  s t a r t i n g  l o a d s .  The d e s ig n  load  

u s e d  w a s  t h a t  o f  a b a d ly  a s y m m e tr ic  s t a r t i n g  c o n d i t io n ,  w i th  

zer o  p r e s s u r e  a c r o s s  o n e  s id e  o f  th e  m od e l ,  and p r e s s u r e  

c o r r e s p o n d in g  to  c o n d i t i o n s  behind  a n o r m a l  s h o c k  on th e  o t h e r  

s ide .

The m o d e l  w as  a l i g n e d  by the  e q u a l i s a t i o n  o f  s t a t i c  p r e s s u r e  

at  th ree  d i f f e r e n t  c i r c u m fe r e n t ia l  p o s i t i o n s  on the  m o d e l  

s u r fa c e .  An error o f  2% w as  ach ieved  f o r  t h e s e  read in gs .  The  

f ina l  a l i g n m e n t  w as  very c l o s e  to  the  g e o m e t r i c  a l i g n m e n t  o f  the  

m o d e l  w i th  the  bed on th e  f l o o r  o f  th e  t e s t  s e c t io n .

2 .4  S ta tic  P ressu re  In stru m en ta tio n

P r e s s u r e  read in gs  w ere  tak en  u s i n g  ENDEVCO a b s o l u t e  

p r e s s u r e  t r a n s d u c e r s .  S ix  w ere  u sed  r a te d  at  e i th e r  IS or 50  ps i .  

B rass  cap s  w ere  m ach in ed  to  s c r e w  o n t o  t h e  t r a n s d u c e r s ,  w hich  

en a b le d  th em  to  be c o n n e c t e d  by a s m a l l  l e n g t h  o f  p l a s t i c  

tu b in g  to  e q u a l ly  s m a l l  l e n g t h s  o f  c o p p e r  tub ing  (ID 1 .0mm)  

s o l d e r e d  t o  the  m o d e l  p r e s s u r e  t a p p i n g s  (a l s o  o f  1.0 mm  

d ia m eter ) .  The s e t - u p  is  s h o w n  on F i g . 14. Care had to  be taken  

n o t  to  "crimp" the  p l a s t i c  tube .  The dead v o lu m e  in the  

t r a n s d u c e r / b r a s s  cap a rra n g em e n t  w a s  a b o u t  22mm . T appings
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at th e  sam e radius  f ro m  the  m o d e l  c e n t r e l in e  w ere  p l a c e d  at  

sev era l  d i f f e r e n t  c i r c u m f e r e n t ia l  p o s i t i o n s  in th e  c a v i ty  to  

a s s e s s  any non a x i s y m m e t r i c  e f f e c t s  th a t  m ig h t  o c c u r  (as 

o p p o s e d  to  m o d e l  a l i g n m e n t ) .  The c l o s e s t  tapping to  t h e  t o p  o f  

the  cav i ty  w a s  c e n tr e d  2mm from  th e  rear lip.

The en t ire  cav i ty  w a s  i n s t r u m e n t e d ,  as w e l l  as  th e  area  

im m e d i a te ly  d o w n s t r e a m  o f  th e  ca v i ty  and the  c o n e  s u r f a c e  

30mm u p stre a m  o f  th e  cav i ty .  P art i cu lar  in t e r e s t  w a s  p ayed  to  

the  to p  o f  l eading  and tra i l in g  f a c e s  o f  th e  cav ity ,  as th e  t o p  o f  

the  t ra i l in g  fa ce  is  w h e r e  s t r o n g  s h e a r  layer  i m p in g e m e n t  can be  

e x p e c t e d ,  and th e  to p  o f  th e  f r o n t  fa c e  is  a p o s s i b l e  r eg io n  

w h e re  any lo n g i t u d in a l  cav i ty  f e e d b a c k  m e c h a n is m s  c o u l d  be  

n o t i c e d  ( s e e  Z h an g(1987) ) .

The t r a n s d u c e r s  w e r e  c a l ib r a te d  in p o s i t i o n  by s u c k in g  the  

t e s t  s e c t i o n  d o w n  to  a near vacuum ,  and then  l e t t i n g  s m a l l  

a m o u n ts  o f  air back  in, w i th  th e  t r a n s d u c e r  o u t p u t  and t e s t  

s e c t i o n  p r e s s u r e  be ing  read a b o u t  o n e  m in u te  a f te r  each  c l o s i n g  

o f  the  e x h a u s t  va lve  to  the  t e s t  s e c t i o n .  This was  d on e  prior  to  

the  s t a r t  o f  th e  p r e s s u r e  m e a s u r e m e n t s .  The c a l ib r a t io n s  w ere  

found  to  be l inear,  w i th  c o r r e la t io n  c o e f f i c i e n t s  g r e a t e r  than  

0.999.

As w i l l  be d i s c u s s e d  la ter ,  f l u c t u a t i n g  p r e s s u r e s  w e r e  fou n d  

to  o ccu r  on the  rear fa c e  o f  th e  cav i ty .  In order to  s t u d y  th is  

p h e n o m e n o n  a c c u r a te ly ,  i t  w a s  n e c e s s a r y  to  reduce  th e  "dead" 

v o lu m e  b e t w e e n  the  p r e s s u r e  tap p in g  and th e  t ra n s d u ce r ,  as i t  

t ran sp ired  th a t  th e  H e l m h o l t z  r e s o n a n c e  f r eq u en cy  o f  th is  

v o lu m e  (rou gh ly  5kHz) w as  o f  th e  s a m e  order  as the  f r e q u e n c y  

o f  th e  f l u c t u a t i o n s  to  be m ea su red .  It  w a s  d ec ided  n o t  t o  f l u s h  

m o u n t  a tr a n s d u c e r  d ir e c t ly  b e c a u s e  o f  f ears  fo r  i t s  s a f e t y  

under th e  s ta r t in g  c o n d i t io n s  and a l s o  b e c a u s e  o f  a l o s s  o f  

sp a t ia l  r e s o l u t i o n  if th i s  w ere  d on e  ( th e  diaphram d ia m e t e r  o f  

the  t r a n s d u c e r  is  3 .8m m ),  b u t  in s t e a d  to  r e c e s s  i t  1mm fr o m  the  

s u r fa c e  behind a 1.5mm d iam eter  p r e s s u r e  tapping.  This  s e t u p  

g iv e s  a c a l c u la t e d  H e l m h o l t z  r e s o n a n c e  frequency  o f  a b o u t  

60kHz,  which  is s t i l l  s m a l l e r  than th e  b a s ic  tr a n s d u c e r  r e s o n a n t  

fr e q u e n c y  o f  120kHz , b u t  an order  o f  m agn itu d e  a b o v e  the  

l ike ly  f r e q u e n c ie s  to  be m easu red .
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2.S P ito t  P ressu re  In stru m en ta tio n

P i to t  p r e s s u r e  m e a s u r e m e n t s  w e r e  required to  c h e c k  the  

u p s t r e a m  boundary laye r  d o c u m e n t a t i o n  as measured  by Lin and 

Harvey (1987). A p i t o t  tu b e  w as  m a n u fa c tu r e d  in th e  d e p a r t m e n t  

and is  s h o w n  in Fig.IS.  This  w as  c la m p e d  in the cav i ty  s e c t i o n  by 

th e  d ev ic e  s h o w n  in F i g . 16, and th e  n o s e  o f  th e  p i t o t  tube  

p ro tru d ed  a p p r o x im a t e l y  20mm u p s t r e a m  from th e  p o i n t  o f  

s e p a r a t io n .  S c h l i e r e n  p h o t o g r a p h s  tak en  earl ier s h o w e d  no 

d i s c e r n i b l e  i n f lu e n c e  f r o m  the  cav i ty  on the  u p stre am  b oundary  

layer.  A l th o u g h  th i s  is  n o t  a r e a l ly  s e n s i t iv e  m e a s u r e  o f  

u p s tr e a m  in f lu e n c e ,  t h e  l i t e r a tu r e  d o e s  n o t  in d ica te  t h a t  any is  

to  be  e x p e c t e d ,  and in any case  it  w a s  des ired  t o  m e a s u r e  the  

b ou nd ary  layer in an "as is" c o n d i t io n .  The p o s i t io n  o f  th e  p i t o t  

tu b e  co u ld  be  m oved  a b o u t  10mm in the  vert ica l  d ir e c t io n ,  w hich  

w a s  e a s i l y  en ou gh  to  m e a s u r e  a b ou nd ary  layer ab ou t  6mm th ick .  

The p i t o t  tube  i t s e l f  w a s  made o f  s t a i n l e s s  s t e e l  w i th  an in i t ia l  

in s id e  d iam eter  o f  a b o u t  1.13mm. The n o s e  was  f la r e d  o u t  and  

s q u a s h e d  to g ive a v e r t i c a l  r e s o l u t i o n  o f  0 .4mm and th e  sam e  

c r o s s  s e c t i o n a l  area a s  th e  tubing  (2 .8m m  wide n o s e ) .  It  was  

c o n s id e r e d  th a t  t h i s  ver t i ca l  r e s o l u t i o n  w ould  be  a d eq u a te  

a c r o s s  a boundary laye r  which  s h o u l d  be about  6mm th ic k  at  

s e p a r a t io n .  The t o t a l  h e i g h t  o f  the  n o s e  w as  0 .8mm .

As d i s c u s s e d  la t e r ,  th e  in it ia l  boundary  layer s t u d y  y ie ld e d  

r e s u l t s  s l i g h t l y  d i f f e r e n t  to  t h o s e  o f  Lin and Harvey.  A s e c o n d  

p i t o t  tu b e  was  th en  c o n s t r u c t e d ,  t w i c e  as long  as th e  f i r s t  one  

to  rem ove  the  c la m p  as  far as p o s s i b l e  from th e  p o in t  o f  

m e a s u r e m e n t ,  and w i t h  a th in n er  n o s e  (0 .2mm in te r n a l  h e ig h t  

and 0 .5mm  t o t a l  h e ig h t )  in an a t t e m p t  to  r ed u ce  b l o c k a g e  

e f f e c t s  ( if  any s i g n i f i c a n t  b lo c k a g e  e f f e c t s  e x i s t e d )  and give  

b e t t e r  ver t i ca l  r e s o l u t i o n .  The t o t a l  w id th  o f  the  n o s e  o f  th is  

p rob e  w as  5.3mm, w h i c h  gave  a d i f f e r e n c e  in h e ig h t  b e t w e e n  i t s  

c e n t r e  and e d g e s  o f  0 . 0 5 m m  from th e  s u r fa c e  o f  th e  m o d e l .

The accuracy o f  th e  p r e s s u r e  m e a s u r e m e n t s  ( s t a t i c  and p i to t )  

is  e s t i m a t e d  as f o l l o w s :
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Gauge C a l ib ra t ion  t  15S

A m p l i f i e r  C a l ib ra t ion  ± 1%

T u n n e l  Running C o n d i t io n s  ± 3%

S p at ia l  Errors  ± 1 %

TOTAL ± 6%

2.6 H eat T ran sfer  In stru m en ta tion

2.6.1 G auge D esig n

The th eory  and o p e r a t io n  o f  h e a t  t r a n s fe r  g a u g e s  is  g iven by  

S c h u l t z  and Jones(1973) .  For th i s  s tu d y  thin f i lm  g a u g e s  w ere  

c h o s e n ,  as u s e d  p r e v i o u s ly  in th i s  d ep a r tm en t  by Edwards(1981)  

and Lowder(1984) a m o n g s t  o t h e r s .

The s u b s t r a t e  m ater ia l  c h o s e n  w as  quartz  b e c a u s e  o f  the  

u n i fo r m ity  o f  i t s  th erm a l  p r o p e r t i e s  over a r e l a t i v e l y  wide  

t e m p e r a tu r e  range .  The Gun Tunnel has quite  a s h o r t  run t ime  

( t o t a l  run t im e  a b o u t  20 m s ) ,  and the  su r fa c e  t e m p e r a t u r e  o f  the  

g a u g e  s h o u l d  n o t  r i se  by m ore  than a b o u t  15°,  which  

E d w a r d s (1981) c o n c l u d e d  w o u l d  r e s u l t  in an error o f  no more  

than  4% if  / pck for  quartz  w as  taken  as c o n s t a n t  at  i t s  room  

t e m p e r a tu r e  va lu e  o f  0.151 J c m ' 1 K-1 s _ 1 /2 . The f i lm  mater ia l  

c h o s e n  w as  p la t in u m  b e c a u s e  o f  p rev ious  e x p e r i e n c e  in dea l ing  

w ith  th is  m ater ia l  in th e  d ep a r tm en t .  S i lver p a in t  w a s  used  to  

c o n n e c t  the  p la t in u m  f i lm  to  c o p p e r  s t r ip s  at  th e  b a s e  o f  the  

g a u g e ,  o n t o  w h ich  th e  c o n n e c t in g  le a d s  were  s o l d e r e d ,  as sh o w n  

on  F ig .17.

S c h u l t z  and J o n e s  g ive an ap p rox im ate  a n a ly s i s  fo r  the  

required  s u b s t r a t e  d e p th  to  be  c o n s id e r e d  s e m i - i n f i n i t e .  This is  

d e f in e d  as th e  d e p th  at  w hich  th e  tem p era tu re  and h e a t  t r a n s fe r  

s h o u l d  be l e s s  than  1% o f  th e ir  su r fa c e  va lu es ,  and the ir  one  

d im e n s io n a l  a n a ly s i s  f o r  c o n s t a n t  heat  f l u x  y ie ld s

w h ich  g ive s  th e  m in im u m  d ep th  o f  a=0.6mm in th is  case .

The quartz  w a s  g r o u n d  and p o l i s h e d  by the O p t i c s  S e c t io n  o f  

th e  P h ys ics  D e p a r t m e n t  at  Imperial  C o l l e g e .  T w o  d i f f e r e n t  

s h a p e d  g a u g e s  w e r e  u s ed .  For the  f r o n t  and rear f a c e s  o f  the  

c a v i ty  and on th e  c o n e  s u r fa c e ,  s in g l e  cy l indr ica l  b u t t o n  g a u g e s
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w ere  u s e d  as s h o w n  in F i g . 17 . The m easur ing  fa ce  w a s  3mm  

d ia m e te r  and th e  l e n g t h  o f  th e  g a u g e  10mm, much lo n g e r  than  

th e  0 .6m m  required to  be  c o n s id e r e d  sem i  in f in i te .  On the  cavi ty  

f l o o r  a s tr ip  g a u g e  w a s  u s e d  2mm th ick ,  3mm wide and 70mm  

l o n g ,  as  s h o w n  in F i g . 18. L im i ta t io n s  o f  space  un dern eath  the  

cav i ty  f l o o r  o f  th e  m o d e l  ( the  m e t a l  w a l l  t h i c k n e s s  is  o n ly  5mm)  

m e a n t  t h a t  t h i s  g a u g e  d ep th  c o u ld  n o t  be more  than 2mm th ick ,  

b u t  t h i s  is  s t i l l  c o m f o r t a b l y  ab ove  the  0 .6mm required .  Thin  

p la t in u m  f i l m s  w ere  d e p o s i t e d  a t  5mm in terva ls  on th is  gauge .  

A ll  p la t in u m  f i l m s  w ere  d e p o s i t e d  by a s p u t t e r in g  p r o c e s s  in the  

Thin F i lm s  s e c t i o n  o f  th e  E le c t r i c a l  Engineer ing  D e p a r tm e n t  at  

Imperia l  C o l l e g e .

B e c a u s e  th e  th erm al  p r o p e r t i e s  o f  p la t inum f i lm s  can vary 

from  g a u g e  to  ga u g e ,  each  g a u g e  had t o  be ca l ibrated  s e p a r a te ly .  

This w a s  don e  in a h ea ted  o i l  b a th ,  us ing  a m u l t im e t e r  to  

m ea su re  g a u g e  r e s i s t a n c e s  at  d i f f e r e n t  te m p e r a tu r e s  over  the  

e x p e c t e d  o p era t in g  range.  A l e a s t  s q u a r e s  m eth od  w as  th en  u sed  

to  d ed u ce  the  t e m p e r a tu r e  c o e f f i c i e n t  o f  r e s i s ta n c e ,  a , for  eachK
g au ge .  T h e s e  l e a s t  sq u ar es  c a l c u l a t i o n s  gave a c o r r e la t io n  

c o e f f i c i e n t  o f  m ore  than 0 .999  for  a l l  gau ges  used ,  in d ica t in g  

l i t t l e  s c a t t e r  in the  ca l ib rat ion .

Each g a u g e  is  c o n n e c t e d  in to  on e  arm o f  a W h e a t s t o n e  br idge  

cu rcu i t ,  w i th  o u t p u t  v o l t a g e  p r o p o r t io n a l  to  r e s i s t a n c e  change .  

This  r e s i s t a n c e  ch a n g e  can be c o n v e r t e d  d irec t ly  to t em p era tu re  

r ise ,  and then  in t e g r a t e d  to f in d  th e  h e a t  t ra n s fer  rate.

Once  in p lace ,  the  g a u g e s  s e e m e d  to  be  quite  r o b u s t .  During  

th e  t im e  th ey  w ere  used  fo r  m e a s u r e m e n t s ,  which fo r  each g a u g e  

w a s  a b o u t  10 tu n n e l  runs ,  th e  g a u g e  r e s i s t a n c e s  w ere  fo u n d  to  

in c r e a s e  by l e s s  than  1%. R e p e a ta b i l i ty  w as  good,  w i th  run to  run 

v ar ia t ion s  for  the  s am e gau ge  w i t h in  th e  range o f  tu n n e l  run to  

run v a r ia t io n s .  No dynamic  or d i r e c t  h ea t  f lu x  ca l ib ra t ion  o f  the  

g a u g e s  w as  carried ou t .

2.6 .2  D ig ita l R eduction  o f  D ata

The b r id ge  o u t p u t  v o l t a g e  (p r o p o r t io n a l  to t em p era tu re  rise)  

w as  d ig i t i z e d  at  a s a m p l in g  ra te  o f  125kHz, which  w as  th en  

in t e g r a t e d  to  f ind  the  s u r f a c e  h e a t  t r a n s f e r  rate q u s ing  every

34



32nd s a m p l e  p o in t  to  red u ce  the  co m p u ta t io n a l  t im e  in vo lved .  

T e s t s  w ere  made to  prove  th e  accuracy o f  th is  p ro c e d u r e ,  which  

s h o w e d  t h a t  in t erm s  o f  average  heat  f lu x  over th e  s t e a d y  run 

t im e  o f  th e  tu n n e l  th ere  w a s  a d i f f e r e n c e  o f  l e s s  than  0.5% 

b e t w e e n  in te g r a t i n g  every d ata  p o in t  and every 32nd data  po in t .

A o n e  d im e n s io n a l  a n a ly s i s  o f  h eat  f l o w i n g  in to  a 

h o m o g e n e o u s  s o l id  y i e ld s

a (t)= (ock)1/2r Eft) + 1 f l  E(t)-Efi) j .  T 1.
s V ^ e0 L 7 T  2 JD 7 1 ^ - 2  dT J

w h e re  E(t)  is  th e  b r idge  o u t p u t  v o l t a g e  at  t ime t  and EQ is  the  

in i t ia l  b r id ge  v o l t a g e .

A nu m er ica l  ev a lu a t io n  o f  th e  in tegra l  is p o s s i b l e  b u t  le a d s  

to  p r o b le m s  at  the s in g u la r i ty  w here  t=x. There are various  

m e t h o d s  ava i lab le  for  d e a l in g  w i th  th is  s in gu lar i ty .  C o o k  and 

Felderman(1966)  a p p r o x im a te  E(x) in the  reg ion  t=x by a 

p i e c e w i s e  l inear  r e la t io n  s u c h  th a t

E(x) = E l t j . j )  + E U j l - E l t j . j )  ( x - t i_1) 2.
At

The f in i t e  d i f f e r e n c e  fo r m u la t io n  o f  Eqn.l  th en  b e c o m e s

q ( t n ) = (pck )1 / 2 r E(t„)  n̂ ? /  E ( tn ) -E ( t i )  _ E f t ^ - E f t j . , )

L Vt +i4i\ <tn-t,>‘ ' 2 " ( tn -tj.,)* / 2

2 E ( t j ) -E ( t j_ , )  \  E ( tn ) - E ( t n _,) "I 3.
+ ( t n- t i) 1 / 2 +( t n- t i . i ) ‘ / 2  j + At J

We a l s o  k n ow  th a t  a t  t=0,  E ( to ) = 0, so  Eqn.3 s i m p l i f i e s  to

q ( t n) = 2(pck)

Vi
3ck)1 /2  V E (t i ) - E ( t i_ 1)

a R^o i=i t̂ n ” t i^1 /2  +

4.
1/2
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A program,  in BBC bas ic ,  w as  w r i t t e n  to  im p le m e n t  th i s .  A 

c o n s t a n t  h ea t  f lu x  o f  the  form

Ts = 2q_/t__

■/ 7tpck

*

w a s  e n te r e d  in th e  form  o f  th e  s u r fa c e  t em p era tu re  Ts and the  

p rogram  o u t p u t  w a s  s e e n  to  g ive the c o r r e c t  value o f  q.

A typ ica l  s u r f a c e  t em p era tu re  t race  and co r r e s p o n d in g  h ea t  

t r a n s f e r  t race  are s h o w n  in F ig .19.

2.6 .3  Errors In H ea t T ran sfer M easurem ent

2.6.3.1 V ariation s In Therm al P rop erties o f  Q uartz

As m e n t io n e d  p rev io u s ly ,  the  th erm al  p rop er t ie s  o f  quartz  

have b een  a s s u m e d  c o n s t a n t  over  th e  range o f  t e m p e r a t u r e s  

m easu red ,  and th i s  is  e x p e c t e d  to  g ive  an error o f  no m ore  than  

± 4%.

2 .6 .3 .2  Su rface Tem perature D isco n tin u itie s

The th erm al  p r o p e r t ie s  o f  quartz  are such th a t  the  h ea t  

t r a n s f e r  g a u g e  w i l l  a s s u m e  a t em p era tu re  higher than th a t  o f  the  

su rrou n ding  m ater ia l  under f l o w  c o n d i t io n s .  This s u r fa c e  

t e m p e r a tu r e  d i s c o n t i n u i t y  can e f f e c t  th e  thermal boundary  layer  

by reducing  the  w a l l  t em p era tu re  grad ie n t  and th u s  the  heat  

t r a n s f e r  at  the  w a l l .  This is i l l u s t r a t e d  on Fig .20.

Kays(1966) i n v e s t i g a t e d  th is  e f f e c t  for both  i n c o m p r e s s i b l e  

laminar and tu r b u le n t  b oundary  layers  over  a tw o  d im e n s io n a l  

f l a t  p la te .  Winter(1976) e x te n d e d  th is  an a lys i s  to  c o m p r e s s i b l e  

f l o w s ,  w hich  y ie ld e d  th e  f o l l o w i n g  r e s u l t s

-  T r / l \ 3 / 4 l  "1/31 w2 j +  ̂ _ j J for  laminar f l— = 1 +
q T

w l

r

o w s

T w l  “  ^ w 2  
— = 1 + —

r i  l \ 9/1° l  _1/9
1 +  ̂ _ J J for turbulent f lo w s

-  Tw l

w h e r e  the  var iables  are d e f in ed  on F ig .21.
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It  can be  s e e n  t h a t  the  error is w o r s t  in areas  o f  h igh h ea t  

t r a n s f e r  (w here  Tw 2 ~Tw l is  large) and fo r  s m a l l  g a u g e s  (w here  x 

is o n ly  j u s t  g r e a te r  than  L ).

A s s u m in g  th e  m o d e l  remains  at  room  te m p e r a tu r e ,  and  

i gn or in g  a x i s y m m e t r i c  e f f e c t s ,  th i s  a n a ly s i s  y ie ld s  a 4% error  fo r  

the  b u t t o n  g a u g e s  fo r  a 15° r i se  in s u r f a c e  t em p era tu re .  This  

error  is  in the  n e g a t iv e  s e n s e  ( ie. ,  u n d e r e s t im a t in g  the  h ea t  

t r a n s f e r  rate ) ,  and is  l e s s  a p p l ica b le  to  th e  s tr ip  g a u g e s  on the  

cav i ty  f l o o r .

Lowder(1984) m ea s u red  r e l a t iv e ly  h igh heat  t r a n s f e r  r a te s  

(over  100 W / c m  ) in f lare  in d u ced  se p a r a te d  f l o w s ,  and  

c o n c l u d e d  th a t  th e  above  f o r m u la  may have been  an

u n d e r e s t im a t e  o f  the  l ik e ly  error in th a t  s i tu a t io n .  H o w ev er  the  

h ea t  t r a n s f e r  r a te s  e x p e c t e d  in th is  s tu d y  are much more  

m o d e s t ,  and s o  th is  a n a ly s i s  d eem ed  to  be adequate .

2 .6 .3 .3  H eat Leakage from  Gauge Edge

A n o th e r  r e s u l t  o f  the  gauge  b e in g  at  a h igher  t em p era tu re  

than  th e  su rrou n ding  m eta l  is  th a t  h e a t  w i l l  leak fro m  th e  ed ge  

o f  th e  g a u g e  in to  th e  surrounding  mater ia l ,  so  t h a t  a t r a n s ie n t  

one  d im e n s io n a l  h e a t  t r a n s fe r  a n a ly s i s  d o e s  n ot  e x a c t l y  m od e l  

the  true s i t u a t io n .  To g e t  an e s t i m a t e  o f  the error in vo lved ,  the  

p ro b lem  w a s  b roken  up in to  tw o  on e  d im e n s io n a l  h e a t  t r a n s fe r  

p r o b l e m s -  heat  t r a n s f e r  in to  the  s u r f a c e  o f  th e  g a u g e ,  and heat  

t r a n s f e r  o u t  o f  the  s i d e s  o f  the g a u g e  and in to  th e  su rrounding  

m e ta l .  A fu l l  tw o  d im en s ion a l  a n a ly s i s  w as  n o t  d eem ed  

n e c e s s a r y  to  ob ta in  an e s t im a t e  o f  th e  l ik e ly  errors  in vo lved  in 

n e g l e c t i n g  h ea t  l o s s  from  the g a u g e  to  the  su rrou n ding  m e ta l .  A 

s m a l l  program  w as  w r i t t e n  to s o l v e  t h e s e  tw o  one  d im en s io n a l  

h eat  f l o w  p r o b le m s  s im u l t a n e o u s ly .  The g a u g e  is  e x p o s e d  to  a 

c o n s t a n t  h ea t  f lu x  and the  su rrou n ding  m od e l  is  a s su m e d  to  

remain a t  room  tem p era tu re .  The t w o  p r o b le m s  are t im e  m arched  

s i m u l t a n e o u s l y ,  and th e  r e s u l t ,  i l l u s t r a t e d  on Fig .22 in term s  o f  

g a u g e  s u r fa c e  t e m p e r a tu r e  a f ter  15ms o f  run t im e,  s h o w s  a l e s s  

than 2% error (again in the n e g a t iv e  s e n se )  in th e  average  

t e m p e r a tu r e  and h en ce  h ea t  f lu x  a c r o s s  the  ga u g e .  In fa c t ,  the  

error w i l l  p robably  have been s l i g h t l y  o v e r e s t i m a t e d  as s m a l l
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c h a m fe r s  on th e  g a u g e  s u r fa c e  mean th a t  the thin f i l m  d o e s  n o t  

q u ite  reach the  m e ta l  in t e r fa c e ,  a l t h o u g h  t h e s e  c h a m f e r s  may  

le ad  to  o th e r  errors .

2 .6 .3 .1  P resen ce  o f  th e  Su rface  S en so r  Film

The e q u a t io n s  for  c a l c u la t in g  h ea t  t r a n s fe r  ra te  f r o m  s u r f a c e  

t e m p e r a tu r e  w ere  derived  a s s u m i n g  the  su r fa ce  t e m p e r a t u r e  w a s  

n o t  a f f e c t e d  by the p r e s e n c e  o f  th e  thin f i lm.  Even t h o u g h  th e  

s e n s o r  is  q u i te  thin  (vacuum d e p o s i t e d  f i lm s  such  as t h e s e  have  

t h i c k n e s s e s  d o w n  to  0.1pm), th e  e f f e c t  is  a f in i t e  o n e .  E d w ard s  

u s e d  the r e s u l t s  o f  S c h u l t z  and J o n e s  to  c o n c lu d e  t h a t  th e  error  

for  th is  type  o f  g a u g e  w o u ld  f a l l  w ith in  the g e n e r a l ly  a c c e p t e d  

l im i t  o f  2% (again  in th e  n e g a t iv e  s e n s e ) .

An e s t i m a t e  o f  the  l ike ly  accu racy  o f  the  e x p e r i m e n t  can n ow  

be made,  as is  g iven  b e l o w  

S y stem a tic  Errors

Variat ion in th erm al  p r o p e r t ie s  o f  quartz  

Due to  s u r fa c e  t em p era tu re  d i s c o n t i n u i t i e s  

Due to  h ea t  l e a k a g e  from g a u g e  

Due to  p r e s e n c e  o f  su r fa c e  s e n s o r

Random Errors

Gauge C al ib rat ion  

Tunnel Running C o n d i t io n s  

A m p l i f ie r  C a l ibrat ion

TOTAL

A p lu s  s ig n  in d ic a te s  a c o r r e c t io n  th a t  s h o u l d  be  ad d ed  to  

the  e x p e r im e n ta l  va lue .  H ow ever  a l l  data  p r e s e n t e d  s u b s e q u e n t l y  

are UNCORRECTED. Errors due to  g a u g e s  n o t  b e in g  m o u n te d  

c o m p l e t e l y  f l u s h  w i th  the s u r fa c e  o f  the  m od e l  are n o t  in c lu d e d  

here as they  are very d i f f i c u l t  t o  q u ant i fy .  This is  d i s c u s s e d  in 

more d eta i l  in C hapter  4.

± 4%
+ 4%
+ 2%
+ 2%
+ 12%
- 4%

± 1%

± 3%

± 1%

± 5%

+ 17%
- 9%
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2.7 F low  V isu a liza tio n

A s i n g l e  p a s s  S ch l i e r e n  s y s t e m  is in c lu d e d  in th e  t e s t  

f a c i l i t y .  A s c h e m a t i c  is s h o w n  in F ig .10. The a rg o n  spark  l i g h t  

s o u r c e  has  a d urat ion  o f  lps,  and is tr ig g e r e d  by th e  tu n n e l  p Q 

t r a n s d u c e r  lo c a t e d  ad jacen t  to  th e  n o z z l e  t h r o a t .  A delay  

b e t w e e n  tr ig g e r  and spark is  in co r p o r a te d  s u c h  t h a t  the  

p h o to g r a p h  is  taken  during the  s t e a d y  run t im e  o f  t h e  tu n n e l .  

H o r iz o n ta l  c u t  o f f  is  u sed  and the  o p t i c a l  path  is  a p p r o x im a te l y  

SO m e t r e s .
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CHAPTER 3

PRESSURE MEASUREMENTS

3.1 Boundary Layer a t  S ep aration

It w as  d e c id e d  to i n v e s t i g a t e  the  boundary  layer  j u s t  b e f o r e  

s ep a ra t io n  w i th  t w o  o b j e c t iv e s  in mind. The b oundary  layer  

o b v io u s ly  can  be e x p e c t e d  to  c o n t r o l  the  s e p a r a t io n  s o  

k n o w l e d g e  o f  i t  is  n eed ed  b o t h  fo r  p h y s i c a l  in t e r p r e t a t io n  o f  th e  

cavity  f l o w ,  and a l s o  as a s t a r t i n g  p o in t  in any n u m er ica l  

p red ic t ion .  T ran s i t ion  t a k e s  p la c e  in th e  f i r s t  third o f  the  c o n e  

foreb od y  so  t h a t  the  boundary  layer  at  the  p o in t  o f  s e p a r a t io n  is  

fu l ly  tu r b u le n t .  As d i s c u s s e d  in s e c t i o n  2 .5 ,  Lin and  

Harvey(1987) made boundary  layer  m e a s u r e m e n t s  on an 

e s s e n t i a l l y  id e n t ic a l  5 °  c o n e  in the  s a m e  t e s t  f a c i l i t y .  The idea  

was to  make e n o u g h  in d e p e n d e n t  boundary  layer  m e a s u r e m e n t s  

to con f irm  th e ir  data.

3.1.1 P ito t  P ressu re

The raw data  o f  p i t o t  p r e s s u r e  a g a in s t  d i s t a n c e  norm al  to  

the  cone  s u r f a c e  fo r  the  h igh R eyn o ld s  number running  c o n d i t io n  

is sh o w n  in F ig .23 , and co m p a red  w i th  the  r e s u l t s  o f  Lin and  

Harvey(1987) which  w ere  tak en  in th e  s a m e  tu n n e l  for  the  s a m e  

running c o n d i t i o n s .  There  is  a s m a l l  b u t  n o t i c e a b l e  d i f f e r e n c e  

b e t w e e n  th e  t w o  s e t s  o f  r e s u l t s ,  w i th  the  boundary  layer  

m easured  by Lin and Harvey  b e in g  s l i g h t l y  th ick er ,  which  is  w hy  

a more  c o m p r e h e n s iv e  s e t  o f  t e s t s  w a s  carr ied  o u t  than  

or ig in a l ly  p la n n ed .  It w a s  at  f i r s t  t h o u g h t  th a t  t h i s  d i f f e r e n c e  

cou ld  be  due to  p i t o t  b l o c k a g e  e f f e c t s ,  or th e  p r o x im i ty  o f  th e  

p i t o t  c lam p,  and s o  a s e c o n d  lo n g e r ,  more  s l e n d e r  n o s e d  p i t o t  

tube,  as d e s c r ib e d  in s e c t i o n  2.5,  w as  b u i l t .  It w a s  a l s o  h o p e d  

th at  th is  w o u l d  a l l e v ia t e  th e  u n u su a l  "kink" in th e  data  at  a b o u t  

y=1.75mm, w h ic h  w as  a l s o  n o t i c e d  by Bart le t t (1981)  for  a f l a t  

p la te  b ou nd ary  layer,  and s e e m e d  to  be  e l im in a te d  by p rob e  

red es ign .  H o w e v e r  Fig.  23 s h o w s  th a t  apart  from  p a r t ia l ly  

e l im in a t in g  t h i s  "kink", th e  s e c o n d  p i t o t  head gave  v ir tu a l ly  th e
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s a m e  r e s u l t s  as the f i r s t .  No m e a s u r e m e n t s  w e r e  p o s s i b l e

i m m e d i a te ly  adjacent  to  th e  w a l l  w i th  th e  seco n d  p i t o t  tu b e  as  

i t s  l o n g  u n su p p o r te d  l e n g t h  gave  r i se  to  v ibrat ional  p r o b l e m s  in 

t h a t  area,  as ev idenced  by lo w  f r e q u e n c y  o s c i l l a t i o n s  in th e  p i t o t  

m e a s u r e m e n t s .  The m e c h a n i s m  fo r  th i s  v ibrat ion i s  n o t  w e l l  

u n d e r s t o o d ,  b u t  w o u ld  s e e m  to  b e  a w a l l  i n t e r f e r e n c e  e f f e c t .

As  m e n t io n e d  b e fo r e ,  u p s t r e a m  i n f l u e n c e  from th e  cav i ty  w as  

n o t  e x p e c t e d  at  the  p o s i t i o n  w h e re  the  b o u nd ary  layer

m e a s u r e m e n t s  were  taken .  The s u b s o n i c  p ort ion  o f  th e  b ou nd ary  

layer  a t  th i s  Mach num ber  and R e y n o ld s  number is  very  th in  

( l e s s  th an  0.1mm th ick)  and is  e x t r e m e l y  u n l ik e l y  to  carry

d i s t u r b a n c e s  far u p s tr e a m  in a t u r b u le n t  f l o w .  C h a r w a t

et.al . (1961a) a l s o  found  no e v i d e n c e  o f  u p stream  i n f l u e n c e  on the  

b ou nd ary  layer ju s t  b e f o r e  s e p a r a t io n  even for Mach  4 cav i ty  

f l o w s .  In any case ,  the  d i f f e r e n c e s  b e t w e e n  the  r e s u l t s  o f  Lin 

and Harvey and t h o s e  o f  the  p r e s e n t  s tu d y  were  a l s o  n o t i c e d  in 

th e  o u t e r  part  o f  the b o u nd ary  layer ,  w h o s e  domain  o f  i n f l u e n c e  

l i e s  w e l l  up stream .

S c h l i e r e n  p h o to g r a p h s ,  s u c h  as t h a t  sh o w n  on F i g . 2 4 ,  w ere  

tak en  o f  the  f l o w  around th e  o r ig in a l  p i t o t  tube in an a t t e m p t  

to  s e e  if  i t ,  or the probe s u p p o r t ,  w as  sev e r e ly  in t e r f e r in g  w i th  

th e  b ou nd ary  layer.  It is  d i f f i c u l t  to  t e l l  from the  p h o t o g r a p h  if  

th e r e  is  any i n te r f e r e n c e  o c c u r in g ,  b u t  n one  is o b v io u s .

M is a l ig n m e n t  o f  the  m o d e l  can a l s o  be  ruled o u t  as  the  c a u s e  

o f  th e  d is c r e p a n c y  as th e  m e a s u r e m e n t s  were  taken  a t  s e v e r a l  

d i f f e r e n t  c i r c u m fe r e n t ia l  p o s i t i o n s .  Indeed  this  is f u r th e r  p r o o f  

o f  th e  accuracy o f  th e  o r ig in a l  m odel  a l i g n m e n t ,  as  

m i s a l i g n m e n t  w o u ld  have c a u s e d  a t h i c k e r  boundary  laye r  on  o n e  

s id e  m o d e l  than the o th er .

A l t h o u g h  the  p i t o t  tu b e  p r o t r u d e s  about  20m m  u p s tr e a m  

from  th e  p o in t  o f  s e p a r a t io n  (in order  to  remove any u p s tr e a m  

i n f l u e n c e  from  the  ca v i ty  ), t h i s  s h o r te n in g  o f  th e  b o u nd ary  

layer  d e v e l o p m e n t  l e n g t h  is  n o t  s u f f i c i e n t ,  o v e r  a t o t a l  

d e v e l o p m e n t  le n g th  o f  720m m ,  to  produce  the  d i f f e r e n c e s  

o b s e r v e d  b e t w e e n  the t w o  s e t s  o f  r e s u l t s .  In fac t ,  as  s h o w n  in 

F ig .25, th e  r e s u l t s  o f  th e  p r e s e n t  s t u d y  are much c l o s e r  to  t h o s e
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o f  Lin and Harvey a t  x = 620m m .  P i to t  d i s p l a c e m e n t  e r r o r s  are 

a l s o  u n l ik e ly  to  be t h e  c a u s e  o f  the  d i f f e r e n c e s  n o t i c e d .  The  

r e s u l t s  o f  Lin and Harvey  w ere  a l s o  u n c o r r e c t e d  for  

d i s p l a c e m e n t  e rr o rs ,  w h ich  in any c a s e  co u ld  n o t  e x p l a i n  the  

m a g n i tu d e  o f  the  d i s c r e p a n c y  n o t i c e d .  A l s o ,  in th e  o u t e r  p art  o f  

the  boundary  layer  w h e r e  d i s p l a c e m e n t  errors  w o u l d  be  

s m a l l e s t ,  the  d i f f e r e n c e s  in th e  tw o  s e t s  o f  r e s u l t s  are s t i l l  

se e n .

Bearing t h e s e  f a c t s  in mind , and t h a t  the  s e c o n d  p i t o t  tube  

w ith  a s m a l l e r  i n l e t  and th e  prob e  s u p p o r t  t w ic e  as  far  aw ay as 

the  f i r s t  gave  v i r tu a l ly  th e  s a m e  r e s u l t s  as the  f i r s t  p i t o t ,  i t  is 

s a f e  to  a s s u m e  t h a t  th e  d is c r e p a n c y  is  n o t  due t o  an u p s tr e a m  

i n f l u e n c e  from the  p r o b e  s u p p o r t  or th e  cav ity .

It w a s  c o n c l u d e d  t h a t  the  d i f f e r e n c e  in th e  t w o  s e t s  o f  

r e s u l t s  w as  m o s t  p r o b a b ly  due to  a d i f f e r e n c e  in th e  p o s i t i o n  o f  

t r a n s i t i o n  in the  t w o  e x p e r i m e n t s .  The ph ys ica l  p o s i t i o n  o f  the  

m o d e l  in the  t u n n e l  can  s i g n i f i c a n t l y  a f f e c t  th e  p o s i t i o n  o f  

t r a n s i t i o n ,  due to  d i s t u r b a n c e s  em a n a t in g  from  t h e  n o z z l e  

bou nd ary  layer.  Thus  i f  th e  m o d e l  o f  Lin and Harvey w a s  p la ce d  

fu r th er  u p s tr e a m  th a n  t h a t  o f  the  p r e s e n t  s tu d y ,  t r a n s i t i o n  

w o u l d  have o c c u r e d  ea r l i e r  and th u s  th e  t u r b u le n t  b ou nd ary  

layer w o u l d  have had a d i f f e r e n t  e f f e c t i v e  or ig in .  The m o d e l  

p o s i t i o n  was  k e p t  f i x e d  fo r  th e  p r e s e n t  s tu d y  (w i th  th e  c o n e  tip  

20cm  u p s tre a m  o f  th e  n o z z l e  e x i t  p lan e) ,  b ut  no in f o r m a t i o n  is 

ava i lab le  about  th e  p o s i t i o n  u s e d  by Lin and Harvey.

3.1.2 M ach N um ber and V e lo c ity  D istr ib u tio n s

P i t o t  p r e s s u r e  w a s  c o n v e r t e d  to  Mach number t h r o u g h  the  

R ayle igh  s u p e r s o n i c  p i t o t  f o r m u la

w ith  y =1.4 for  n i t r o g e n .

The average  c o n e  s t a t i c  p r e s s u r e  p c was  m e a s u r e d  to  be  

5 2 9 0 N / m 2 (0 .7 7 p s i ) ,  and th e  s t a t i c  p r e s s u r e  w a s  a s s u m e d

c o n s t a n t  a c r o s s  th e  b o u n d a ry  layer  ( i e ., p e =Pc ) •
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The Mach n um ber  p r o f i l e  is  s h o w n  in F ig .26. Taking a c c o u n t  

o f  d i f f e r e n c e s  in l o c a l  s t a t i c  p r e s s u r e  ( i e ., run to  run 

v a r ia t io n s ) ,  the  c o n v e r s io n  to  Mach num ber  has  reduced  the  

d i f f e r e n c e  b e t w e e n  t h e  t w o  s e t s  o f  d ata  co n s id e r a b ly .

To c o n v e r t  th e  Mach number p r o f i l e s  to  v e l o c i t y  p r o f i l e s ,  

i n f o r m a t io n  a b o u t  th e  t em p era tu re  d i s t r u b u t i o n  in the  boundary  

layer  is  required .  U s u a l ly ,  in the a b s e n c e  o f  m e a s u r e m e n t s ,  an 

a p p r o x im a te  r e l a t io n  l inking t e m p e r a tu r e ,  v e l o c i t y  and Mach  

n u m ber  b a s e d  on th e  s im i lar i ty  b e t w e e n  h ea t  and m o m en tu m  

t r a n s f e r  is  u sed .  H ow ever ,  f o r t u n a t e l y  in th is  c a s e  the  to t a l  

t e m p e r a tu r e  p r o f i l e  f o r  the  boundary laye r  at  X =720mm has been  

m e a s u r e d  and is  g ive n  by Wang(1987) , and is  u s e d  in th i s  case .  

The d i f f e r e n c e  in th e  p i t o t  p r e s s u r e  p r o f i l e s  as d i s c u s s e d  in 3.1.1 

d o e s  n o t  s i g n i f i c a n t l y  a f f e c t  the  v a l id i ty  o f  the  u s e  o f  th e  to ta l  

t e m p e r a tu r e  p r o f i l e  to  c a l c u la t e  th e  v e l o c i t y ,  as the  to ta l  

t e m p e r a tu r e  p r o f i l e s  s eem  to  c h a n g e  q u ite  s l o w l y  in the  

s t r e a m w i s e  d ir e c t io n  a t  th is  d i s ta n c e  f ro m  the  n o s e .

The v e l o c i t y  p r o f i l e s  can then  be c a l c u l a t e d  from

1/2u M r To [ 1 + l / 2 ( r - l ) M ^  ] "I
“ e = Me L T0e  [ 1 + 1/2<Y-1)M2 ] J

and the  r e s u l t  is  s h o w n  in F ig .27. It  can be s e e n  that ,  in term s  

o f  v e l o c i t y ,  th ere  is  a l m o s t  no d i f f e r e n c e  b e t w e e n  th e  r e s u l t s  o f  

th i s  s t u d y  and t h a t  o f  Lin and Harvey.

A f e w  d ata  p o i n t s  w ere  a l s o  ta k en  fo r  th e  l o w  Reynolds  

n u m ber  b oundary  layer .  T h ese  p o in t s ,  s h o w n  on Fig.  28,  in d ica te  

th a t ,  as e x p e c t e d ,  t h i s  boundary layer  i s  s l i g h t l y  th ick er  than  

th e  h igh  R ey n o ld s  num ber  ca s e .
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3 .2  C arlty  F low s

3.2.1 C avity F low  S tru ctu re

U s i n g  the  r e s u l t s  o f  f l o w  v is u a l i za t io n ,  p r e s s u r e  

m e a s u r e m e n t s ,  and in fo r m a t io n  fro m  th e  l i t era tu re ,  an in i t ia l  

p ic t u r e  o f  the  cav i ty  f l o w  s t r u c t u r e  can be b u i l t  up.

F i g .29 to F i g .31 s h o w  S c h l i e r e n  p h o to g r a p h s  o f  th e  cav i ty  

f l o w  at  th e  high R ey n o ld s  number c o n d i t io n  for  L/D= 0 .8 ,  1.6, 

and 2 .4 .  Obvious  in a l l  o f  t h e s e  p h o t o g r a p h s  is the  r e a t t a c h m e n t  

s h o c k  at th e  t r a i l in g  l ip o f  th e  cav ity .  The p r e s s u r e  

m e a s u r e m e n t s  to be  s h o w n  la t e r  in d ic a te  th a t  th is  s h o c k  is 

f o l l o w e d  by an e x p a n s i o n  fan,  s o  t h a t  w h a t  e x i s t s  at  the  tra i l in g  

e d g e  is  a s h o c k - e x p a n s i o n  s y s t e m .  A l s o  c l ea r ly  v i s ib l e  for  

L /D = 2 .4 ,  and l e s s  s o  for  L/D=1.6 and 0 .8 ,  is  a P r a n d t l -M e y e r  

e x p a n s io n  which  a p p ears  to  e m a n a te  f rom  the le ad in g  l ip o f  the  

cav i ty .  Thus the b ou nd ary  layer at  s e p a r a t io n  is  rapid ly  e x p a n d ed  

as i t  tu rn s  from i t s  in i t ia l  d ir e c t io n  p a r a l l e l  to the  c o n e  s u r fa c e  

to  a d ir e c t io n  a p p r o x im a te l y  p a r a l l e l  to  the  cavi ty .

U n f o r t u n a t e l y ,  due to  the  a x i s y m m e t r i c  nature  o f  th e  f l o w ,  

th e  S ch l ie ren  f l o w  v i s u a l i z a t io n  d o e s  n o t  provide a c l ea r  p ic tu re  

o f  th e  f l o w  in s id e  the  cavi ty .  H o w e v e r  it  is k n ow n  fro m  the  

l i t e r a t u r e  th a t  cav i ty  f l o w s  w i th  t h e s e  va lues  o f  L /D  w i l l  

d e f i n i t e l y  be o f  th e  op en  type  ( ie. ,  th e  shear  layer  r e a t t a c h e s  to  

th e  rear fa ce  o f  the  cav i ty  and n o t  to  th e  cavity  f lo o r )  w h ich  is 

c o n s i s t e n t  w i th  th e  r e a t t a c h m e n t  s h o c k ,  and from  th e  p r e s s u r e  

m e a s u r e m e n t s  i t  w i l l  be s e e n  t h a t  th e  shear layer r e a t t a c h e s  

s o m e w h e r e  in the  r e g io n  y / D < 0 .2 5  on  the  rear fa ce  for  a l l  the  

c a v i ty  l e n g t h s  s tu d i e d ,  w here  y i s  th e  d i s ta n c e  d ow n  th e  rear  

fa c e  o f  th e  cav i ty  w i t h  i t s  or ig in  a t  th e  rear lip.

The sh a p e  o f  th e  cap tu red  v o r t e x  with in  the  cav i ty  d e p e n d s  

up on  L /D .  The r e s u l t s  o f  o th e r  i n v e s t i g a t o r s  (eg . ,  S t a l l i n g s  and  

W i l c o x  (1987) and Zhang(1987))  s h o w  th a t  for s u p e r s o n i c  f l o w s  

w i t h  L /D  l e s s  than 1 the  cap tu red  v o r t e x  is a s i n g l e  v o r t e x ,  

w h e r e a s  fo r  L /D  g r e a t e r  than 2 t w o  v o r t ic e s  are p r e s e n t .  Of  

t h e s e  t w o ,  th e  tr a i l in g  ed g e  v o r t e x  has by far the  g r e a te r  

r o t a t i o n a l  s t r e n g t h .  B e tw e e n  L /D = l  and L/D=2 th e  v o r t e x  

s t r u c t u r e  is  in a s t a t e  o f  t ra n s i t io n .
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U s i n g  al l  th i s  in fo r m a t io n ,  a s c h e m a t i c  o f  the  a n t ic i p a te d  

f l o w f i e l d  can be  c o n s t r u c t e d  and is  s h o w n  on F ig .32.

3.2 .2  Mean S ta tic  Preasurea

S t a t i c  p r e s s u r e  m e a s u r e m e n t s  around the cavi ty  and on the  

a f t e r b o d y  w ere  made fo r  a 25mm d eep  cavity w i th  L /D  o f  0 .8 ,  

1.2, 1.6, 2 .0  and 2 .4  a t  b o t h  the  h igh and low R ey n o ld s  number  

ru n n in g  c o n d i t io n s .  M e a s u r e m e n t s  w ere  a l s o  made fo r  a 12.5mm 

d eep  cav i ty  w i th  L /D = 2 .4  at  b o th  R ey n o ld s  numbers .

The mean s t a t i c  p r e s s u r e  at  a p o s i t i o n  was  tak en  to  be  the  

t im e  averaged  p r e s s u r e  during th e  s t e a d y  run t im e o f  th e  tu n n e l .  

T h ese  p r e s s u r e s  are in i t i a l ly  n o r m a l i z e d  by the  s t a t i c  p r e s s u r e  

on t h e  c o n e  j u s t  b e f o r e  s e p a r a t io n ,  p c , which w a s  m e a s u r e d  to  

be  on average  0 .7 7 p s i  ( 5 2 9 0 N / m 2). The h or izonta l  c o o r d i n a t e  X *  

is  t h e  t o t a l  d i s t a n c e  from  the  p o in t  o f  sep arat ion  d o w n  the  

f r o n t  fa ce  o f  th e  cav i ty ,  a lo n g  th e  cav i ty  f loor ,  up th e  back  fa ce  

o f  t h e  cavi ty ,  and a lo n g  th e  a f t e r b o d y  (ie. ,  the d i s t a n c e  around  

th e  cav i ty  per iphery)  . This is i l l u s t r a t e d  on Fig .33 . A typ ica l
a.

p r e s s u r e - t i m e  tra ce  is  s h o w n  on F i g .34 ,  and co m p ared  w i th  the  

t u n n e l  t o t a l  p r e s s u r e  trace .  The p r e s s u r e - t i m e  tr a c e s  in d ica te  

t h a t  th e  cav i ty  p r e s s u r e s  have reached  a s ta t ion ary  s t a t e  during  

th e  s t e a d y  run t im e  o f  the  tu n n e l ,  which  is in a g r e e m e n t  w i th  

our e x p e c t a t i o n s  o f  p h y s i c a l  r e s p o n s e  t im es .  To a s s e s s  th is  

r e s p o n s e  t im e,  w e  can c o n s id e r  a v i s c o u s  d i s tu r b a n c e  in the  

b ou nd ary  layer p r o p a g a t in g  u p s tr e a m  at,  on average ,  say  1 /2  the  

f r e e  s t r e a m  v e l o c i t y  ( ~ 7 0 0 m / s ) ,  w o u l d  take  ab ou t  1ms t o  trave l  

f r o m  the  t ip o f  th e  c o n e  to  the  cav i ty .  Now the s t e a d y  run t im e  

(w h e r e  th e  m e a s u r e m e n t s  are taken)  d o e s  not  b e g in  u n t i l  a b o u t  

15ms a f t e r  the  tu n n e l  f i r e s ,  s o  th ere  is  p len ty  o f  t im e  f o r  the  

f l o w  on the  f o r e b o d y  to  reach  a s t e a d y  s t a t e .  It  is  more  

d i f f i c u l t  to  e s t i m a t e  th e  t im e  n eed ed  for  the  cav i ty  f l o w  to  

reach  a s t e a d y  s t a t e ,  b u t  i f  an average  cavity  v e l o c i t y  o f  10% o f  

th e  f r e e  s t r e a m  v e l o c i t y  is a s s u m e d  (Krisnamurty(1955) m e a s u r e d  

c a v i ty  v e l o c i t i e s  up to  40% o f  the  free s t r e a m ) ,  th en  a 

d is t u r b a n c e  w o u l d  tak e  0 . 8 m s  to  travel  around th e  cav i ty  

p er iphery ,  which  is  s t i l l  o n ly  a s m a l l  fract ion  o f  th e  t o t a l  

ru n n in g  t im e.  In fa c t ,  th i s  is  r e a l ly  an e s t im a te  o f  th e  t im e
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r e q u i r e d  fo r  t h e  cav i ty  f lo w  to  reach  e q u i l ib r iu m  in t e r m s  o f  i t s  

v i s co u s  n a tu r e .  P r e s s u r e  equ i l ib r ium  in th e  cavi ty  is a c tu a l ly  

ach ieved  by th e  p r o p a g a t i o n  o f  a c o u s t i c  waves  a t  t h e  lo ca l  sp eed  

o f  so u n d  (which is p ro b a b ly  s o m e w h a t  g r e a t e r  t h a n  th e  typ ica l  

v i s co u s  c o n v e c t io n  v e lo c i ty  in the  cavity),  so  t h a t  th e  t im e  

r e q u i r e d  to  r e a c h  p r e s s u r e  equ i l ib r ium  is even l e s s  th a n  th i s .

The s t a t i c  p r e s s u r e  t a p p in g s  were  p la c e d  in a s p i r a l  a r o u n d  

t h e  c i r c u m f e r e n c e  o f  th e  cone  as a f u r t h e r  c h ec k  on the  

a l i g n m e n t  o f  t h e  m ode l .  Tapping  lo c a t io n s  can  be  seen  in 

A p pend ix  1.

3.2.2.1 G eneral O b seryatlon s

F ig .35. to  F ig .39. s h o w  the  r e s u l t s  f o r  L /D=0.8  to  2.4 a t  b o t h  

t h e  high and  low  R eyno lds  n u m bers ,  w i th  p r e s s u r e  n o r m a l i z e d  by 

t h e  cone  p r e s s u r e  p c . The m o s t  n o t i c a b le  f e a t u r e  is t h e  im p a c t  

rec o v e ry  p r e s s u r e  on th e  t o p  o f  the  r e a r  face  ( ie . , in th e  a rea  o f  

s h e a r  l ay e r  r e a t t a c h m e n t ) ,  which has  been  n o t ic e d  by a l l  o t h e r  

i n v e s t i g a t o r s  and  which  is seen  fo r  th i s  e x p e r i m e n t  to  g e n e r a l ly  

i n c re a s e  w i th  i n c r e a s in g  cavity l e n g th .  F ig .40 p l o t s  peak  

r e c o r d e d  r e a t t a c h m e n t  p r e s s u r e  (a t  t h e  to p  o f  t h e  b ack  lip, 

y /D = 0 .0 8 )  a g a i n s t  L /D .  The rap id  d rop  in p r e s s u r e  moving 

d o w n w a r d s  a lo n g  th e  r e a r  face im pl ie s  c o n s i d e r a b l e  cavity  

v e lo c i t i e s  in t h i s  r e g io n .  P a r t i a l  p r e s s u r e  r ecovery  th e n  o c c u r s  a t  

t h e  b o t t o m  o f  t h e  b a ck  face .  Along the  cavity  f l o o r  t h e  d i r e c t io n  

o f  th e  p r e s s u r e  g r a d i e n t  is such  t h a t  the  f lo w  o n ce  again  s eem s  

to  a c c e l e r a t e  ( in th e  r e v e r se  f low  d i re c t io n ) ,  t h e  p r e s s u r e  

r e a c h in g  a m in im um  n e a r  th e  middle  o f  t h e  cav i ty  f l o o r  and  

p a r t i a l l y  r e c o v e r i n g  again  near  the  b o t t o m  of  t h e  f r o n t  face.  

This  m in im um  in f l o o r  p r e s s u r e  m o s t  p ro b a b ly  l ie s  u n d e r  the  

p r im ary  v o r t e x  co re .  P r e s s u r e s  a long  th e  f r o n t  face  are  

r e l a t i v e ly  c o n s t a n t .

A p a r t  f r o m  t h e  a r e a  o f  sh ea r  layer  r e a t t a c h m e n t ,  cavity  

p r e s s u r e s  a re  g e n e r a l l y  b e low  th o s e  r e c o rd e d  on th e  cone 

fo r e b o d y  b e f o r e  s e p a r a t i o n ,  w i th  p r e s s u r e s  on th e  f l o o r  and  the  

f r o n t  face  on a v e r a g e  0.62 t im es  th e  cone p r e s s u r e .  I n v e s t i g a t o r s  

o f  tw o  d im e n s i o n a l  p l a n a r  f lo w s  and a x i sy m m e t r i c  f lo w s  w i th  

t h e  cav i ty  f l o o r  p a r a l l e l  t o  th e  fo rebody ,  have fo u n d  t h e s e  f l o o r
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and f r o n t  face  p r e s s u r e s  a p p r o x im a te ly  equal  to  th e  s t a t i c  

p r e s s u r e  on th e  fo rebody ,  and hence  a l so  a p p ro x im a te ly  e q u a l  to  

s t a t i c  p r e s s u r e  in th e  s h e a r  l ay e r  s ince  th e  e x p a n s io n  a t  

s e p a r a t i o n  is q u i t e  weak  f o r  su c h  f l o w s .  The p r e s e n t  r e s u l t s  a re  

c o m p a r e d  on F ig .41 w i th  th e  tw o  d im e n s io n a l  p l a n a r  r e s u l t s  o f  

McDearmon(1960) a t  M=3.55 and  L/D=2.19, w h e re  p c fo r  

M c D e a r m o n ’s r e s u l t s  is th e  fo r e b o d y  p r e s s u r e .  A c o m p a r i s o n  

w i th  r e s u l t s  a t  l o w e r  Mach n u m b e r s  s e e m s  r e a s o n a b le  as cavi ty  

p r e s s u r e s  show  only  a weak M ach  n u m b e r  d e p e n d e n c e  (see  

Lamb(1981)),  w i th  r e a t t a c h m e n t  p r e s s u r e s  g e n e ra l ly  in c re a s in g  

w i th  in c r e a s in g  Mach num ber .  I t  can  be s een  f r o m  th i s  

c o m p a r i s o n  t h a t  the  f l o o r  p r e s s u r e s  in M cD earm o n ’s r e s u l t s  a re  

s l i g h t l y  g r e a t e r  th a n  th e  fo r e b o d y  p r e s s u r e ,  w h e re a s  in th e  

c u r r e n t  e x p e r i m e n t  they  are  on  av e rag e  0.62 t im es  th e  fo r e b o d y  

p r e s s u r e .  The e f f e c t  o f  th e  s h e a r  laye r  ex p an s io n  a t  s e p a r a t i o n  

in t h e  c u r r e n t  e x p e r im e n t  is then ,  by c om par ing  th e  f l o o r  

p r e s s u r e s ,  to  re d u c e  th e  s t a t i c  p r e s s u r e  in the  s h e a r  layer ,  and  

cav i ty  p r e s s u r e s  in gen e ra l ,  by a b o u t  40%. In the  e x t e r n a l  Mach 8 

f low ,  a 5 °  e x p a n s io n  ( to  a l ig n  th e  f low  w i th  th e  cav i ty  

g e o m e t ry )  w o u ld  re d u c e  the  s t a t i c  p r e s s u r e  by a b o u t  65%. In 

r e a l i t y  t h i s  fu l l  e f f e c t  is n o t  f e l t  a t  th e  cavity b e c a u s e  th e  Mach 

n u m b e r  v a lu e s  and th e  b o u n d a ry  laye r  th i c k n e s s  m ean  t h a t  the  

f lo w  has  a " r e l a x a t io n "  l e n g th  s ev e ra l  t im es  the  cavity  l e n g t h ,  

and  t h e  s t a t i c  p r e s s u r e  wil l  on ly  re a ch  th i s  t h e o r e t i c a l  va lue  f a r  

d o w n s t r e a m .  These  e f f e c t s  a re  a n a ly se d  in m ore  d e t a i l  in 

C h a p t e r  5.

Peak  r e a t t a c h m e n t  p r e s s u r e  in th e  p r e s e n t  w ork  can  be 

c o m p a r e d  w i th  th e  r e s u l t s  o f  o t h e r  s t u d i e s  if i t  e x p r e s s e d  as  a 

r a t i o  o f  p eak  r e c o v e re d  p r e s s u r e  to  m in imum f lo o r  p r e s s u r e ,  as 

t h i s  m in im um  f l o o r  p r e s s u r e  has  b e e n  seen  by many a u t h o r s  (eg.,  

S t a l l i n g s  e t . a l .  (1987)) to  be a p p r o x im a te ly  equal to  th e  s t a t i c  

p r e s s u r e  in th e  sh e a r  layer .  This  n o r m a l i z a t io n  p r o c e d u r e  t h e n  

m ak es  an a l lo w an c e  f o r  th e  5 °  e x p a n s io n  a t  s e p a r a t i o n  in th e  

p r e s e n t  s tu d y .  For  th e  L/D=2.4  case ,  we have ( p _  / p  . ) = 3.65, 

wh ich  can  be c o m p ar ed  w i th  th e  r e s u l t s  o f  M cDearmon w h e re  

(p~,cV/P™ 5rJ=2.13 a t  L/D=2.19 and  M = 3.55. p mav was  t a k e n  in th e“ m a x  r  m i n  r m a x
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s am e  p o s i t i o n  in b o t h  c a se s  (y /D=0.08  on th e  r e a r  face) .  I t  is 

n o t  s u r p r i s in g  t h a t  Pm a x / p min s h o u ld  be g r e a t e r  f o r  th e  p r e s e n t  

s t u d y  th a n  fo r  th e  r e s u l t s  o f  M cDearmon as  C h a r w a t  et.al .  

(1961a) s h o w ed  t h a t  th i s  r a t i o  r i s e s  wi th  i n c r e a s in g  Mach 

n u m b e r .  The e f f e c t  o f  th e  e x p a n s io n  a t  s e p a r a t i o n  is  d i s c u s s e d  

in m o re  d e ta i l  in C h a p t e r  5.

3 .2 .2 .2  D im ensional A n a lysis

A d im en s io n a l  a n a ly s i s  can  be c a r r ie d  o u t  on t h e  cav i ty  f lo w  

to  i l l u s t r a t e  th e  p a r a m e t e r s  g o v e rn in g  the  f l o w f i e l d .  F i g . 42 

s h o w s  th e  f u n d a m e n ta l  l a y o u t .  A ssu m in g  t h a t  3 d im e n s io n a l  

e f f e c t s  can be n e g le c te d ,  th e  p r e s s u r e  a t  any p o i n t  in t h e  cav i ty  

can  th e n  be d e sc r ib e d  by

p(x ,y , t )  =fn(x,  y, t,  L, D, <p, 8, 8, p e> pe , Te , u e> pe , Tw , y, k e , r)

w h e re  8 and 8 d e n o te  th e  d i s p l a c e m e n t  and  m o m e n t u m  

t h i c k n e s s e s  o f  the  u p s t r e a m  b o u n d a ry  layer  r e s p ec t iv e ly .

B u ck in g h am ’s t h e o r e m  s t a t e s  t h a t  th e  n u m b er  o f  i n d e p e n d e n t  

d im e n s io n le s s  g ro u p s  is equa l  to  th e  nu m b er  o f  i n d e p e n d e n t  

v a r i a b le s  m inus  the  n u m b e r  o f  fu n d a m e n ta l  d im e n s io n s  (here  

l e n g t h ,  m ass ,  t e m p e r a t u r e  and t ime) .  Typically  th e  t h i r t e e n  

d im e n s io n le s s  g ro u p s  in th i s  case  cou ld  be

( x / L ) ,  (y /D) ,  ( t u e /L ) ,  (pe u e 8 / p e ), (S/D), 8 /8 ,  (ue / (Y P e / p e )1/2 )»

(T e / T w ). (L/D),  cp, Y. T P e P e _______• D / r
(Y-l)peTeke

From  p a s t  e x p e r i m e n t s  i t  is c l ea r  t h a t  L /D  is a 

f u n d a m e n t a l l y  i m p o r t a n t  p a r a m e t e r  in d e te r m in in g  t h e  cav i ty  

f lo w .  (pe u e 8 / p e ) is a R eyno lds  n u m b e r  (severa l  c o u ld  have  b e en  

c h o se n ) ,  ue / (Y P e / p e)1/2 *s th e  Mach num ber ,  Y P e P e / ^ T 'D P e ^ e ^ e )  
is t h e  P r a n d t l  n u m b e r  (which can be r e g a r d e d  as c o n s t a n t  d u r in g  

th i s  e x p e r im en t ) ,  and t u e / L  is a n o n - d im e n s io n a l  t im e  o r  in v e r se  

f r e q u e n c y  t h a t  c h a r a c t e r i s e s  any u n s t e a d i n e s s  in th e  f low .  H e a t  

t r a n s f e r  is obv ious ly  d e p e n d e n t  on Te / T w , which again  is nea r ly  

c o n s t a n t  fo r  the  e x p e r im e n t .  O t h e r  r e s e a r c h e r s  have fo u n d  t h a t  

t h e  u p s t r e a m  b o u n d a ry  laye r  th i c k n e s s ,  c h a r a c t e r i s e d  by 8 /D  o r
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8/L, is i m p o r t a n t  in d e t e r m in in g  c o n d i t i o n s  in th e  a r e a  o f  s h e a r  

layer  r e a t t a c h m e n t .  The p a r a m e t e r  8 /0  is a type  o f  s h a p e  f a c t o r  

fo r  th e  b o u n d a ry  layer  j u s t  b e f o r e  s e p a ra t io n ,  and  is d e t e r m i n e d  

by th e  g r o w t h  o f  th e  b o u n d a r y  layer  a long  t h e  f o r e b o d y .  

S t r i c t ly ,  t h e r e  a re  seve ra l  o t h e r  t h i c k n e s s e s  (eg., en e rg y )  n eed e d  

to  d e sc r ib e  th e  b o u n d a ry  layer .  In r e a l i ty ,  however ,  t h i s  a re  n o t  

al l  i m p o r t a n t  and  can p ro b a b ly  be  d e sc r ib e d  as u n iq u e  f u n c t i o n s  

o f  8 and  $ given th e  n e a r  z e ro  p r e s s u r e  g r a d i e n t  d e v e l o p m e n t  of  

th e  b o u n d a ry  layer .  A x i s y m m e t r i c  e f f e c t s  are c h a r a c t e r i z e d  by 

D / r ,  w here  r  is  t h e  body  r a d iu s .

3.2 .2 .3  E ffe c t  o f  L /D

Fig .40 s h o w s  p r e s s u r e  a t  y /D = 0 .0 8  (ie., near  t h e  t o p  o f  th e  

back  face) p l o t t e d  a g a i n s t  L /D.  At b o t h  high and lo w  R eyno lds  

n u m b e r s  th e s e  p r e s s u r e s  r i s e  s t e a d i ly ,  and  then  a t  h igh  R eyno lds  

n u m b e r  a p p ea r  to  level  o u t  b e t w e e n  L/D=2.0  an d  L /D=2.4 .  

S ta l l in g s  e t .a l .(1987) a l so  c o m m e n t e d  on th i s  r i s e  o f  p eak  

p r e s s u r e  w i th  L /D  a t  r e l a t iv e ly  low va lues  o f  L /D .  They 

s p e c u la t e d  t h a t  th i s  r i s e  and s u b s e q u e n t  leve l l ing  o u t  o f  p eak  

p r e s s u r e  was due  to  th e  f lo w  s t r u c t u r e  ch ang ing  f r o m  a s in g le  

v o r t e x  to  a d o u b le  v o r t e x  s y s t e m ,  as i l l u s t r a t e d  on F i g . 5, w i th  

r i s ing  L/D.  A cco rd ing  to  t h e i r  a r g u m e n t ,  the  l e v e l l in g  o u t  o f  

peak p r e s s u r e  a t  a ro u n d  L/D=2.0  w ou ld  th en  c o r r e s p o n d  to  the  

s t a b i l i z a t i o n  o f  th e  tw o  v o r t e x  s y s te m .  A l th o u g h  t h e  f lo w  

s t r u c t u r e  does  u n d o u b te d ly  ch an g e  f r o m  a one v o r t e x  to  a tw o  

v o r t e x  sy s te m  w i th  in c re a s in g  L /D,  i t  s e e m s  un l ik e ly  t h a t  t h i s  is 

the  cause  o f  th e  r i s e  and  s u b s e q u e n t  leve l l ing  o u t  o f  p eak  

p r e s s u r e  w i th  i n c re a s in g  L/D.

An a l t e r n a t i v e  e x p la n a t io n  is fo u n d  by lo ok ing  a t  t h e  p h y s ic s  

o f  t h e  s h ea r  l ay e r  as i t  g ro w s  in to  th e  cavity,  as i l l u s t r a t e d  on 

F ig .43 and d i s c u s s e d  in c o n n e c t io n  w i th  th e  e f f e c t  o f  R eyno lds  

n u m b e r  (and a n a ly se d  l a t e r  in s e c t io n  5.2). We w i l l  no w  b r i e f ly  

d ig re s s  to  d i s c u s s  th e  p hys ic s  o f  th e  d e v e lo p m e n t  o f  a f r ee  

s h e a r  layer  f rom  an in i t ia l  b o u n d a r y  layer ,  which is e s s e n t i a l  to  

u n d e r s t a n d  th e  fo l lo w in g  d i s c u s s io n .  As a b o u n d a r y  laye r  

s e p a r a t e s ,  a new sh e a r  l ayer  g r o w s  in to  th e  b o t t o m  o f  th e  

o r ig ina l  b o u n d a ry  layer  v e lo c i ty  p ro f i l e .  Moving d o w n s t r e a m ,
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t h i s  s h e a r  layer  g ra d u a l ly  " c o n s u m e s ” th e  o r ig i n a l  b o u n d a r y  

layer  p r o f i l e  u n t i l ,  a t  som e  d i s t a n c e  a f t e r  s e p a r a t i o n ,  th e  d e ta i l  

o f  th e  o r ig in a l  b o u n d a r y  layer  p r o f i l e  is l o s t ,  an d  t h e  s h e a r  layer  

s p r e a d s  t h e r e a f t e r  a t  an e s s e n t i a l l y  c o n s t a n t  r a t e .  This  

a s y m p t o t i c  s p r e a d i n g  r a t e  is d e p e n d e n t  on m any  p a r a m e t e r s ,  

m o s t  n o t a b l y  th e  Mach nu m b er  and R eyno lds  n u m b e r  o f  th e  f r ee  

s t r e a m .  The in i t i a l  s p re a d in g  r a t e  o f  t h e  s h e a r  l a y e r  ( b e fo re  th e  

a s y m p t o t i c  s t a t e  is reached )  is much  g r e a t e r  t h a n  t h e  a s y m p t o t i c  

r a t e ,  as  s h o w n  on F ig .43.

This  k n o w le d g e  o f  f r ee  sh e a r  l a y e r  d e v e l o p m e n t  can  now  be 

ap p l ied  t o  t h e  cav i ty  f lo w  s i t u a t io n .  A t  low  v a l u e s  o f  L /D  th e  

b o t t o m  edge  o f  t h e  s h e a r  layer  j u s t  im p in g e s  on  t h e  t o p  edge  o f  

th e  r e a r  face  o f  t h e  cavity .  I n c re a s in g  cav i ty  l e n g t h  a l l o w s  rap id  

g r o w t h  o f  t h e  s h e a r  layer  t o w a rd s  i t s  s im i l a r i t y  v e lo c i ty  p ro f i l e ,  

and  so s t r e a m l i n e s  f r o m  f u r t h e r  o u t b o a r d  in t h e  s h e a r  layer  

c a r ry ing  h ig h e r  m o m e n tu m  f lu id  i m p a c t  upo n  t h e  r e a r  face,  

r a i s in g  th e  r e a t t a c h m e n t  p r e s su re .  H o w e v e r  o n ce  t h e  s h e a r  layer  

has  r e a c h e d  i t s  s im i la r i ty  mean v e lo c i ty  p r o f i l e  (in t e r m s  o f  

mean  ve lo c i ty ,  t h i s  is a p p r o x im a te ly  an e r r o r  f u n c t i o n  p ro f i l e ) ,  

o r  a p p r o a c h e s  i t ,  t h e  s h e a r  layer  s p r e a d s  t h e r e a f t e r  q u i t e  s low ly  

a t  an  e s s e n t i a l l y  c o n s t a n t  r a t e ,  and  so  p e a k  p r e s s u r e  leve l s  o u t  

w i th  f u r t h e r  i n c r e a s in g  of  cavi ty  l e n g th .

A p a r t  f r o m  peak  p r e s s u r e s ,  c h an g in g  L /D  d o e s  n o t  seem  to  

s ig n i f i c a n t ly  a f f e c t  p r e s s u r e s  in th e  r e m a i n d e r  o f  th e  cavi ty .  

This  is c o n s i s t e n t  w i th  th e  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s .

3 .2 .2 .4  E ffe c t  o f  R eynolds Num ber

The r e s u l t s  f o r  th e  tw o  d i f f e r e n t  R ey n o ld s  n u m b e r s  a re  n o t  

g r e a t l y  d i f f e r e n t  e x c e p t  t h a t  the  p eak  i m p a c t  r e c o v e r y  p r e s s u r e  

is s l i g h t l y  l o w e r  fo r  the  low R eyno lds  n u m b e r  c a s e  f o r  the  

s h o r t e r  cav i t i e s ,  as sh o w n  on F ig .40, and  s l i g h t l y  h ig h e r  f o r  the  

l o n g e s t  cavity .  This  r e v e r s a l  in t r e n d  w i th  i n c r e a s in g  cavity  

l e n g t h  on F ig .40 is n o t  u n a m b ig u o u s ,  as  i t  is e v id e n t  on ly  fo r  

th e  L/D=2.4  m e a s u r e m e n t s ,  and th e  d i f f e r e n c e  b e t w e e n  th e s e  

p o i n t s  is  a l m o s t  w i th in  th e  a c c u ra cy  o f  t h e  m e a s u r e m e n t s .  

H ow eve r  i t  is  b e l iev ed  t h a t  th i s  t r e n d  r e v e r s a l  is  r e a l ,  as  peak
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h e a t  t r a n s f e r  m e a s u r e m e n t s  to  be p r e s e n t e d  in C h a p t e r  4 (and 

s h o w n  on Fig .57) i l l u s t r a t e  th i s  e f f e c t  m ore  c lea r ly .  The  f a c t  

t h a t  peak  p / p c fo r  th e  low  Reyno lds  n u m b e r  ca se  is s l i g h t l y  

l o w e r  th a n  fo r  t h e  h igh  Reynolds  n u m b e r  case  f o r  th e  s h o r t e r  

c av i t i e s  s u g g e s t s  a f a s t e r  s h e a r  laye r  sp re a d in g  r a t e  a t  h igh 

R eyno lds  n u m b e r  f o r  t h e  s h o r t e r  c a v i t i e s .  This  is  b e c a u s e  a 

f a s t e r  s p re ad in g  r a t e  im p l ie s  h ig h e r  v e lo c i t i e s  on t h e  d iv id ing  

s t r e a m l i n e  ( ie . , t h e  s t r e a m l i n e  w h ich  r e a t t a c h e s  n e a r  t h e  t o p  of  

t h e  r e a r  face) and  h e n ce  l a r g e r  r e c o v e ry  p r e s s u r e s  n e a r  th e  to p  

o f  th e  r e a r  face .  The t r e n d  o b s e r v e d  f o r  p / p c f o r  t h e  l o n g e s t  

cav i ty  is the  o p p o s i t e  t o  t h a t  o f  th e  s h o r t e r  c av i t ie s ,  and  im p l ie s  

a l a r g e r  sp re ad in g  r a t e  f o r  th e  low Reyno lds  n u m b e r  f lo w .  This  

is th e  t r e n d  o b s e r v e d  by C h a r w a t  et .al .(1961b) f o r  l o n g e r  

cav i t i e s .

One p o s s ib le  e x p l a n a t i o n  fo r  th e  a p p a r e n t  ch an g e  in R eyno lds  

n u m b e r  d e p en d e n c e  w i th  i n c r e a s in g  cav i ty  l e n g th  is  t h a t  t h e  low 

R eynolds  nu m b er  f lo w  c o u ld  s t i l l  be  show ing  t h e  e f f e c t s  o f  

t r a n s i t i o n ,  which t a k e s  p la ce  s ig n i f i c a n t l y  l a t e r  t h a n  f o r  th e  

h igh  Reynolds  n u m b e r  f lo w .  The s e p a r a t e d  low R ey n o ld s  n u m b e r  

s h e a r  layer  m ig h t  t h e n  in i t i a l ly  be  s p re a d in g  s l o w e r  b e c a u s e  of  

t h i s  e f f e c t ,  b u t  a t  t h e  s am e  lo s in g  i t s  h i s to ry  e f f e c t s  f ro m  

t r a n s i t i o n  as i t  d e v e lo p s ,  su c h  t h a t  by th e  t ime o f  r e a t t a c h m e n t  

f o r  th e  l o n g e s t  cav i ty  i t  has  a c t u a l l y  s p re a d  f u r t h e r  t h a n  th e  

h igh Reynolds  n u m b e r  s h e a r  layer .

A n o th e r  p o s s i b l e  e x p l a n a t i o n  is th e  e f f e c t  o f  t h e  in i t ia l  

b o u n d a ry  layer  t h i c k n e s s  a t  s e p a r a t i o n .  The h igh  R eyno lds  

n u m b e r  b o u n d a ry  l a y e r  is  t h in n e r ,  and  so  the  s e p a r a t e d  s h e a r  

l a y e r  can m ore  q u ick ly  " s w a l l o w ” th e  in i t ia l  b o u n d a r y  laye r  

p r o f i l e  to  reach  i t s  s e l f - s i m i l a r  v e lo c i ty  p r o f i l e  and  s p r e a d in g  

r a t e  (an e r r o r  f u n c t i o n  v e lo c i ty  p r o f i l e ,  a s  will  be  d i s c u s s e d  in 

m o re  d e ta i l  in s e c t i o n  5.2). This  is i l l u s t r a t e d  on F ig .43. The 

ev idence  is t h a t  th e  s h e a r  layer  wil l  a d j u s t  to  t h i s  v e lo c i ty  

p r o f i l e  q u i te  qu ick ly  (see  Mach 5 f r ee  s h e a r  layer  m e a s u r e m e n t s  

by Wagner(1973)). H en ce  th e  low Reyno lds  n u m b e r  s h e a r  layer  

w il l  in i t ia l ly  have a s m a l l e r  s p re a d in g  r a t e  b e c a u s e  o f  th e  

t h i c k e r  in i t ia l  b o u n d a r y  layer .  H ow eve r  th e  low R ey n o ld s  n u m b e r
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s h e a r  laye r  w i l l  p r o b a b l y  have a h i g h e r  a s y m p t o t i c  s p re a d in g  

r a t e  (see  C h a r w a t  et .al . (1961b)) ,  and  so f u r t h e r  d o w n s t r e a m  wil l  

s t a r t  t o  s p re a d  f a s t e r  as  i t  a p p r o a c h e s  t h e  s e l f  s i m i l a r  ve loc i ty  

p r o f i l e ,  t h u s  e x p la i n in g  th e  c h a n g e  in R ey n o ld s  n u m b e r  

d e p e n d e n c e  w i th  i n c r e a s in g  cavity  l e n g t h .  The m e a s u r e m e n t s  o f  

C h a r w a t  e t . a l .  w e r e  t a k e n  wel l  d o w n s t r e a m  a f t e r  t h e  s h e a r  layer  

p ro b a b ly  had r e a c h e d  i t s  s e l f - s i m i l a r  p r o f i l e .

A l th o u g h  b o t h  o f  t h e  above  e x p l a n a t i o n s  seem  r e a s o n a b l e ,  i t  

is  c o n s id e r e d  t h a t  t h e  s e c o n d  is m o re  l ike ly  to  have t h e  g r e a t e s t  

e f f e c t  as th e  b o u n d a r y  layer  m e a s u r e m e n t s  p o i n t e d  to  a 

t h i c k n e s s  ch an g e  f r o m  high  to  low R eyno lds  n u m b e r  w h i l e  n o t  

s h o w in g  any d e f i n i t e  ev idence  o f  t r a n s i t i o n a l  e f f e c t s  on th e  

v e lo c i ty  p r o f i l e  o f  t h e  low  Reyno lds  n u m b e r  b o u n d a r y  layer .

3 .2 .2 .5  E ffe c t  o f  S /D

As w il l  be  d i s c u s s e d  in C h a p t e r  5, r e a t t a c h m e n t  p r e s s u r e s  

a re  main ly  g o v e r n e d  by b o u n d a ry  l a y e r  t h i c k n e s s  8 and  cavity  

l e n g t h  L (Lamb(1981) u s e d  8 /L  as a c o r r e l a t i n g  p a r a m e t e r ) ,  and 

so s h o u l d  be r e l a t i v e l y  in d e p e n d e n t  o f  cav i ty  d e p t h  D. H o w ev e r  a 

s e c o n d  cavity  o f  s m a l l e r  d e p t h  12.5mm (ie.,  h a l f  t h e  in i t i a l  value) 

was  s tu d i e d  a t  L /D=2.4  to  see  w h e t h e r  cavi ty  p r e s s u r e s  away 

f ro m  r e a t t a c h m e n t  a re  a f f e c t e d  by th e  p a r a m e t e r  S /D .  This  a l so  

c h a n g e s  th e  a x i s y m m e t r i c  p a r a m e t e r  D / r ,  b u t  th i s  e f f e c t  s h o u ld  

be  min imal .  R e s u l t s  f o r  th e  s h a l l o w  cav i ty  a re  g iven  on  F ig .44, 

and c o m p a r e d  w i th  t h e  D=25mm cav i ty  on F ig .45, t o g e t h e r  w i th  

th e  r e s u l t s  o f  M cD e a rm o n .  The s h a l l o w e r  cavi ty  e x h i b i t s  s l i g h t l y  

h ig h e r  p r e s s u r e s  away f ro m  r e a t t a c h m e n t ,  b u t  t h i s  is  p r o b a b ly  

due  t o  th e  f a c t  t h a t  t h i s  cavi ty  is s h o r t e r  (L=3cm, as  o p p o s e d  to  

L=6cm f o r  th e  d e e p e r  cavity),  and  so  th e  g e o m e t r y  o f  th e  

e x p a n s io n  fan  a t  s e p a r a t i o n  and  a s s o c i a t e d  s h e a r  layer  

" r e l a x a t i o n ” has  m e a n t  t h a t  th e  s e p a r a t e d  s h e a r  l a y e r  f o r  the  

s h o r t e r  cav i ty  has  n o t  e x p e r i e n c e d  th e  sam e  p r e s s u r e  d r o p  as 

has  th e  s h e a r  l a y e r  f o r  th e  l o n g e r  cav i ty .  In o t h e r  w o r d s ,  in th e  

case  o f  th e  s h o r t  cav i ty  th e  " r e l a x a t i o n ” l e n g t h  o f  t h e  e x p a n s io n  

is r e l a t iv e ly  lo n g e r .  Th is  is c o n f i r m e d  by lo o k in g  a t  th e  r e s u l t s  

f o r  th e  L=3cm, D=2.5cm cavity  (Fig .37), wh ich  s h o w s  n e a r ly  th e  

sam e  p r e s s u r e s  away f ro m  r e a t t a c h m e n t  (eg., on  th e  cavity  

f lo o r )  as th e  L=3cm, D=1.25cm cavity  (F ig .44).
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3.2 .3  F lu ctu a tin g  P ressu res

As d i s c u s s e d  in C h a p t e r  1, f l u c t u a t i n g  p r e s s u r e s  in th e  cavi ty  

c a u s e d  by s h e a r  l ay e r  i n s t a b i l i t i e s  w i l l  t h e o r e t i c a l l y  n o t  o c c u r  

f o r  f r e e  s t r e a m  Mach n u m b e r s  a b o v e  2-/2 (Miles(1958)) . H o w ev e r  

in th e  p r e s e n t  s t u d y  s t r o n g  p r e s s u r e  f l u c t u a t i o n s  in th e  r e g io n  

o f  s h e a r  layer  r e a t t a c h m e n t  on t h e  t o p  o f  the  b ack  f ace  w e re  

n o t i c e d .  A typ ica l  t r a c e  is s h o w n  on F i g .46.  M odel  v ib ra t io n  

t e s t s  w e re  p e r f o r m e d ,  u s in g  a c c e l e r o m e t e r s  a t t a c h e d  to  th e  

m o d e l  s u r f a c e ,  to  f ind  th e  n a t u r a l  f r e q u e n c ie s  o f  v ib ra t io n .  

T h e se  f r e q u e n c i e s  (0 .29kHz in t h e  v e r t i c a l  d i re c t io n  an d  0 .25kHz 

in th e  h o r i z o n t a l  d i re c t io n )  w e re  f o u n d  to  be much  lo w e r  t h a n  

th e  p r e s s u r e  f l u c t u a t i o n  f r e q u e n c i e s  r e c o rd ed ,  so  t h a t  m ode l  

v ib r a t i o n  c o u ld  be r u l e d  o u t  as a p o s s i b l e  cause .

The t r a n s d u c e r  f r e q u e n c y  r e s p o n s e  is m od i f ied  by th e  

m o u n t in g  s y s t e m  u sed .  In th e  d a t a  o f  F ig .46, the  t r a n s d u c e r  was  

c o n n e c t e d  to  th e  t a p p in g  by a c a p - t u b i n g  a r r a n g e m e n t  which  

w o u ld  p rov ide  a low  p a s s  f i l t e r  f r e q u e n c y  of  a few kHz a t  b e s t .  

To o v e rc o m e  th is ,  t h e  d a t a  w e re  r e p e a t e d  us ing  th e  n e a r ly  f l u s h  

m o u n t e d  a r r a n g e m e n t  d e s c r ib e d  in s e c t i o n  2.4. The c e n t r e  o f  th e  

f l u s h  m o u n te d  t r a n s d u c e r  was  p o s i t i o n e d  a t  y /D =0 .20  b e lo w  th e  

t o p  lip on th e  r e a r  face  o f  a cav i ty  w i t h  L=6cm and D=2.5cm, and  

a typ ica l  p r e s s u r e  t r a c e  over  t h e  s t e a d y  run  t ime  is s h o w n  on 

F i g . 47. A non d im e n s io n a l  t im e  t u ^ / L  is used ,  as  d i s c u s s e d  in 

t h e  d im e n s io n a l  a n a ly s i s .  To d e t e r m i n e  the  e x t e n t  o f  v e r t i c a l  

s h e a r  l ay e r  m o v e m e n t  r e q u i r e d  t o  p r o d u c e  th e  o b s e r v e d  p e ak  to  

p e ak  p r e s s u r e  f l u c t u a t i o n s  on t h e  r e a r  face,  t h e  e x p e r i m e n t a l  

t im e  ave raged  p r e s s u r e  g r a d i e n t  a l o n g  t h e  re a r  face  can  be  used .  

F ig .39 in d i c a t e s  t h i s  p r e s s u r e  g r a d i e n t  to  be  a b o u t  -  0 . 4 p c / m m  

in th e  r e a t t a c h m e n t  reg ion .  T h e  m ax im um  p e ak  to  p eak  

f l u c t u a t i o n  on F ig .47 is a b o u t  0 . 8 p c , ind ica t ing  t h a t  th e  s h e a r  

l ay e r  o s c i l l a t i n g  1mm a b o u t  i t s  m e a n  p o s i t i o n  cou ld  p r o d u c e  th e  

o b s e r v e d  f l u c t u a t i o n s .  This  is q u i t e  a sm al l  m a g n i t u t e ,  and  

w o u ld  in d ic a te  t h a t  no la rg e  s c a l e  u n s t e a d i n e s s  o f  t h e  f l o w  is 

o c cu r in g .

The p r e s s u r e - t i m e  t r a c e  on F ig .47 in d ic a te s  a low f r e q u e n c y  

o s c i l l a t i o n  to  be  d o m in a t in g ,  an d  to  gain  a b e t t e r  i n s i g h t  in to
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t h i s  p h e n o m e n o n  i t  w as  d ec id ed  to  p e r fo rm  a F a s t  F o u r ie r  

T r a n s f o r m  on th e  d a t a .  Th is  p r e s e n t e d  a c o n s id e r a b l e  p r o b le m  in 

t h a t  th e  s t e a d y  run  t im e  o f  t h e  t u n n e l  was  fa r  t o o  s h o r t  fo r  th e  

r e s u l t s  o f  one ru n  t o  y ie ld  any u s e f u l  a n sw e rs .  A F a s t  F o u r ie r  

T r a n s f o r m  p r o g r a m ,  w r i t t e n  in BBC bas ic ,  was t h u s  m o d i f i ed  in 

s u ch  a way t h a t  b l o c k s  o f  d a t a ,  t a k e n  f r o m  d i f f e r e n t  r u n s ,  c o u ld  

be  p r o c e s s e d  s e p a r a t e l y  and  th e  r e s u l t s  a v e r a g e d ,  t h u s  

e f f e c t iv e ly  i n c r e a s in g  th e  t o t a l  s a m p l e  t im e. S ix t e e n  s e t s  o f  d a t a  

w e re  r e c o r d e d  and  p r o c e s s e d  in t h i s  way. The e r r o r  in p r o c e s s i n g  

d a t a  ove r  a t o t a l  r u n  t im e  o f  At is  given by Zhang(1987) as

w h e r e  Be is th e  b a n d w i d t h  o f  th e  s p e c t r a l  w indow  u sed ,  l im i t ed  

in th i s  c a se  to  244Hz by th e  l e n g t h  o f  each  ind iv idua l  d a t a  t r a c e .  

The t o t a l  ru n  t im e  At is t h e  d a t a  l e n g th  of each  ind iv idua l  run  

t im e s  t h e  n u m b e r  o f  r u n s  av e rag e d .  Thus  if  16 r u n s  a r e  averaged ,  

th e n  th e  m ax im um  e r r o r  a t  each  f r eq u e n cy  is 17.9%.

The r e s u l t i n g  p l o t  o f  s p e c t r a l  p o w e r  (energy p e r  b a n d w id th )  

a g a i n s t  f r eq u e n cy  is s h o w n  on F i g . 48.  I t  is obv ious  t h a t  m o s t  of  

th e  energy  is a t  r e l a t i v e l y  low  f r e q u e n c i e s  and t h e r e  s e e m s  to  be 

a b ro a d  b an d  f e a t u r e  c e n t e r e d  on a b o u t  2 .8kHz.  This  a l so  

c o r r e s p o n d s  a p p r o x i m a t e l y  t o  t h e  f r eq u e n cy  b e lo w  w h ich  h a l f  of  

t h e  t o t a l  energy  l ie s .  The v e r t i c a l  s ca le  is s p e c t r a l  p o w e r  p e r  

b a n d w i d t h  n o rm a l i z e d  by t h e  m ax im u m  o f  th is  va lue .  A l th o u g h  

th e  f e a t u r e  a t  2 .8kH z is n o t  m u c h  g r e a t e r  in m a g n i t u d e  th a n  th e  

a cc u ra cy  o f  th e  a n a ly s i s ,  i t  is p o s s i b l e  by look ing  c l o s e l y  a t  t h e  

p r e s s u r e  t im e  t r a c e  o f  Fig. 47 to  see  th e  low f r e q u e n c y  p e ak s  

t h a t  c o r r e s p o n d  t o  t h i s  f r e q u e n c y .  This  f r e q u e n c y  can  be 

n o n - d i m e n s i o n a l i s e d ,  e i t h e r  by u s in g  a s t r e a m w i s e  l e n g t h  s ca le  

(n o rm a l i z in g  by s t r e a m w i s e  c o n v ec t iv e  p r o p e r t i e s )  t o  give

8t 1

f L =0.12
u'e

or  in th e  t r a n s v e r s e  d i r e c t i o n  (no rm al iz ing  by t r a n s v e r s e  

a c o u s t i c  p r o p e r t i e s ) ,  if  t h e  t e m p e r a t u r e  in the  cav i ty  is a s s u m e d



t o  be 700K f o r  t h e  p u r p o s e s  o f  c a l c u l a t i n g  the  lo c a l  sp ee d  of  

so u n d  (which  was  i n d i c a t e d  by p r e l im in a ry  c o m p u t a t i o n s ) ,

f  D = 0.12 
a

The f a c t  t h a t  t h e s e  v a lu e s  a re  e q u a l  is p u re ly  c o i n c i d e n t a l .  The 

f i r s t  o f  t h e s e  n o n - d i m e n s i o n a l  f r e q u e n c i e s  w o u ld  c h a r a c t e r i z e  

any lo n g i t u d i n a l  o s c i l l a t i o n  m e ch a n i s m ,  w here  d i s t u r b a n c e s  are  

c o n v e c te d  d o w n s t r e a m .  The s e c o n d  w o u ld  c h a r a c t e r i z e  any 

t r a n s v e r s e  a c o u s t i c  m e c h a n i s m  in th e  cavity .

Zhang(1987) a l s o  n o t e d  a b r o a d  band  lo w  f r eq u e n cy  

o s c i l l a t i o n  e x p e r i m e n t a l l y  and  c o m p u t a t i o n a l l y  f o r  his 

e x p e r i m e n t s  a t  M ach  1.5 and  2.5 w hich  c o r r e s p o n d e d  t o  a 

t r a n s v e r s e  S t r o u h a l  n u m b e r  o f  S t r=0 .20 .  East(1966) r e c o r d e d

t r a n s v e r s e  S t r o u h a l  n u m b e r s  s m a l l e r  t h a n  th i s  in s u b s o n i c  f low,  

and  fo u n d  t h e s e  S t r o u h a l  n u m b e r s  to  be  d e p e n d e n t  on L/D. 

H ow eve r  th e  m o re  d o m i n a n t  h ig h e r  f r e q u e n c y  m o d e s  c au s e d  by 

s h e a r  laye r  i n s t a b i l i t i e s  c o u p le d  w i th  l o n g i tu d in a l  a c o u s t i c  

f e e d b a c k  w h ich  w e re  a l so  n o te d  by Z hang  a m o n g s t  o t h e r s  , and 

c h a r a c t e r i z e d  by l o n g i t u d o n a l  S t r o u h a l  n u m b e r s  in e x c e s s  o f  0.5, 

a re  n o t  n o t i c e d  in th e  p r e s e n t  e x p e r im e n t s .  Th is  is n o t  

s u r p r i s in g  s ince ,  as  d i s c u s s e d  e a r l i e r ,  t h e  sh e a r  l a y e r  s h o u ld  be 

f r ee  of  l a rg e  s c a le  i n s t a b i l i t i e s  f o r  f r e e  s t r e a m  Mach n u m b e r s  

above 2-/2 a c c o r d in g  to  Miles(1958),  and  th i s  a l s o  f i t s  in w i th  

t h e  m a g n i tu d e  o f  t h e  f l u c t u a t i o n s .

As d i s c u s s e d  in t h e  C h a p t e r  1 , t h e r e  a re  c o n s i d e r e d  to  be 

b a s ic a l ly  tw o  d i f f e r e n t  m e c h a n i s m s  which  can p r o d u c e  pe r iod ic  

p r e s s u r e  f l u c t u a t i o n s  in an open  cav i ty  f lo w ,  and t h e s e  

m e c h a n i s m s  o f t e n  i n t e r a c t  w i th  each  o th e r .  F i r s t l y ,  t h e

l o n g i tu d in a l  m e c h a n i s m  c o n s i s t s  o f  t h e  s e p a r a t e d  s h e a r  layer  

r o l l in g  up in to  v o r t i c e s  which c o n v e c t  d o w n s t r e a m  a t  ro u g h ly  

60% of  t h e  f r e e  s t r e a m  v e lo c i ty  and  i n t e r a c t  w i th  the

d o w n s t r e a m  ed g e  o f  t h e  cav ity .  This  i n t e r a c t i o n  r e s u l t s  in the  

p r o p a g a t i o n  o f  a c o u s t i c  waves  u p s t r e a m  in th e  cav i ty  which 

r e a ch  t h e  f r o n t  f ace  an in i t i a t e  t h e  s h e d d in g  of a n o t h e r  vo r tex ,  

t h u s  c lo s in g  th e  f e e d b a c k  loop .  Th is  m ech a n ism  te n d s  to

d o m in a te  f o r  lo n g  c av i t i e s  (L/D>1 o r  2) and  low  sp ee d  f lo w s
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(M<2-/2), as  s h e a r  l ayer s  are  t h e o r e t i c a l l y  s t a b l e  above  th i s  Mach 

n u m b e r ,  an d  so  wil l  n o t  r o l l  up in to  v o r t i c e s .  Second ly ,  th e  

t r a n s v e r s e  a c o u s t i c  m ech a n ism  c o n s i s t s  o f  a n o r m a l  a c o u s t i c  

r e s o n a n c e  in th e  cav ity ,  w h e re  th e  m a ss  of  gas  in th e  cavi ty  

b e h a v e s  l ike  a H e lm h o l t z  r e s o n a t o r .  This m ode  t e n d s  to  

d o m i n a t e  in deep  cav i t ie s ,  and  may be  p o s s ib l e  in h igh sp e e d  

f l o w s .

I t  s e e m s  t h a t  th e  low f r e q u e n c y  f lo w  o s c i l l a t i o n  o b s e r v e d  

e x p e r i m e n t a l l y  in t h e  p r e s e n t  s t u d y  c a n n o t  be  c a u s e d  by a 

l o n g i t u d i n a l  f e e d b ac k  o f  th e  type  p r o p o s e d  by Rossite r(1966) 

a m o u n g s t  o t h e r s ,  as th e  f r e q u e n c y  is to o  low  ( lo n g i tu d in a l  

S t r o u h a l  n u m b e r s  fo r  t h e s e  m o d es  a re  g r e a t e r  th a n  O.S). The 

m a g n i t u d e  o f  th e  o s c i l l a t i o n s  is a l s o  to  sm al l  f o r  such  la rg e  

s c a l e  u n s t e a d i n e s s  to  be p r e s e n t ,  and  t h e r e  is no o t h e r  

e x p e r i m e n t a l  ev idence  o f  th i s  o s c i l l a t i o n  mode  o c cu r in g  a t  h igh 

s u p e r s o n i c  o r  h y p e rso n ic  Mach n u m b e r s .  T u r b u l e n t  f l u c t u a t i o n s  

w i th in  t h e  s h e a r  layer  will  c o n t r i b u t e  to  som e low  f r eq u en cy  

u n s t e a d i n e s s  (see  Wagner(1973)), b u t  th e s e  f l u c t u a t i o n s  wil l  

p r e s u m a b l y  be  u n s t r u c t u r e d ,  and  W a g n e r ’s r e s u l t s  show  no 

ev idence  to  r e f u t e  th i s .  A l th o u g h  t h e  u n s t e a d i n e s s  in the  

p r e s e n t  s t u d y  is o f  a b ro a d b a n d  n a t u r e ,  t h e r e  d o e s  seem to  be 

s o m e  s t r u c t u r e  p r e s e n t .  The m a g n i tu d e  o f  th e  p r e s s u r e  

f l u c t u a t i o n s  a l so  see m s  to  be to o  l a r g e  to have been  c au s e d  

e n t i r e l y  by t u r b u l e n t  f l u c t u a t i o n s ,  g iven  t h a t  i t  is the  low 

v e lo c i ty  p a r t  o f  the  s h e a r  layer  t h a t  is r e a t t a c h i n g  (see again  

Wagner(1973)).

Zhang(1987)  a t t r i b u t e d  th e  low  f r e q u e n c y  b ro a d  b an d  

o s c i l l a t i o n  in his e x p e r im e n t s  t o  t h e  c a p t u r e d  v o r t i c e s  moving 

a r o u n d  by  a s m a l l  a m o u n t .  This  w o u ld  a l so  move th e  s h e a r  a 

s m a l l  a m o u n t ,  and given th e  s m a l l  a m o u n t  o f  s h e a r  layer  

m o v e m e n t  n e ed e d  to  p ro d u c e  th e  o b s e r v e d  p r e s s u r e  f l u c t u a t i o n s ,  

t h i s  m u s t  be  a p o s s ib l e  c au se  o f  t h e  o s c i l l a t i o n s  in the  

r e a t t a c h m e n t  r eg ion  o f  the  c u r r e n t  e x p e r im e n t .

A n o t h e r  p o s s ib i l i t y  is a t r a n s v e r s e  (normal)  a c o u s t i c  

o s c i l l a t i o n ,  and  th e re  is o t h e r  t h e o r e t i c a l  and e x p e r im e n ta l  

ev idence  to  s u p p o r t  t h i s .  East(1966) m e a s u re d  t r a n s v e r s e
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a c o u s t i c  m o d es  a t  s u b s o n ic  Mach n u m b e r s  in a tw o  d im e n s io n a l  

cav i ty .  Then, a d a p t i n g  th e  s o l u t i o n  f o r  a c o u s t i c  r e s o n a n c e  in an 

o p en  en d ed  pipe,  he c o n c lu d e d  t h a t  a f o r m u la  o f  t h e  fo r m

w o u ld  give an a c c u r a t e  p r e d i c t i o n  o f  a c o u s t i c  m odes  in cav i t i e s .  

U s in g  A=0.65 and  B=0.75, he f o u n d  e x t r e m e l y  good  a g r e e m e n t  

b e t w e e n  th e  e x p e r i m e n t a l  and  t h e o r e t i c a l  r e s u l t s  ove r  a 

s u r p r i s i n g l y  la rg e  r a n g e  o f  L /D.  If  t h i s  f o r m u la  is  u sed  here ,  i t  

y i e ld s  a r e s u l t  o f  (fD/a)=0.11, which  is qu i te  c lo s e  t o  th e  

e x p e r i m e n t a l  r e s u l t  o f  0.12.

Tam(1976) so lv e s  t h e  a c o u s t i c  e q u a t i o n s  fo r  t h e  n o rm a l  

a c o u s t i c  m ode  of  a tw o  d im e n s io n a l  cavi ty .  His r e s u l t s  show  

t h a t  th e  n o rm a l  a c o u s t i c  m o d e s  a re  dam ped ,  w i th  t h e  dam p in g  

in c r e a s in g  w i th  L /D .  This m ean s  t h a t  c o n t in u o u s  ene rgy  i n p u t  is 

r e q u i r e d  to  e x c i t e  t h e s e  m o d e s ,  which  he a s s u m e s  c o m e s  f ro m  a 

f l u c t u a t i n g  s h e a r  l ay e r  o r  t u r b u l e n t  f l u c t u a t i o n s  w i th in  th e  

s h e a r  layer .  In any c a s e  th i s  im p l ie s  t h a t  no rm a l  a c o u s t i c  m odes ,  

e sp e c i a l l y  f o r  L/D>1, are  m ore  l ike ly  to  be  e x c i t ed  a t  h igh  Mach 

n u m b e r s .  At Mach 8 th e  s h e a r  laye r  sh o u ld  be s t a b l e ,  so  i t  is 

a s s u m e d  t h a t  th e  en e rg y  c o m es  f ro m  t u r b u l e n t  f l u c t u a t i o n s .  

H o w ev e r  once  th e  n o rm a l  a c o u s t i c  mode  has  been  e x c i t e d ,  i t  

s e e m s  l ike ly  t h a t  i t  w o u ld  fo r c e  th e  s h e a r  layer  to  o s c i l l a t e  

s l i g h t l y  ( a l t h o u g h  t h e s e  o s c i l l a t i o n s  w ou ld  n o t  g ro w  n a tu r a l l y ) .  

Th is  t h e n  cou ld  give r i se  to  th e  l a rg e  p r e s s u r e  o s c i l l a t i o n s  

n o t i c e d  in th e  r e a t t a c h m e n t  r e g io n  on th e  back  f ace  o f  th e  

cavi ty .

In su m m ary ,  th e  o b s e r v e d  p r e s s u r e  f l u c t u a t i o n s  in th e  cavity  

s ee m  to  be th e  r e s u l t  o f  a c o m p le x  i n t e r a c t io n  o f  d i f f e r e n t  

p h e n o m en a .  C e n t r a l  to  th i s  is t h e  beh av io u r  of  th e  s e p a r a t e d  

s h e a r  layer ,  b u t  w h e t h e r  th i s  involves  any " r e s o n a n t "  

p h e n o m e n o n  is n o t  c e r t a in .  The s h e a r  layer  on ly  n e e d s  to  

o s c i l l a t e  by a sm a l l  a m o u n t  a b o u t  i t s  mean p o s i t i o n  t o  p r o d u c e  

t h e  p r e s s u r e  f l u c t u a t i o n s  n o t e d  in th e  r e a t t a c h m e n t  re g io n .  This
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s h e a r  l a y e r  o s c i l l a t i o n  cou ld  be due  to  m o v e m e n t  o f  th e  

c a p t u r e d  v o r t i c e s ,  o r  p o s s ib ly  a t r a n s v e r s e  a c o u s t i c  o s c i l l a t i o n .  

The e x i s t e n c e  o f  t h e s e  o s c i l l a t i o n s  may be i m p o r t a n t  in t e r m s  o f  

p eak  r e a t t a c h m e n t  h e a t  t r a n s f e r  r a t e  as White(1971) s h o w e d  how 

b r o a d  b a n d  u n s t e a d i n e s s  c o u ld  in c re a se  t h i s  h e a t  t r a n s f e r .
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CHAPTER 4
HEAT TRANSFER MEASUREMENTS

4.1 C one Forebody

The b u t t o n  g a u g es  d e sc r ib e d  in s e c t io n  2.4 w e re  n o t  a c t u a l l y  

d e s ig n e d  s p e c i f i c a l ly  f o r  m easu r ing  h e a t  t r a n s f e r  on t h e  cone  

s u r f a c e  as  t h e  gauge  m e as u r in g  s u r f a c e  w as  n o t  c o n t o u r e d  to  

th e  cu rv ed  sh ap e  o f  th e  cone s u r f a c e .  H o w ev e r  o t h e r  

i n v e s t i g a t o r s  (eg. , Lin and  Harvey(1987)) have u sed  s im i l a r  f l a t  

g a u g e s  on s u r f a c e s  w i th  rough ly  th e  s am e  c u r v a t u r e  as  th i s  

m ode l  w i t h o u t  i n c u r r in g  la rge  e r r o r s ,  as can  be s e e n  by 

c o m p a r in g  t h e i r  d a t a  w i th  t h a t  of H o p k in s  e t .a l . (1969).  Thus ,  

b e a r in g  t h i s  in mind,  i t  was  decided  to  i n s e r t  tw o  g a u g e s  on  th e  

cone  s u r f a c e  a t  a p o s i t i o n  20mm u p s t r e a m  f rom  th e  cav i ty  in 

o r d e r  to  c h ec k  th e  d a t a  r e c o r d e d  by Lin and  Harvey  f o r  t h e  sam e  

a n g le  cone  and  th e  s am e  runn ing  c o n d i t io n s .

B o th  g a u g e s  were  f ixed  in to  the  m ode l  w i th  a r a ld i t e ,  and 

r e t u r n e d  v a lu e s  o f  h e a t  t r a n s f e r  r a t e  fo r  t h e  h igh R eyno lds  

n u m b e r  ru n n in g  c o n d i t io n  in good a g r e e m e n t  w i th  each  o t h e r  

w i th  th e  ave rage  be ing  5.56 W/cm2. This  can be n o r m a l i z e d  by 

c o n d i t i o n s  a t  t h e  edge o f  the  b o u n d a ry  layer  to  p ro d u c e  th e  

lo ca l  S t a n t o n  n u m b e r  given by

q
p e u e C p ( T a w - T w )

w h e re  Taw is th e  a d i a b a t i c  wall  t e m p e r a t u r e .

A ss u m in g  th e  m o d e l  rem ains  a t  r o o m  t e m p e r a t u r e ,  t h i s  

r e t u r n s  a va lue  of  S t e= 2 .34x l0 - 4 . This  d o e s  n o t  ag re e  w e l l  w i th  

th e  a v e rag e  va lue  r e c o r d e d  by Lin and  Harvey o f  9.7 W / c m 2 

w h ich  c o r r e s p o n d s  to  S t e= 4.10xl0-4’. U p s t r e a m  in f lu e n c e  f r o m  

th e  p o i n t  o f  s e p a r a t i o n  is d i s co u n ted  as a p o s s ib l e  c au se  o f  th i s  

d i s c r e p a n c y  as the  tw o  d im en s io n a l  r e s u l t s  o f  N e s t l e r  

e t .a l .(1968),  w ho  made  severa l  m e a s u r e m e n t s  u p s t r e a m  of  

s e p a r a t i o n ,  s h o w e d  no evidence  of such  an in f lu en c e .  The r e s u l t s  

o f  Lin and  Harvey  seem  to  agree  qu i te  we l l  w i th  t h o s e  o f  o t h e r  

i n v e s t i g a t o r s  (eg. ,  H o p k in s  e t .a l . ) ,  so t h i s  p o in te d  to  an e r r o r  in
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t h e  m o u n t in g  o f  the  g a u g es  in th e  c u r r e n t  e x p e r i m e n t .  In f a c t ,  

t h e  m id p o in t s  o f  the  tw o  gau g es  u sed  w e re  found  to  be  r e c e s s e d  

f r o m  th e  su r f a c e  by a sm a l l  a m o u n t  o f  0.1mm. A n o t h e r  g a u g e  

was  t h e n  i n s e r t e d  in to  th e  m ode l  a t  a d i s t a n c e  50m m  u p s t r e a m  

f r o m  th e  p o in t  o f  s e p a ra t io n ,  w i th  g r e a t  care  be ing  t a k e n  d u r in g  

th e  m o u n t in g  p r o c e s s  to  e n s u r e  t h a t  t h e  gauge  w as  n o t  r e c e s s e d  

f ro m  th e  su r fa ce .

This  gauge  gave a h e a t  t r a n s f e r  r a t e  f o r  the  h igh  p r e s s u r e  

c o n d i t i o n  o f  9 .1 8 W /cm 2 , S t e = 3 .8 6 x l0 -4 ', which is w i th in  6% of  

th e  a v e rag e  r e s u l t  o f  Lin and  Harvey.  The  c o n c lu s io n  o f  th i s  

e x p e r i m e n t  is t h a t  gauge  m o u n t in g  is very c r i t i c a l  to  th e  

a cc u ra cy  o f  th e  ex p e r im en t ,  e sp e c ia l l y  i f  gau g es  a re  r e c e s s e d  

f r o m  th e  su r f a c e ,  and t h a t  g r e a t  ca re  m u s t  be t a k e n  d u r in g  th e  

m o u n t in g  p ro c e d u re .  By im p l ica t io n ,  h e a t  t r a n s f e r  m e a s u r e m e n t s  

m ade  on curved  s u r f a c e s  sh o u ld ,  if  p o s s ib l e ,  be  m ade  w i th  

g a u g e s  c o n t o u r e d  to  the  s u r f a c e  sh ap e .  Edwards(1981) a l so  

n o t i c e d  la rg e  s e n s i t iv i ty  to  th e  l o c a t io n  o f  b u t t o n  g a u g e s  in his 

e x p e r i m e n t s  on a t u r b u l e n t  b o u n d a ry  lay e r  on a f l a t  p l a t e .  He 

f o u n d  t h a t  a gauge  lo c a t io n  e r r o r  o f  ±0.15mm gave a f a c t o r  o f  up 

to  3 s c a t t e r  in the  da ta .

The r e s u l t s  fo r  the  low p r e s s u r e  ru n n in g  c o n d i t i o n  gave  a 

cone  h e a t  t r a n s f e r  r a t e  o f  3.10 W / c m 2 , S t e = 4 .8 6 x l0 - 4 . The 

R eyno lds  n u m b e r  d ependence  fo r  an a t t a c h e d  t u r b u l e n t  f l a t  p l a t e  

b o u n d a r y  layer  gives S t e ~Re . A ssu m in g  th i s  R eyno lds  

n u m b e r  d e p en d e n c e  is s im i la r  f o r  co n e  b o u n d a ry  l a y e r s  (see  

H o p k in s  e t . a l . ) ,  one w o u ld  th e n  e x p e c t  t h e  S t a n t o n  n u m b e r  on 

t h e  co n e  s u r f a c e  fo r  t h e  low R eyno lds  n u m b e r  ca se  to  be  a 

f a c t o r  o f  1.28 above t h a t  o f  th e  h igh  Reyno lds  n u m b e r  case .  In 

f a c t  i t  is  1.26 t im es  the  S t a n t o n  n u m b e r  fo r  the  h igh  R eyno lds  

n u m b e r  case .
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4.2  In th e  C avity

F ix in g  the b u tto n  gauges into the f la t  su rfaces of the cavity  

was a co n sid e rab ly  easier ta sk  than for the curved su rfa c e  of the 

cone forebody. The fro n t and rear face m odules of the c a v ity  are 

detachable  and so p la c in g  each m odule face down on a f la t  

su rface  allow ed the gauges to be inserted to a co n sid e ra b le  

degree of accuracy. I t  was necessary  to p o s it iv e ly  force  the 

gauges in p o sit io n  th rou g ho u t the whole time the a r a ld ite  was 

drying otherw ise the drying process p u lle d  the gauges into  a 

s l ig h t ly  recessed p o sit io n .

The pressu re  d istr ib u tio n  inside the ca v ity  show ed a 

re la t iv e ly  sm ooth v ariatio n  as L / D  was varied between 0.8 and 

2.4, so that it  was decided to make heat tra n sfe r  m easurem ents  

at L /D = 0 .8 ,  1.6 and 2.4 only. Peak heat tra n sfe r  m easurem ents  

were also  made at L / D = 1 .2  and 2.0. L im ita tio n s  of space on the 

cavity  f lo o r  meant th at u n fo rtu n a tely  only 3 gauges c o u ld  be 

connected on the quartz  str ip  on the floor.

4.2.1 G eneral O b servation s

An example of a tem perature and corresponding heat tra n sfe r  

trace was shown on F ig .19. The heat tra n sfe r  rate seem s to have 

reached a sta tio n a ry  state  by the steady run tim e, w hich was 

also  in agreement with our expectations of p h y s ic a l  response  

tim es as d isc u sse d  in re la t io n  to the pressure  m e asu rem e n ts in 

section  3.2.2. A lth o u g h  there was some evidence of u n ste a d in e ss  

in the heat tra n sfe r  r e s u lt s  in the rea ttach m en t region, the 

procedure used to in tegrate  only every 32nd point to f in d  the 

heat tra n sfe r  rate, e ffe c tiv e ly  reducing the sa m p lin g  frequency  

to 3 .9 k H z, meant th at a frequency an alys is  of the data was not  

p o ssib le .

Fig. 49 to Fig. 51 show the heat tran sfe r  rates  in sid e  the 

cavity  norm alized by the cone heat tran sfe r ra te . The variable  

X* is the same as th at used in the presentation of the pressu re  

m easurem ents. The form of the r e s u lts  bears a stro ng  

resem blance to the p re ssu re  measurements (see F igs 3 5 -3 9 ),  

in d icatin g  a co rre la t io n  between pressure recovery and heat
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tra n sfe r  rate. T h is  w ill  be d isc u ss e d  in more d e tail  in C h a p te r  5. 

As w ith the pre ssu re  m easurem ents, the high est heat tra n sfe r  

rates were recorded in the region of shear layer im pingem ent  

(ie., the top of the rear face of the cavity). The h ig h e st heat  

t ra n sfe r  rate recorded was 23.24 W / c m 2 (Ste= 1 .0 2 x l0 - 3 ) at the 

point c lo s e s t  to the back lip for L / D = 2 .0 .  T h is  is 2.53 tim es the 

value on the cone forebody. A ls o  in accordance with the  

pre ssu re  m easurem ents, peak heat tr a n s fe r  rates r ise  from  low  

valu e s of L / D  and seem to level out at higher v a lu e s, as shown  

on F ig .52, and there is a stro n g R e yn o ld s num ber dependence  

evident.

F igs 49 to 51 show heat tra n sfe r  rates  fa ll in g  w ith  d ista n ce  

down the back face and out of the rea ttach m e n t region, and then  

rise  s l ig h t ly  approaching the f lo o r, w hich is  a lso  what the 

p ressu re  m easurem ents shown on F ig s  35 to 39 in d ica te d . Fo r the 

sh o rt  cavity  ( L /D = 0 .8 ) ,  the heat t ra n sfe r  rate on the cavity  f lo o r  

is a p p ro xim ate ly  equal to that near the in te rse c tio n  of the back  

face and the f lo o r, while the lo n ger ca vit ie s  show the heat  

tra n sfe r  dropping c o n tin u o u sly  along the f lo o r to quite a low  

value at the in te rse c t io n  with the fro n t face. The reason fo r  th is  

co uld  be that in the case of the lo n g er cav it ie s, the f lo w fie ld  

has se tt le d  to a two vortex system , with the second vortex of  

much lower ro ta tio n a l stre ng th  s it t in g  in the fro n t h a lf  of the 

cavity. T h is  change from a one vo rtex to a two vortex system  

was d isc u ss e d  in C h a p te r 3, and is  i l lu s t r a t e d  on F ig .5. The  

second upstream  vortex in the lo n g e r ca v it ie s  w ould  induce  

lower v e lo c it ie s  in the upstream  co rn er and hence low er heat  

tra n sfe r  rates.

A  "bump" is noticed in the heat tra n sfe r  d is tr ib u t io n  on the 

fro n t face of the cavity. T h is  was a lso  evident in the r e s u lt s  of  

W hite(1971), but he offered no exp lan atio n . How ever if  the 

secondary vortex is re la t iv e ly  sm a ll  compared w ith the prim ary  

vortex, and if  it  is p o sit io n ed  as i l lu s t r a t e d  on F ig .53, a 

secondary stagn atio n  region co u ld  o ccu r on the fro n t face and 

cause the bump noticed in the heat tra n sfe r  d istr ib u tio n , with  

the heat tra n sfe r  rate red ucing to nearly  zero where the flow
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separates at the top and b o tto m  of the fro n t face. T h is  a ls o  

ra ises the question as to w hether the heat tra n sfe r  rate  sh o u ld  

be nearly zero at the dow nstream  co rn er. The co m p u ta tio n s  in 

C h a p ter 6 in d icate  th is  to be the case, and p re su m a b ly  the 

reason the e xp erim en tal r e s u lt s  did not p o s it iv e ly  in d ic a te  th is  

was that there were no gauges c lo se  enough to the co rn er,  

although the r e s u lt s  on F ig .50 and F ig .51 show the s t a r t  of the 

trend on c lo se r  in sp e c t io n .

The re la t iv e ly  low  heat t ra n sfe r  rates on the ca v ity  f lo o r  and  

front face agree w ith the c o n c lu s io n  of Low der(1984) th a t a 

region of separated flo w  e ffe c tiv e ly  in s u la te s  the w a ll  from  the  

higher heat f lu x e s  in an a tta ch ed  flow . However where the f lo w  

reattaches the heat t ra n sfe r  can be c o n sid e ra b ly  greater than  

the attached value (here the peak recorded value is  about 2.5  

times greater than the a ttach ed  value for the lo n g e st  ca v ity ) .

4.2 .2  E ffe c t  o f  R eyn old s N um ber

Figs 54 to 56 show the heat tra n sfe r  r e s u lt s  co n verted  to 

Stanton number. T h is  in d ic a te s  quite good S ta n to n  num ber  

co rre latio n  between the high and low Reynolds num ber run n in g  

co n d itio n s, with the exceptio n  of peak heating rates in the shear  

layer rea ttach m en t region. F ig .57 reco rd s peak recorded Sta n to n  

number (occuring on the rear face at y /D = 0 .0 8 ,  ie., the gauge  

c lo se st  to the rear lip) a g a in st  L / D  for the high and low  

Reynolds number ca se s. Peak Stan to n  number is  h igher fo r  the  

low R eyno lds num ber case  at larger values of L / D ,  and the  

opposite for s m a lle r  v a lu e s of L / D .  Larson(1959), and C h a rw a t  

et.al.(1961) found peak S tan to n  num bers for lo n g er c a v it ie s  to
_ 9  / r

vary ro u g h ly  as Re (where Re is the unit R e yn o ld s number)

for tu rb u le n t f lo w s , w hich agrees with the p re se n t r e s u lt s  in  

the rea ttach m en t region fo r  the lo n g e st  cavity  (cf. the a tta ch ed  

boundary layer on the cone forebody where S t e~ R e ~ 1 / S ). 

However at lower v a lu e s of L / D  the high R eyno lds num ber case  

return s the larger peak Sta n to n  number. T h is  is the same trend  

as was observed for the peak p re ssu re s, as was d is c u s s e d  in 

C h a p te r 3. It  seem s l ik e ly  that there w ill  be some sim p le  

re la t io n sh ip  between pre ssu re  and heat tra n sfe r  rates  in the
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rea ttach m en t region, as both sh o u ld  be stro n g ly  dependent on 

d ividing stre am lin e  v a lu e s (ie., the stre am lin e  which rea ttach e s  

to the very top of the rear face). As w ill  be i l lu s t r a t e d  by the 

co m p u ta tio n a l w ork in C h a p te r  6, reattachm ent p re ssu re  is 

nearly  equal to sta g n a tio n  p re ssu re  on the dividing stre a m lin e .  

T h is  is a lso  an a ss u m p tio n  behind th eories such as proposed by 

Nash(1963) and T a n n e r(19 7 8 ). In the case of heat tra n sfe r ,  

N estler(1972) adapted the s o lu t io n  of Lees(1956) for stag n atio n  

point heat tra n sfe r , to fin d  th at peak reattach m en t heat tra n sfe r  

rates varied as

where the s u b s c r ip t  D in d ica te s  values on the divid ing  

stre am lin e , o in d ica te s  sta g n a tio n  values, and w w a ll  va lu e s. H  

denotes to ta l en th alpy, and d u /d y  denotes the v e lo c ity  gradient.

T h u s, as was the case w ith peak p re ssu re , the rea tta ch m e n t  

heat tra n sfe r  rate sh o u ld  r ise  as the separated shear layer  

spreads fu rth er into the ca v ity  in cre asin g  the dividing stre a m lin e  

v e lo c ity  and to ta l e n th a lp y . The other param eters (ie., pD , pDQ 

and ( d u /d y ) D) w il l  a lso  change in d iv id u a lly , bu t sh o u ld  be of  

secondary im portance as pD and pDO change in the opposite  

sense. The value of ( d u /d y ) D is le s s  easy to p red ict, bu t if, as 

seems l ik e ly ,  only the inner part of the shear layer re a tta ch e s  to 

the rear face, then ( d u /d y ) D sh o u ld  increase w ith increased  

shear layer spreading (as the v e lo c ity  pro file  of the separated  

shear layer is ap p ro xim a te ly  an error fu nctio n  p ro file ).

The exp lan atio n  fo r  the changing R eyno lds num ber  

dependence of re a tta c h m e n t heat tra n sfe r  rates w ith ca v ity  

length is then the same as given in C h a p te r  3 in re la t io n  to peak  

p re ssu res, and i l lu s t r a t e d  in term s of shear layer spreading on 

F ig .43. The high R e yn o ld s number flow  has a th in ner in it ia l  

boundary layer at se p a ra tio n  and so the separated shear layer  

spreads more q u ic k ly  tow ards its  s e lf  s im ila r  p ro file  (ie., 

’’sw allo w s" the d e tail  of the o rig in a l boundary layer p ro file ).  

T h u s, for sh o rter  c a v it ie s  where the shear layer has not reached
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a s e lf  s im ila r  p r o f ile  at  rea ttach m en t, the high R e yn o ld s number  

sh ear layer would have spread fu rth e r and so w ould have higher  

re a tta ch m e n t S ta n to n  num bers. How ever the low Reynolds  

num ber shear layer w i l l  spread fa ste r  as the s e lf  s im ila r  p ro file  

is approached fu rt h e r  dow nstream  in accordance w ith the 

tu rb u le n t  shear la y e r  m easurem ents of C h a rw a t e t .a l .( 19 6 1b ) . 

T h u s  for longer c a v it ie s  the low R eynolds number shear layer  

w ill  have spread fu rt h e r  into the cavity, and so show the higher  

rea tta ch m e n t S ta n to n  num bers.

4 .2 .3  C om parison W ith  O ther R esu lts

The heat tra n s fe r  r e s u lt s ,  norm alized by the attach ed  value  

before separation, are shown on F ig .58 for L / D = 2 .4  and 

com pared with the r e s u lt s  of N e st le r  e t .a l . (1968) at M=6.8 and 

L / D = 5 .  The L / D = 0 .8  r e s u lt s  are com pared on F ig .59 with the 

r e s u lt s  of W ieting(1970) at M=7 and L /D = 0 .5 2 4 .  T hese r e s u lt s  for  

co m p ariso n  are o b v io u s ly  for d iffe re n t te st  co n d itio n s than the 

pre se n t study, and both were two dim en sion a l p la n a r  

experim ents as opposed to axisy m m e tric , but they were the 

c lo s e s t  that co u ld  be found. However, given the rath er d iffe re n t  

te st  co n d itio n s, there seem s to be broad agreem ent between the 

r e s u lt s  of the p re se n t  stu d y and those of other in v e st ig a to rs .  

The r e s u lt s  of N e s t le r  e t .a l.  show higher heat tra n sfe r  rates on 

the ca v ity  f lo o r than in the present study, but it  sh o u ld  be 

rem em bered that th o se  r e s u lt s  were for a L /D = 5  cavity  (with  

s im ila r  8 /D  to the p re se n t study), and since  heat tra n sfe r  rate  

on the f lo o r  has been found generally  to r ise  with cavity  length  

for a given 8 (see C h a rw a t  e t.a l.) ,  th is  e xp la in s  much of the 

d iffe re n ce . In f a c t  G o rty sh o v  e t .a l . (1982) at M =3.5 found  

m axim um  flo o r heat t r a n s fe r  to rise by a fa cto r of 2 between  

L / D = 1 .8  and L /D = 4 .8  in th eir  experim ents, and th is  appears to be 

the trend observed co m p arin g  the r e s u lt s  of the p resent study  

w ith those of N e s t le r  e t .a l.

The e ffe ct of the P r a n d t l -M e y e r  expansion of the upstream  

bo undary layer at the fro n t  lip  of the cavity  on peak recorded  

rea ttach m e n t heat t r a n s fe r  rates seems to be le s s  pronounced  

than fo r  the p re ssu re  m easurem ents. The probable rea so n s for
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th is  are d isc u ss e d  in C h a p te r  5, in c lu d in g  the general  

re la t io n sh ip  between pressures and heat tran sfe r rates in the 

cavity.

4 .2 .4  T o ta l H eat F lux

The heat t ra n sfe r  rate d is t r ib u t io n s  in the cavity  can be 

in tegrated  to find the total heat f lu x  through the w a lls  (ie., 

f lo o r  p lu s  fro n t and back faces) of the cavity. T h is  is  shown on 

F ig .60, n o rm alize d  by Q q , which is  the heat f lu x  that would have 

e xisted  had there been no cavity  (ie., i f  the outside radius of the 

ca v ity  is r, then Q 0 =27crLqc , where qc is  the cone forebody heat  

tra n sfe r  rate). The re s u lts  are o b v io u sly  stro n g ly  Reynolds  

number dependent. A t  the lo w est v a lu e  of L / D ,  Q/Q0 is large  

p rim a rily  because the wetted area in the cavity is co n sid e rab ly  

greater than if  there were no c a v ity . However it  is s ig n if ic a n t  

th at Q /Q 0 is le s s  than unity for a l l  cases, ind icatin g  th at the 

cavity  has reduced the overall heat lo ad ing to the model.

A n oth er u se fu l way of p resentin g  the data is in term s of an 

average cavity  Stan to n  number, S t ,  w hich is s p a t ia l ly  averaged  

over the wetted su rfa ce  of the ca v ity , and plotted on F ig .61. 

H ere it is evident again that, as for peak reattachm ent Stanton  

num bers, the Reynolds number dependence of average cavity  

Stanton number changes sign between L /D = 1 .6  and 2.0. For  

sh o rter  c a v it ie s , h igher Reynolds num bers lead to higher average  

Stanton num bers, w hile  the oppo site  is true for cavity  len g th s  

above about 4.5cm  ( L /D = 1 .8 ,  or 8 /L = 0 .13 ) .  Other researchers (eg., 

Larson(1959) and G o rty sh o v  e t.a l.(19 82))  have found S t ~ R e - 2 / s  

(unit R eyn o ld s number) , bu t o n ly  studied re la t iv e ly  long  

ca v it ie s  (alth o ugh  G o rty sh o v  e t .a l.  stu d ie d  a L /D = 1 .0  cavity , the 

p h y sica l ca v ity  len g th  was a c o n s t a n t  14cm). For the lo n g e st  

cavity  of the p resent study, L=6cm , the Reynolds number  

dependence of St w ould seem to be approaching that found by 

other in v e st ig a to rs .

In his a x isy m m e tric  exp e rim e n ts, Larson found S t / S t e 

re la t iv e ly  co n sta n t  over a wide range of Mach numbers and equal  

to about 0.5 for R eL = 3 x l0 6. The r e s u lt s  of the present stu d y for  

L /D = 2 .4  show S t / S t e=0.4 for the high Reynolds number running
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c o n d itio n  (ReL = 3 .3 x l0 6) . However the cavity  Larson stu d ie d  had  

rounded corners at both ends of the cavity  f lo o r, w hich m ight  

e lim in a te  secondary separated reg io n s and thus tend to increase  

St.

In  term s of hyperso n ic  veh ic le  design, average Stan to n  

num ber is a u se fu l param eter as it  gives an e st im a te  of to tal  

heat loading to the stru c tu re  w hich is im portant for "heat sink"  

type str u c tu r e s .  T h e se  r e s u lt s  in d ica te  that care m u st  be taken  

w ith the use of su ch  a param eter because of stro n g  R eynolds  

num ber e ffe cts .
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CHAPTER S
THEORETICAL ANALYSIS

It  is p o s s ib le  to undertake a l im ite d  th eo re tica l a n a ly s is  of 

the ca v ity  f lo w f ie ld  to obtain a better p h y s ic a l  und erstand in g of 

the p ro c e sse s  in vo lved  and flow pro p e rtie s that are im portant.  

T h is  has been attem pted for separated flo w s by other  

in v e st ig a to rs  su ch  as Korst(1956) and T a n n e r(19 7 8 ), but these  

theo ries were developed to be more a p p lic a b le  to base flow  

p ro b lem s than cavity  flow s. H ow ever there are obvious  

s im ila r it ie s  betw een base and cavity f lo w s, and certain  elem ents  

of the base f lo w  a n a ly s is  of Nash(1963a) w il l  be applied in the 

su b se q u e n t w ork.

The f lo w fie ld  w ill  be broken up into  3 main com ponent p arts,  

and each se ctio n  an alysed  separately. T h e se  com ponent p arts  are 

-  (1) the rapid  tu rn in g  and expansion of the approaching

boundary layer as it  separates from the cone fo re b o d y - (2) the 

grow th of the separated shear layer from  the boundary layer  

afte r  turning and (3) the partial rea ttach m e n t of the shear layer  

on the rear face of the cavity.

5.1 Rapid E xp an sion  o f  th e  Cone Boundary Layer

The S c h lie re n  photographs of F ig .29 to 32 indicated that the 

cone bo undary la ye r  encounters a P r a n d t l -M e y e r  expansion at 

the p o in t of se p a ra tio n , as shown on F ig .32. I t  is thus necessary  

to a n a lyse  how th is  expansion changes the o rig in a l boundary  

layer p ro file .

It  sh o u ld  be remembered that parts  1 and 2 of the a n a ly s is ,  

the expansion of the boundary layer and the spreading of the 

shear layer, are to some extent taking place s im u lta n e o u sly .  

How ever the in n er part of the boundary layer, which is the m ost  

im p o rta n t in term s of reattachm ent c o n d itio n s, is expanded  

quite  ra p id ly  before v isco us effects can change this part of the 

p ro file  to a s ig n if ic a n t  extent, and so it  seems reasonable  to 

an alyse  the exp an sio n  separately.
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I f  there was no boundary layer p ro file  at separation (ie., 

u n ifo rm  in visc id  flow), the P r a n d t l -M e y e r  expansion at that  

p o in t w ould turn a l l  stream tubes in the flow through a c o n s ta n t  

angle  and uniform  pressure co rre sp o n d in g  to that ise n tro p ic  

expan sio n  angle would e x ist  im m e d ia te ly  downstream of the 

se p a ra tio n . However a Mach num ber gradient exists  c lo se  to the 

su rfa c e  because of the presence of the boundary layer. T h u s  if  

the in it ia l  turning angle was indeed constant, the low Mach  

num ber layers in the in it ia l  bo undary layer p ro file  w ould  

experience a much sm a lle r  p re ssu re  drop than the high Mach  

num ber layers. In practice , the expanding boundary layer tr ie s  to 

m ain tain  pressure co n tin u ity  in the norm al direction, a!nd th is  is 

achieved by a series of wave r e f le c t io n s  which m odify the shape  

of the shear layer p ro file  im m e d iate ly  downstream of the 

expan sio n . The pressure  acro ss the sh ear layer im m ediately  afte r  

the expansion is then somewhat gre ate r  than that co rrespo n d in g  

to the external flow  turning through the same angle as the inner  

p a rt of the boundary layer. More wave in teractio ns then o ccu r as 

the shear layer "relaxes" to a co n d itio n  far downstream  where  

a ll  stre a m lin e s  are p a ra lle l and the pressure asym ptotes to the 

valu e  given by the ise n tro p ic  tu rn in g  of the external flow.

I t  is p o ss ib le  to use several d iffe re n t  methods to an alyse  the 

e x p a n sio n , a ll  of varying degrees of com plexity  and accu racy.  

The s im p le st  of these is the so c a l le d  isentropic  stream tu be  

m ethod, the accuracy of which was dem onstrated by S m a ll  

e t.a l.(19 73). T h is  method assum es c o n sta n t  turning angle at a l l  

le v e ls  (ie., x=const) in the shear la y e r ,  and hence large norm al  

p re ssu re  gradients, through the bo u n d ary layer dow nstream  of 

the expansion. The boundary layer is divided up into stre a m tu b e s  

w hose w idths after the expan sio n  are c a lc u la te d  from  

c o n tin u ity .  However the re s u lts  of th is  analysis  tend to r e f le c t  

the cru d en ess of the model in takin g  no account of the e ffe c t  of 

the M ach number gradient on the expansion process.

In v isc id  m odelling, in p a rt ic u la r  c h a ra c te r ist ic s  c a lc u la t io n s ,  

have been found to give good r e s u lt s  as the in e rt ia l  forces  

dom inate v isco us forces for a rapid  expansion, bu t are time
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co n su m in g. How ever there is another inviscid  m ethod, o u tlin e d  

by W einbaum (1966), w hich seems to give re su lts  quite  c lo s e  to a 

c h a r a c te r is t ic s  a n a ly s is  for sm a ll  turning angles ( 0 < 1 O °) ,  and so 

is ap p licab le  here. It  w il l  be used in a two d im e n sio n a l p la n a r  

a n a ly s is ,  as the a x isy m m e tric  co rrectio n  should be quite  sm a ll .  

I t  is a lin e a rise d  a n a ly s is  which takes into acco u n t f ir s t  order  

wave re f le c t io n s  d uring the expansion process, and so gives  

r e s u lt s  which approxim ate co n d itio n s im m ediately d ow nstream  

of the expansion. If  an expansion wave in a f lu id  of Mach  

number M (where M<-/2) meets an interface of M ach number  

M+dM, then a p ro p o rtio n  of the expansion

(M 2-2 ) .d M
da= --------------- ~---------

2 M ( M - 1 )

is reflecte d , and the tra n sm itte d  wave has stre n g th  ( 1 -d a ) .  If  

M < -/2 , the re fle c te d  wave is com pressive and the tra n sm itte d  

wave has stre ng th  (1+da). Fo llo w in g  the analysis of W einbaum , it  

is p o ss ib le  to sum  the e ffe cts  of these r e f le c t e d  and 

tra n sm itte d  waves to y ie ld

(M2- l ) 1 / 4
------------------  = co n st

M 0

w hich gives flow  d e fle ctio n  angle in degrees as a fu n c t io n  of 

Mach number. If  the value of the constant is  a p p ro p ria te ly  

chosen (based on c h a r a c te r is t ic s  re s u lts ,  to give the desired  

flow  angle at the bottom  of the boundary layer, or so n ic  line if  

desired), then the tu rn in g  angle can be found anywhere from  the 

p re -e x p a n sio n  M ach number p ro file , and so the p o s t -e x p a n s io n  

Mach number p o file  and other flow  properties found.

The boundary layer was s p l it  into 12 equal v e r t ic a l  segm en ts,  

and this a n a ly s is  perform ed. Based on data p resented  by 

W einbaum for a c h a r a c te r is t ic s  an alys is , the v a lu e  o f the  

c o n sta n t was set to 0.122. Im p lic it  in the se tt in g  of th is  

c o n sta n t is  the assu m p tio n  that the so nic  line in the boundary  

layer turns p a r a l le l  to the cavity  floor, which was the case  

studied by W einbaum , and so this is effectively  the boundary  

co n d itio n  on the shear layer ju s t  after expansion. T h is  boundary  

co n d itio n  im p lie s  a s l ig h t  over expansion of the su b so n ic
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po rtio n  of the boundary layer into the cavity, w hich is s im ila r  to 

what has been observed in base f lo w s. The c a lc u la t e d  Mach  

num ber and p re ssu re  p ro file s  im m ediately  after expan sio n  are 

shown on F ig .62 and F ig .63, where y is measured from  the inner  

edge of the layer outwards tow ards the free stream . These  

p ro file s  are a lso  compared with the boundary layer p ro file s  

before expansion.

The s t a t ic  pre ssu re  in the shear layer g e n e rally  determ ines  

ca v ity  f lo o r  and fro n t face p re ssu res, and a s p a c ia l  average of 

the r e s u lt s  of the expanded boundary layer in the tran sverse  

d irectio n  gives a r e s u lt  of 0.60pc , w hich is quite  c lo se  to the 

experim en tal ca v ity  f lo o r  pressure r e s u lt  of 0 .6 2 p c .
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5.2 G ro w th  o f  th e  S h ea r L ayer

Grow th of the shear layer into the cavity  is im p o rta n t  in 

determ ining peak pressu res and heat tra n sfe r  rates  at  

rea ttach m en t. Many authors have found that the e rro r fu n ctio n  

v e lo c ity  p ro file ,

where the c o -o r d in a te s  are defined on F ig .64, g ives a good  

estim ate of tu rb u le n t shear layer v e lo c it ie s  for s m a ll  steam w ise  

pressure  grad ients. T h is  holds even at high Mach n um bers (see 

Mach S free shear layer m easurem ents by W agner(1973)),  

providing the appropriate value of spreading rate param eter 0 is  

chosen, and the s e lf -s im i la r  state  has been rea ch ed , or nearly  

reached. Zero velo city  is assum ed on one side of the shear layer  

and free stream  velocity  on the other. Spreading rate  g e n e rally  

decreases with Mach number, but for Mach num bers greater than  

3 the data presented by Bradshaw (1980) in d icate s th a t spreading  

rate seems to level out. Based on th is  in fo rm atio n  and the data  

of W agner, a value of 0=35 is chosen here (cf.,  0=12 for

in co m p re ss ib le  flow as given by Bradshaw ).

The error function v elo city  p ro file  only gives a good  

approxim ation to shear layer v e lo c it ie s  after the layer has 

reached a s e l f - s im i la r  state in term s of mean v e lo c ity . How ever  

the in it ia l  spreading of the shear layer is dom inated by the 

boundary layer ju s t  before separation . A fte r  se p aratio n  a new 

shear layer begins growing into the bottom  of the o rig in a l  

boundary layer pro file . Some d ista n ce  dow nstream  the o rig in a l  

boundary layer pro file  is consum ed by the shear la ye r  grow th  

and the s e l f - s i m i l a r  state is reached.

F o llo w in g  the an alysis  of Nash(1963b), the e ffe c t  of the 

in it ia l  boundary layer th ickn ess on the asy m p to tic  shear layer  

can be viewed as sh iftin g  the e ffe ctiv e  origin of the shear layer  

upstream  by an amount x0 so that

72



The value of x 0 can be found, fo llo w in g  the a n a ly s is  of N ash,  

by equating the momentum th ic k n e s s  of the boundary la ye r afte r  

expansion to the momentum th ic k n e s s  of a shear layer at that  

p o sit io n  but with its  o rig in  at x 0 - The momentum th ic k n e s s  is 

given by

w hich has a value 0 = 0 .45mm fo r the c a lc u la te d  bo undary layer  

p ro file  after expan sio n  (com pared w ith  0.3mm before expansion).  

The error fu nctio n  c a lc u la t io n  can then be perform ed to re tu rn  a 

value of x o= -2 6 0 m m . If  there had been no e xpan sio n  at  

separation (0=0.3mm), the value of x Q at separation w ould  have 

been -165m m , so the e ffe c t  of the expansion is  to move the 

effe ctive  origin of the shear la y e r  upstream , as w ell as, of 

course, to reduce the s t a t ic  p re ssu re  in the shear layer. These  

c a lc u la t io n s  were done ite r a t iv e ly ,  varying x Q u n til  the c o rre c t  

value of 0 re su lte d . The to ta l  tem perature was assum ed to vary  

l in e a rly  with shear layer v e lo c ity ,  in a C ro cco  type r e la t io n sh ip ,  

w ith free stream  to ta l tem perature  on one side of the shear  

layer, and 0,66TQe on the low v e lo c ity  side (ie ., in the cavity).  

Th u s

T h is  value of to ta l tem perature in the cavity was based on the 

experim ental r e s u lt s  of Em ery et.al.(1965) for cavity  f lo w s , and  

the a lm o st id e n tica l r e s u lt  of M a r te llu c c i  et.al.(1966) fo r  base  

f lo w s.

There is a question , of co u rse, as to whether the v e lo c ity  

p ro file  has adjusted i t s e lf  to the error functio n p r o f i le  by the 

time of reattachm ent. How ever there is evidence (Nash(1963b))  

th at the mean v e lo c ity  p r o f ile  a d ju s t s  rem arkably q u ic k ly  to that  

of the error fu n ctio n  v e lo c ity  p ro file . Even at M ach 5, the 

r e s u lt s  of W agner(1973) seem to indicate  that the s e l f - s i m i l a r  

p ro file  is approached about 10 in it ia l  boundary layer th ic k n e s s e s  

from separation, and that, at le a s t  for the longer ca v it ie s  of the  

present study (L=5 and 6cm), the error function v e lo c ity  p ro file

= 0.66 + 0.44 ^
^  i
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w ill  be a good appro xim atio n  at rea ttach m en t. T h e r e s u lt s  of  

W agner were for a unit Reynolds num ber of 1 .6 x l0 7 / m ,  w hich is 

c lo se  to the low  R eyno lds num ber condition in the cu rre n t  

experim ent.

W agner’s r e s u lt s  show that, d e sp ite  the v e lo c ity  p ro file  

being ro u g h ly  sy m m e tric  about the u / u e=0.5 line, th is  line  is  

s l ig h t ly  in c lin e d  to the x axis, im p ly in g  the need to use a s m a ll  

y Q c o rre ctio n  s im ila r  to x Q such th at

u 1 I", * r o(y-yoh  1ue= 2 L1 + erfi-(^ rl J
The r e s u lt s  o f  W agner show y Q to be quite  s m a ll .  In the 

absence of e xp e rim e n ta l shear layer m easurem ents in the cu rre n t  

stu d y , the e x p e rim e n ta l pressure  at the point c lo s e s t  to the rear  

lip  can be used to set the value of y Q. T h is  is  achieved by 

c a lc u la t in g  the v e lo c ity  and M ach number d is t r ib u t io n s  at 

rea ttach m e n t for d iffe re n t values of y Q, and then a ssu m in g  that  

rea ttach m e n t p re ssu re  is equal to the stagnation p re ssu re  of the 

oncom ing stre a m lin e , "pegging" the ca lc u la te d  rea tta ch m e n t  

pressure at the y /D = 0 .0 8  p o sit io n  to the experim en tal value by 

chosing the a ppro priate  value of y Q . Using th is  procedure, a 

value of y o= 0 .0 2 8 x  is chosen. The r e s u lt s  of the c a lc u la t io n  are 

then shown in te rm s of Mach num ber ju s t  before rea ttach m e n t  

for the L=6cm c a v ity  on F ig .65., and compared w ith  the r e s u lt s  

for an unexpanded boundary layer at se p a ra tio n . The  

im p lic a t io n s  of these r e s u lt s  on rea ttach m en t co n d it io n s  are 

now an alysed .
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5.3 P a r t ia l  S h e a r  L ayer R e a tta c h m e n t

5.3.1 P ressu res  a t  R eattach m en t

I t  is rea so n a b le  to assum e that the pre ssu re  at reattachm ent  

is a p p ro x im a te ly  the sta g n a tio n  p re ssu re  of the approaching  

stre a m lin e  (K o rst(1956)), as the r e s u lt s  show M ach numbers on 

these stre a m lin e s  to be not much greater than 1, and v isco u s  

e ffe c ts  sh o u ld  be g e n e rally  n e g lecta b le  during reattachm ent.  

Lam inar co m p u ta tio n s  d escribed  in C h a p te r  6 a lso  indicate  th is  

to be the case. T h is  a ssu m p tio n  does, of co u rse, become le s s  

v a lid  fu rth e r  away from the d ivid ing stre a m lin e , as no divergence  

of the re a tta c h in g  stre a m lin e  is a llow ed  for. A ssu m in g  then  

co n sta n t  p re ssu re  a c ro ss  the shear layer (as c a lc u la te d  earlier),  

an e stim a te  of rea ttach m e n t p re ssu re s  can be made from the 

c a lc u la te d  Mach number (and hence sta g n a tio n  pressure)  

d istr ib u tio n , and the r e s u lt s  are shown of F ig .66 for the L=6cm  

cavity. I t  is apparent th a t the experim ents agree quite w ell with  

the c a lc u la t e d  r e s u lt s ,  given th at one of the c a lc u la te d  points  

was "pegged” to the co rrespo n d in g experim ental point. In  

addition, the c a lc u la t io n s  give an idea of what happens right up 

to the rea tta ch m e n t lip where experim en tal r e s u lt s  could not be 

obtained because of the sp a tia l  re s o lu t io n  of the s t a t ic  pressure  

in stru m e n ta t io n . It  seems th at the a b so lu te  peak reattachm ent  

pressure  may be about 4.5 tim es the cone su rfa ce  pressure for  

th is  cav ity  len g th , whereas the m axim um  m easured value was 

1 .72p c . It  is  a lso  apparent th a t the in it ia l  boundary layer  

expansion has a co n sid e ra b le  e ffe c t  on peak c a v ity  p re ssu res,  

tending to low er them. The e ffe c t  becom es more pronounced  

very c lo se  to the lip , where the c a lc u la t io n s  p re d ict  that the 

peak p re ssu re  is  reduced by a fa c to r  of s l ig h t ly  more than 2 by  

the expansion.

It  w ould appear th at the e x p e rim e n ta lly  observed rise of  

peak p re ssu re  w ith L / D  from  low valu e s of L / D  corresponds to 

the shear layer ra p id ly  a d ju stin g  to the se lf  s im ila r  velo city  

p ro file . L e v e llin g  out of the peak p re ssu re  at L / D = 2 .0  and 2.4  

then co rre sp o n d s to the shear layer (or at lea st the low velo city
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portion of it) having reached th is  p ro file . It  seems th at the low  

R eyn o ld s num ber case may take longer to reach s im ila r ity .  

C a lc u la t io n s  for longer c a v it ie s  than studied e x p e rim e n ta lly  

show peak pre ssu re  r is in g  quite  s lo w ly  w ith cavity length.

S.3.2 R eattach m en t H eat T ra n sfer

The re la t io n sh ip  between shear layer pro perties and  

re a tta ch m e n t heat tra n sfe r  rate  is  even more d if f ic u lt  than the 

case of rea ttach m e n t p re ssu re . A dapting the so lu t io n  of  

Lees(1956) for stag n atio n  po in t heat tra n sfe r , N estler(1972) found  

that peak re a tta ch m e n t heat tr a n s fe r  rates varied as

where the su b s c r ip t  D in d ic a te s  values on the dividing  

stre a m lin e , o in d icate s sta g n a tio n  values, and w w all values. H  

denotes to ta l  enthalpy, and ( d u /d y ) D is  the velocity  gradient on 

the d ivid in g  stre am lin e .

The c o n sta n t  of p ro p o rt io n a lity  in the above equation is,  

however, very uncertain. N e s t le r  found that peak rea ttach m en t  

heat t ra n sfe r  rates co u ld  b e st be pred icted  in a s e m i-e m p ir ic a l  

manner from the pressure m easu rem en ts in the form

where c denotes the cone or forebo dy valu e s, and he found n=0 .8  

f itte d  the data quite w ell for a two dim ensional cav ity  of L / D = 5  

and M =6 .8 . In the cu rren t experim ent, a value of n=1.6 is found  

to f it  the data at rea ttach m e n t quite  w e ll,  as shown on F ig .67. 

Away from  rea ttach m en t the power law cannot be expected to be 

give good r e s u lt s ,  and the c o r re la t io n  f a l ls  away p a r t ic u la r ly  on 

the fro n t face. T h is  d ifferen ce in the value of n im plies that the 

e ffe ct of the expansion at se p a ra tio n  does not reduce the 

re a tta ch m e n t heat tra n sfe r  rates  as much as the rea ttach m e n t  

p re ssu re s . T h is  was seen e a rlie r  to be the case when com paring  

p re ssu re s  and heat tra n sfe r  ra te s  of the current experim ent with  

those of other in v e stig a to rs .

(1)

(2)
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An e stim a te  of a b so lu te  maximum heat tra n sfe r  rate on the 

very top of the rear face of the cavity  is d if f ic u lt  to o btain. It  

may seem that equation (2 ) co uld  be applied to get an e stim a te  

based on the th e o re tic a l  p ressu re  pred ictio n s, bu t G e rh a rt  and  

T hom as(1974) note th at m axim um  heat tran sfe r o c c u rs  s l ig h t ly  

away from  rea ttach m e n t, so that equation (2) is u n lik e ly  to be 

valid  r ig h t  up to the rear l ip .

A  q u a lita t iv e  e st im a te  of the e ffe ct of the se p aratio n  

expansion on a b so lu te  m axim um  heat tra n sfe r  rate can be made  

using equation (1 ), w ith  the r e s u lts  of the shear la ye r  

c a lc u la t io n  being used to give the values on the d iv id in g  

stre a m lin e . In se rtin g  the appropriate values, it can be seen from  

the r e s u lt  on F ig .68 th a t  for the lo n gest cavity the e ffe ct  of the  

expansion is to reduce peak heat tra n sfe r  by about 40%. In  

co m pariso n , the e ffe c t  o f  the expansion was to reduce peak  

p re ssu re  by over 60%, w hich is c o n siste n t with the e a rlie r  

c o n c lu s io n  that peak heat tra n sfe r  rate is reduced le s s  than  

peak pre ssu re.

C a lc u la t io n s  were a ls o  made for cavities longer than stu d ie d  

e x p e rim e n ta lly , and the r e s u lt s  showed peak heat tra n sfe r  rate  

ris in g  s lo w ly  with ca v ity  length, as was the case for peak  

pressure.

5 .4  R eyn old s N um ber and G eom etry D ependence

5.4.1 R eattach m en t

It  is apparent from  th is  line of a n a lys is  that re a tta ch m e n t  

c o n d itio n s  are governed g e n e ra lly  by spreading of the separated  

shear la ye r , so th at the im p o rtan t geometric param eters are 

L and 8. T h is  is in agreem en t with the co n clusio n  of Lam b(1981),  

who tried  to c o rre la te  d iffe re n t  sets of experim ental data for  

cavity  f lo w s. To a c e rta in  extent peak heat tra n sfe r  rates  are 

affected  by the p re ssu re  g rad ient along the rear face, w hich is 

determ ined by the s t r u c t u r e  of the captured vortex, and th a t in 

turn infuenced by L / D ,  b u t  Lamb found this e ffe ct re la t iv e ly
. f )  OC

weak su c h  that S t e ~ ( S /H )  for co n stan t L / 8. He a lso  found

a weak Mach number dependence.
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The e ffe c t  of Reyn o ld s number on reattachm ent co n d itio n s  

seem s to be quite com plex. The evidence is that reducing  

R e yn o ld s number w il l  increase the asy m p to tic  spreading rate of 

the separated shear layer (see C h a rw a t et.al.(1961b). T h u s for  

cavity  le n g th s  where the s e l f -s im i la r  v elo city  p ro file  has been 

reached at rea ttach m e n t, the low R eyn o ld s number flow  should  

record higher rea ttach m e n t p re ssu res and heat tra n sfe r  rates.  

How ever red ucin g  R eynolds number a lso  r e s u lts  in a th icker  

upstream  boundary layer. A th icker upstream  boundary layer  

means th at the separated shear layer w i l l  take longer to reach  

its  a sy m p to tic  spreading rate (ie., it  w ill  not approach the 

s e l f - s i m i l a r  v e lo c ity  p ro file  u n til  fu rth e r dow nstream ). Thus for  

sh o rt ca v it ie s  where the s e l f -s im i la r  sta te  in the shear layer has 

not been reached at reattachm ent, the low Reynolds number  

flow  may have not spread as far as a high Reynolds number  

flow , and so record sm a lle r  rea ttach m e n t pressu res and heat 

tra n sfe r  rates. T h ese, in fact, were the trends recorded  

e x p e rim e n ta lly . It  m ust, however, be noted that th is  explanation  

of R eyn o ld s number dependence changing with cavity  length is 

ju s t  a h yp o th e sis, and that experim ents on hypersonic separated  

shear laye rs need to be performed to find the exact nature of 

the Reyn o ld s number dependence of shear layer spreading.

5 .4 .2  Away From R eattach m en t

Aw ay from the reattach m en t region cavity p ressu res are 

determ ined m ainly  by the s ta t ic  p re ssu re  in the shear layer, and 

r e c ir c u la t io n  v e lo c it ie s  in the captured vortex. H e a t tran sfe r  

rates are determ ined by the new boundary layers growing on the 

cavity  w a lls .  It  can be seen th at higher reattachm ent heat 

tra n sfe r  rates seem to lead to s l ig h t ly  low er heat tra n sfe r  rates  

deeper in the cavity. Lamb(1981) also  no ticed this, and attributed  

it  to la rg e r  im pingem ent heat tra n sfe r  producing th icker  

boundary layers deeper in the cavity.

Larson(1959) found to tal heat f lu x  to an axisym m etric  cavity  

a p p ro xim a te ly  1 / 2  the heat f lu x  to the surface if no cavity had 

e xiste d . In te re s tin g ly ,  on in teg ra tin g  the heat transfer  

d istru b u tio n  around the cavity  su rfa ce  for the L=6cm and
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D =2.5cm  c a v ity  (as described  in C h a p te r 4), an a lm o st id e n tic a l  

r e s u lt  is found for the curren t experim ent. The expansion at  

se p a ra tio n  w ould seem to have had l i t t le  effect on the to ta l  

heat f lu x  to the su rfa ce , although it seem s to have reduced peak  

heat tr a n s fe r  rates.
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CHAPTER 6

COMPUTATIONS

6.1 B ackground

In recen t years, attem p ts at the numerical so lu t io n  of the  

N a v ie r -S to k e s  equations have become common. The lite ra tu re  is 

vast, w ith num erous co m binatio ns of m ethods used. 

M acCorm ack(1985) reviewed the current sta tu s  of such  

co m p u ta tio n s at that time. He describes two w idely used  

num erical procedures of his own, one im p lic it  and one e x p lic it .  

A lth o u g h  the im p lic it  procedure is very e ff ic ie n t,  having  

th e o r e t ic a l ly  an u n re str ic te d  time step size, it  in vo lves m uch  

more co m p lex  coding. More com plete d e scrip tio n s of these  

m ethods are given by M acCorm ack(1969) and (1982).

A m ajor problem  with methods such as described above is  

that of a r t if ic a l  and num erical d iss ip a tio n . Num erical d iss ip a t io n  

is caused by trun catio n  errors in the f in ite  d ifferen ce  

fo rm u la tio n  (higher order term s in the Taylo r series expansion  

are ignored), while a r t if ic a l  d iss ip a t io n  or d iffu sio n  is caused by 

d iffu s iv e  term s which are in te n tio n a lly  added to the f in ite  

d ifference fo rm u latio n  to co u n teract truncation erro rs w hich  

cause in s t a b il it ie s  in the so lu tio n . K u ru v ila  et.al.(1985) studied  

the e ffe c t  of this a r t if ic a l  d iss ip a t io n  in terms of f lo w  over a 

rearw ard facing step using M acC o rm ack 's  standard e x p lic it  

method. T h e ir  r e s u lt s  indicated that for a co ld  w a ll  heat  

tra n sfe r  case a r t if ic a l  d iss ip a tio n  has a major e ffe c t  on the 

r e s u lt s ,  p a r t ic u la r ly  in the separated region. However for an 

ad iabatic  w a ll  case, a r t if ic a l  d iss ip a t io n  was found to have 

v ir t u a l ly  no e ffe ct on the r e s u lt s .  They did not put a reason  

fow ard as to why the co ld  w all heat transfer case sh o u ld  be 

more se n sit ive  to a r t if ic a l  d iss ip a tio n . For the purposes of 

com paring experim ental and co m pu tatio n al re su lts  in the cu rre n t  

study, h ig h ly  cooled w all co n d itio n s m ust be s im u la te d  and so 

these r e s u lt s  suggest that a r t if ic a l  and num erical d iss ip a t io n  

sh o u ld  be m inim ised as much as p o ssib le .
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A p p lic a t io n s  of M acC orm ack's  method to so lv in g  the 

N a v ie r -S to k e s  equations are abundant. Berman e t.a l.(19 82) deals  

w ith flow  over a rearw ard facing step with tran sverse  

n o n -re a c t in g  hydrogen in je ctio n , in the co n text of a s c r a m j e t  

engine. S u llin s(19 8 2 )  e t.a l  . deals with su perso n ic  base f lo w  with  

p a ra lle l  in jectio n , w hile  White e t . a l . (1982) use the im p lic it  

variatio n  for n o zzle  f lo w s. More com plicated a p p lic a t io n s  can be 

found in W eidner e t . a l . (1981) , with staged fuel in je c t io n  for  

su p e rso n ic  co m b u stio n , and Schetz e t . a l . (1981) where the 

com plete f lo w fie ld  of a scram jet co m busto r with fu e l in jectio n  

is analysed.

B e n -A r t z i  and F a lc o v itz  (1984) describe a second order  

"G o d u n o v-typ e" in v is c id  scheme which has been under  

developm ent in the departm ent for the p a st  few years (see 

H il l ie r ( 19 8 7 ,1 9 8 8 )) . It  shows e xce lle n t  a b il ity  to captu re  and 

reso lve  flow  d isc o n t in u it ie s  (ie ., shock waves, co n ta c t  su rfa c e s ,  

and vortex sheets) . The method is an e x p lic it  time m arching  

scheme, able therefore to compute both steady and unsteady  

flo w s, the form er being achieved by a time stepping itera tio n  

from an im p u ls ive  sta rt . The time stepping a b il ity  is im po rtan t,  

f ir s t ly  to be able to deal s im u lta n e o u sly  with su p e rso n ic  and 

su b so n ic  po rtio n s of the flow (as the time dependent equations  

are always h yp erbo lic), and secondly to be able to deal with any 

genuine u n ste a d in ess  that might be present in the re c ir c u la t in g  

region. T y p ic a l  co m p u tatio n s were made by H i l l ie r  e t . a l . (1985) 

using th is  method. S im ila r  G o d u n ov-type schem es have d ealt  

s u c c e s s f u l ly  with a range of aeronautical p ro b lem s from  

tran so n ic  to su p e r s o n ic /h y p e r s o n ic  . The Godunov schem e seems  

to be an ideal E u le r  code upon which to b u ild  the N a v ie r -S to k e s  

option for the cu rre n t work because of the s m a ll  am ount of 

n um erical d iffu s io n  it seems to give.

It  is p o ss ib le  to in tro d uce a N a v ie r -S to k e s  option to convert  

the code from  an in v isc id  to a v isco u s one. I t  can be 

im plem ented by an operator sp litt in g  technique whereby the 

co m putation is advanced one increm ent in time by two separate  

coupled stag e s, f ir s t ly  an inviscid  step, and then a second
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visco u s so lu t io n . M acCorm ack (1976) show s how an o p e ra to r  

s p lit t in g  technique has been used s u c c e s s f u l ly  to s p l i t  the  

p arab o lic  (viscous) term s and h y p erb o lic  ( inviscid) o p e ra to rs in a 

N a v ie r -S to k e s  code.

N a v ie r -S to k e s  com putations have been carried  out by 

Zhan g(1987) for cavity flow s at su p e rso n ic  Mach num bers. He  

used a B ra ilo v sk a y a  f in ite  d ifference scheme with a two la ye r  

eddy v is c o s ity  turbulence model. T h is  technique was seco n d  

order accu ra te  in space and f ir s t  order accurate in tim e, and  

seemed to reproduce the b asic  p h y s ic s  of the unsteady f lo w f ie ld ,  

athough an a r t if ic a l  v isc o sity  was used to sta b il iz e  the schem e  

and so the r e s u lt s  suffered badly from  a r t if ic a l  d iffu s io n .

The aim of the co m pu tatio n al work was then the  

developm ent, testin g  and use of a sh o ck  capturin g  E u le r  code, 

p lu s the in it ia l  development and te st in g  of a N a v ie r -S t o k e s  

option fo r  the code. T h is  was to be tested r ig o u ro u sly  fo r  

lam inar boundary layers, and separated cavity  f lo w s. In the time  

available  it  was not considered p o s s ib le  to develop a tu rb u le n t  

version of the code. Such a tu rb u le n ce  model w ould be 

n e c e s sa r ily  quite crude, and there is  not yet agreem ent in 

hyperso n ic  flow  as to which m o d e llin g  strateg y to fo llo w . I t  is  

thus probable  that a f u l ly  tested la m in a r version of the code  

w ould y ie ld  as much useful in fo rm a tio n  about the c a v ity  

f lo w fie ld  as a code with a s im p le  turb ulence  m odel. The  

co m p u ta tio n s w ill  b u ild  upon an a lread y e xistin g  "Godunov" type  

in v isc id  code which has been under developm ent in the  

departm ent. It  was hoped that the co m p u ta tio n a l w ork w o u ld  

shed some l ig h t  upon the flow s t r u c t u r e  in the cavity , as w e ll  

as serve to estim ate the accuracy of such a N a v ie r -S t o k e s  

scheme in predicting hypersonic separated  f lo w fie ld s .  In  th is  

resp e ct co m p ariso n s with the ca v ity  flow  co m p u ta tio n s of  

Zhang(1987) and Baysal et.al.(1988) are pertinent.
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6.2  Inviscld  C om p u tation s

6.2.1 The G odunov C ode

The G o d u n o v -ty p e  code used here is an e x p l ic it  time  

m arching E u le r  code, of the type described by B e n - A r t z i  and  

F a lco vitz(19 8 4 ) for one dim en sion al co m p u tatio n s, th a t  is  second  

order accurate in both time and space (but has an o p tio n  to run  

as a f ir s t  order a ccu rate  schem e). A Godunov schem e is  a 

method whereby the Riemann problem  is  solved betw een a d ja ce n t  

c e l ls  in the f lo w fie ld  afte r  an im aginary diaphram betw een c e l ls  

is  removed at the s t a r t  of a time step. The r e s u lt in g  f lu x e s  of 

flo w  properties into and out of c e l ls  can then be c a lc u la t e d  as 

an a n a ly tica l so lu t io n  to this in it ia l  value problem  and so the 

new values of flow  properties w ithin  c e l ls  found at the end of a 

time step.

Time m arching is im po rtan t for the ca lc u la t io n  of su p e rso n ic  

flo w s as the time dependent E u le r  and N a v ie r -S to k e s  e qu atio n s  

are hyperbolic  for both su bso n ic  and supersonic  f lo w s , a llo w in g  

convenient c a lc u la t io n  of regions of su b so n ic  f lo w  embedded in 

the superso nic  flow . Tim e m arching a lso  allow s the c a lc u la t io n  

of any genuine u n ste a d in ess  that m ight e xist  in the f lo w f ie ld  

(eg., in a separated region), so th at it  is regarded as e s se n t ia l  

here. Steady flo w s are c a lc u la te d  by a time stepping ite ra t io n  to 

a steady state.

6.2.2 F in ite  D ifferen cin g

The two d im e n sio n a l E u le r  equ atio n s are given by

d Q  d E  dF
dt + dx + dy ~ 0

where Q, E and F are vectors given by

(3)

~p E= pu F= "pv

pu p+pu2 puv

pv puv p+pv2

_Pe _ u(p+pe) v(p+pe)
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where u and v are the x and y com ponents of v e lo c ity ,  p is  the 

d e n sity, p is the p re ssu re , and e is  the in tern al energy per u n it  

volum e. Th erm o d yn am ic c lo su re  is achieved by the p e rfe c t  gas 

a ssu m p tio n  (ie., p=pRT)

The Godunov m ethod is a c e ll  based method, as show n on 

F ig .69. L e ttin g  c o -o r d in a t e s  i , j  id e n tify  a ce ll  and i ± i / 2 ,j and 

i , j ± l / 2  id e n tify  the in te rfa c e s , then to advance the s o lu t io n  by 

A t, from time lev e l n to n + 1, the above E u le r  e q u a tio n s are 

represented by

_ n  + l  _ n  — n  + 1 / 2  _ n  + l / 2  _n-*-l/2  _ n  + l / 2
^ i . j  “ ^ i , j  fci + l / 2 , j "  fci - l / 2 , j  M . j  + 1 /2  M . j - 1 / 2-------- + -------------- + -------------

A t A x  Ay 0 (4)

where the f lu x  v e c to rs  E and F are c a lc u la te d  from the s o lu t io n  

of the Riemann pro blem . The scheme w il l  be second o rder in 

space if  the f lu x e s  are evaluated to second order a c c u ra c y  in 

space, and second order in time if  they are tem p o rally  e valu ated  

at n + l / 2  (ie., mid tim e step).

There are many second order space averagings for the f lu x ,  

perhaps the m o st s im p le  and w ell known being the Jam e so n  

f in ite  volum e a lg o rith m  where

E i + l / 2 , j = 1  * E i , j + E i + l,j^2
F o rm a lly  th is  is  second order accurate in space (cen tra l  

difference) but as a consequence produces o s c i l la t o r y  beh avio ur  

near sh o ck  waves w hich m ust be sta b il ise d  by an a r t if ic a l  

damping term w hich is  added to each f lu x . The G o d u n ov m ethod  

avoids th is  p a r t ic u la r  d if f ic u lt y  by in co rpo ratin g  a sh o c k  wave 

so lu t io n  (if  necessary) as part of the f lu x  functio n, so th a t  more  

or le s s  co rre ct  d is s ip a t io n  is achieved. T h is  s o lu t io n  is 

represented by a Riem ann so lver w hich is described b e lo w .

The Riemann pro blem  it s e lf  can be considered ( f ir s t ly  in one 

dim ension) by stu d y in g  the in terface  i + l / 2  between c e l ls  i and 

i+ l,  as shown on F i g .70, a cro ss  which there is an in it ia l  

d isc o n t in u ity  in p ro p e rtie s  between regions 1 and 4 (where  

co n d itio n s are a ssu m ed  in it ia l ly  co n sta n t, ie., p iecew ise lin e ar).
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The re s u lta n t  flow  generates le ft  and r ig h t  running waves L and 

R, separated by a c o n ta c t  su rface  a c r o s s  which the pre ssu re  and 

v e lo c ity  m u st be co n tin u o u s bu t a l l  other va ria b le s  may be 

d isc o n tin u o u s. R egio n s 2 and 3 are u n ifo rm  property reg io n s. In  

turn, each wave L  and R may be e ith e r a sh o ck  wave or a 

ra refa ctio n  wave, depending on the in it ia l  co n d itio n s, so that  

there are 4 p o s s ib le  wave c o n fig u r a t io n s . For piecew ise c o n sta n t  

in it ia l  c o n d itio n s  the wave f ie ld  is  s e l f - s i m i la r  w ith tim e ( ie ., 

expands l in e a r ly  w ith time). C a lc u la t io n  of the wave f ie ld  

requires an ite ra t iv e  so lu t io n  w hich has been d escribed  in 

several referen ces (eg., G o d u n o v(1959)). Once the wave f ie ld  is 

known, the f lu x  the c e ll  in te rfa c e  is taken as the value

from w hatever p a rt of the wave zone is co in c id e n t w ith the 

in terface, so the schem e has an "upwind" nature. A lth o u g h  this  

wave zone was i l lu s t r a t e d  as region 3, it  co uld  in fa c t  have been 

region 1 for exam ple, so the a b il it y  e x ists  to s im u la te  a s lip  

d isco n tin u ity .

The b a sic  G o d u n ov scheme is  s t r ic t l y  f ir s t  order accurate  

when flow  pro p e rtie s a cro ss  c e l ls  are taken as c o n sta n t a cro ss  

each c e ll  as d e scrib ed  above. H ow ever various schem es have been 

used to provide second order accu racy. B e n -A r t z i  and 

Falco vitz(19 8 4 ) a l lo w  piecew ise lin e a r  d is tr ib u t io n s  acro ss c e l ls ,  

and solve the a ppro priate  Riemann problem  at the c e ll  in terface  

d isc o n tin u ity ,  and the so lu t io n  of th is  "generalized Riemann  

problem" is  used here to achieve se co n d  order accu ra cy  in space. 

T h is  r e s u lt s  in a non s e l f - s i m i l a r  wave developm ent, and f lu x e s  

are evaluated at mid time step. T h e in it ia l  gradient in a c e l l  is  

found from  a c e n tra l  d ifferen ce of the c e ll  centred valu es of the 

c e lls  on either side  of it . I f  f it t in g  a gradient through a c e ll  

produces a new extrem e at one of the boundaries of the c e ll ,  

then th is  boundary value is  changed su ch  that the new extreme  

is e lim in ated . T h is  monotone c o n s t r a in t  appears to be the only  

co n d itio n  required to provide a sta b le  scheme.

In two d im e n sio n s , there are two versions of the code  

a v ailab le . The s o - c a l l e d  u n s p lit  v e rs io n  solves for the x and y 

terms of the E u le r  equ atio n s s im u lta n e o u s ly  for each c e ll ,  while
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the s p l it  versio n  so lv e s  f ir s t ly  in one d irection for a l l  c e l ls  and 

then in other d ire ctio n . The s p l i t  version was used fo r  the 

c u rre n t co m p u ta tio n s because it  a l lo w s  the use of a sy m m e tric a l  

o perato r (as d e scrib ed  in 6.3.1) in the x and y d ire c t io n s  and so 

fo rm a lly  m ain tain s second order a ccu ra cy, and a llo w s a s l ig h t ly  

larg er time step to be used. T h e co ding is also le s s  c o m p lica te d  

than for the u n s p l it  version.

6.2 .3  In v lsc ld  C avity  F lo w s

The program  geom etry ro u tin e  was m odified su ch  that  

bo undary c o n d it io n s  fo r a b lu n t  nosed body w ith a c a v ity ,  as 

shown on F ig .7 1a ,  c o u ld  be co m pu ted . I t  was decided to perform  

some in v isc id  flow  co m p u ta tio n s  in i t ia l ly  to check the geom etry  

ro u tin e s and boundary c o n d it io n s  (d iscu sse d  in 6.3.1), show the 

im po rtance or oth erw ise  of n u m e rica l d iffu sio n , and to act as a 

rough guide to the e xperim en tal p re ssu re  levels for the p u rch ase  

of p re ssu re  tra n sd u c e rs .  The co m p u ta tio n s  were found to reach  

a steady state  for the Mach 3 and Mach 9 cases, the r e s u lt s  

show ing a c lo c k w ise  c ir c u la t io n  in s id e  the cavity.

The geom etry ro utine  was m o d ifie d  again to stu d y  flo w  over  

a f la t  p late  and cavity , as show n on F ig .71b  . However even with  

a n o n -z e ro  sta rt in g  v e lo c ity  in the ca v ity , the so lu tio n  converged  

to a s itu a t io n  of zero v e lo c ity  in the cavity, in d ic a tin g  the 

a b il ity  of the code to su s ta in  a "sh e a r” or "slip" d is c o n t in u ity  

p re c ise ly , provided it  is a lig n ed  w ith the mesh and sta tio n a ry  

re la t ive  to it  (ie., fo r  these sp e c ia l  cases the code pro vid es no 

n u m e rical d iffu s io n ).  P re su m a b ly  the reason the previous  

geom etry of b lu n t  nose fo llo w e d  by cavity showed some  

c ir c u la t io n  in the c a v ity  was th a t  a pressure g rad ient was 

p resent afte r  the f lo w  passed  the b lu n t  nose pro vid in g  a non 

zero y com ponent of v e lo c ity  w hich was su ffic ie n t  to cause some  

n u m e rical d iffu s io n  and ca v ity  ro ta tio n .

The co m p u ta tio n s were th ere fo re  generally tending to the 

in v is c id  free stre a m lin e  s o lu t io n . To provide c ir c u la t io n  

therefore requ ires a proper v is c o u s  s t r e s s  model, bu t as a f in a l  

in v isc id  te st  a s im p le  "m ixing" m odel was introduced, generating  

an e ffe ctive  shear s tr e s s  p ro p o rtio n a l to shear v e lo c ity . If  the 

v e rt ic a l  v e lo c ity  grad ient exceed s a certain  lim it, x momentum
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from  the low speed flow  is tra n sfe rre d  to the high speed flow  

and vice versa, the am ount of momentum tr a n s fe r  being  

p ro p o rtio n a l to the stream w ise  v e lo c ity  d iffe re n tia l.  The r e s u lts  

approach a steady sta te , and a ty p ic a l  cavity  p re ssu re  p ro file  for  

such a co m p u ta tio n  is shown on F ig .72. R e s u lts  from these  

co m p u ta tio n s  were used as a rough guide to the expected  cavity  

p re ssu re  le v e ls  and hence fo r  the purchase of pressure  

tra n sd u c e rs .
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6.3 V isco u s  C o m p u ta tion s

6.3.1 A d d ition  o f  th e  V isco u s  Term s

The b a s ic  in v is c id  code in co rpo rates the so p h ist ic a te d  wave 

in te ra ctio n  m odel or Riemann so lv er p revio u sly  described to 

c a lc u la te  in v is c id  f lu x e s  at in terfaces between c e l ls .  The logic  

for N a v ie r -S t o k e s  developm ents gives the option either of 

adapting th is  Riemann so lv e r to in c lu d e  v is c o u s  e ffe cts  or  

separating in v is c id  (hyperbolic) and v isc o u s  (parabolic)  

c a lc u la t io n s  into  separate " o p e ra to r -sp lit"  ro u tin e s, as done 

s u c c e s s f u l ly  by M acC orm ack(1976).

It  was d ecided to fo llo w  the la t te r  course of action and 

therefore to create  an e n tire ly  separate routine to deal with the 

visco us te rm s. D evelopm ent of a new routine is convenient and 

also  preserves the s im p lic ity  of the o rig in a l Riemann solver, and 

w ould seem to be a novel developm ent of Godunov m ethods. The  

operator s p l it t in g  routine is thus a ltern ate  in v isc id  and visco us  

steps. If  L h (At) and L p (At) are operators which advance the 

hyperbolic  and p a ra b o lic  p a rts  of the N a v ie r -S to k e s  equations by  

a time step A t ,  w ith second order accu rate  so lu t io n s  in time and 

space, then the se q u e n tia l operator

L (2 A t)  = L h ( A t) .L p ( A t ) .L p ( A t ) .L h ( At)  

or any other sym m e tric  com bination, gives a second order  

accurate o p era to r w hich advances the so lu tio n  by 2 A t .  Such an 

operator is  no more expensive than a combined so lu t io n  of the 

h y p e r b o lic /p a r a b o lic  term s; indeed ,as w ill  be seen there are 

some p o sit ive  advantages to s p l it t in g  the procedure up into  

separate o p e ra to rs.

The o p era to r s p l i t  routine used here is dependent on the 

stab le  time ste p s  for the v isco u s and in v isc id  parts  of the code, 

which are c a lc u la t e d  at re g u la r  in te rv a ls .

The f u l l  two d im en sion a l N a v ie r -S to k e s  equations are given 

by

d Q  d E  d¥ —— + - — + —  
ot ox dy

0

88



where the v ectors  Q, E, and F are given by

•p “ E= ■pu F= r* *"pv

pu p + p U 2 + C3x p u v + x y x

pv p U V + X xy p + p v 2 +oy

i u(p + pe+<3x ) + vxy x + q x 
_ .

v(p+pe+c5y )+uxx y + q y

and for lam in ar flow

° x = -X[du_ + dv ~] - 2(idu
|_dx dy J dx

Tx y = Ty x = Tdu + dv ~|
[d y dx J

V  '■ X Tdu + dv "1 - 2p dv
[_dx dy J dy

- k d T  ; qy= - k d T
dx dy

where the Sto k e s approxim ation is  u s u a lly  made that  

3X + 2(i = 0

Fo r tu rb u le n t  flo w s a model equation is required to relate  

tu rb u le n t  s t re sse s  (cx , cy , xx y , xy x ) to the mean flow fie ld .  

There is no unique formula, but a s im ple  two layer mixing length  

m odel of the type described by Baldw in and Lomax(1978) is  

co m m o n ly  used.

A f t e r  the in v isc id  term s in the N a v ie r -S to k e s  equations (5) 

are so lv ed  using the Godunov m ethod and the flow  variables  

updated from  that so lu tio n , the rem aining v is c o u s  equations to 

be so lved  are

(6)

(x -m o m en tum ) (7)

(y-m om entum ) (8 )

+ d(vov + uxxv + qv ) = 0 (energy) (9)
dy

= 0 (co n t in u ity )

d(pu) + dOy + d xvx = 0 
dt dx dy

d(pv) + dXyy + d 0V = 0
dt dx dy

d (pe) + d (uov+ vxv x +qx) 
dt dx
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C e n tr a l  d iffe re n cin g  was used for a l l  terms, in c lu d in g  the  

cro ss  d erivatives, to m aintain  second order accu ra cy. For  

exam ple, the x momentum equation for a uniform grid red uce s to

A(pu) = Qvt~ovr + tB-tT 
A t  Ax Ay

where the s u b sc r ip ts  L, R, T , and B denote values at the le ft ,  

r ig h t ,  top, and bo ttom  in te rfa c e s  of a c e ll  re sp e ctiv e ly . T h u s ,  

for exam ple

XT = ui,j + vT,i + l~ vT,i-l ~|
2 L Ay 2 A x J

W h e r e  v T , i * l =  VU 1 . I + v | . l . ! . l  e t c '2
T h is  d iffe re n cin g  is only second order accurate for a u n ifo rm  

mesh. The code a c t u a l ly  takes a proper weighting between c e l ls  

to m aintain  second order sp a tia l  accu racy for stre tch e d  m eshes.

A  p r e d ic t o r -c o r r e c t o r  method of time marching was used to 

retain  second order accu racy in time. T h is  involves c a lc u la t in g  

time derivatives of valu es at an interm ediate time A t / 2 ,  and then  

assu m in g th is  time derivative c o n sta n t acro ss the f u l l  time step.

The S u th erlan d  te m p e r a tu r e -v is c o s ity  law given below  was 

used.

[L _ ( T  \ 1/z 1.505
I t J  i + o.sosit^ / t)

C o n tin u a tiv e  boundary co n d itio n s at the top and d ow nstream  

boun d aries were used . T h is  means that flow values im m e d ia te ly  

o u tsid e  the boundaries are set equal to the values in the 

co rrespo n d in g c e ll  im m ed iately  inside the boundary, so th at  

grad ients at these boundaries are set to ze ro . On s o l id  

boundaries a zero s l ip  co ndition was used. A d ia b a tic  w a ll  

boundary co n d itio n s were s im u lated  by setting the tem perature  

in the c e ll  inside the body and adjacent to the w all equal to the  

adjacent c e ll  in the f lo w fie ld , thus producing zero norm al  

tem perature gradient at the w all. Iso th erm al w a ll  boundary  

c o n d itio n s were achieved by se ttin g  the tem perature of the c e ll  

in the body such that in terp o la tio n  between it and co rrespo n d in g  

f lo w fie ld  c e ll  would give the desired tem perature at the w a ll.
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C a r e f u l  c h ec k in g  on th e  c o n s i s t e n c y  o f  cod ing  and  a c c u ra cy  of  

th e  m o d e l  was  c a r r i e d  o u t .  This inc luded  a hand c a l c u l a t i o n  ove r  

a t im e  s t e p ,  and  c o m p u t in g  b o u n d a ry  layers  on id e n t i c a l  

h o r i z o n t a l  and  v e r t i c a l  f l a t  p l a t e s .

A m e s h  s t r e t c h i n g  r o u t i n e  was a l so  added  to  a l lo w  b e t t e r  

r e s o l u t i o n  n e a r  s o l id  s u r f a c e s  or w here  f l o w  g r a d i e n t s  a re  l a rge .

6.3 .2  Laminar Boundary Layer C om pu tation s

I t  w as  dec ided  to  t e s t  t h e  v iscous  ve rs ion  o f  t h e  code  by 

c o m p u t i n g  som e  la m in a r  f l a t  p l a t e  b o u n d a ry  l ay e r s  and 

c o m p a r in g  t h e  r e s u l t s  w i th  th e  t h e o r e t i c a l  p r o f i l e s  o f  van 

Dries t (19S2) . A l th o u g h  th e  van D r ie s t  r e s u l t s  a re  f o r  th e  th in  

s h e a r  l a y e r  a p p r o x im a t io n  to  th e  N a v ie r - S to k e s  e q u a t i o n s  

( c o m p a re d  to  th e  fu l l  N a v ie r -S to k e s  c o m p u t a t i o n s  o f  th e  p r e s e n t  

s tu d y ) ,  t h i s  sh o u ld  have neg l ig ib le  e f f e c t  in c o m p a r in g  b o u n d a r y  

l ay e r  p r o f i l e s .  Two Mach 8 b o unda ry  layer s  w e re  c h o se n ,  one 

w i t h  an a d ia b a t i c  w a l l  b o u n d a ry  co nd i t ion ,  and th e  o t h e r  w i th  an 

i s o t h e r m a l  wa l l  T / T  = 6 boundary  c o n d i t io n .  B o th  c a s e s  were  

c o m p u t e d  f o r  s eve ra l  d i f f e r e n t  m e sh e s  to  a s s e s s  t h e  e f f e c t  of  

m e sh  r e f i n e m e n t  on th e  r e s u l t s .

All  c o m p u t a t i o n s  w ere  t ime m arched  to  a s t e a d y  s t a t e  us ing  

a CFL n u m b e r  o f  0.8.  The s t a b l e  t ime s t e p  fo r  t h e  inv isc id  p a r t  

o f  th e  code  was  s e t  as th e  maximum t im e  a l l o w e d  b e f o r e  an 

a c o u s t i c  d i s t u r b a n c e  c o u ld  t rave l  f rom  one  side  o f  a c e l l  t o  the  

o t h e r  in e i t h e r  th e  h o r i z o n ta l  or  v e r t i c a l  d i r e c t io n  (in o t h e r  

w o r d s  A t  = m in (A x / (u+a) ;A y /(v+a) )  ). A s im i l a r  c o n s t r a i n t  

w as  s e t  f o r  t h e  v i s co u s  p a r t  o f  th e  code  b a se d  on t h e  d i f f u s io n  

o f  v i s c o u s  and  t h e r m a l  d i s tu r b a n c e s ,  w h e re  th e  s t a b l e  t im e  s t e p  

u s e d  w a s  given by P e y re t  and  Taylor(1983) as

w h ich  s e e m e d  to  w o rk  q u i te  well .

A s t e a d y  s t a t e  was  a s s u m e d  to  have been  r e a c h e d  w hen  f low  

v a r i a b le s  r e m a in ed  c o n s t a n t  to  3 dec im al  p lace s  t h r o u g h o u t  the  

f l o w f i e ld .  The m esh  was  des igned  su c h  t h a t  t h e  sh o ck  wave 

f r o m  th e  le ad ing  edge  o f  the  p la t e  (a r i s ing  f r o m  th e  lead ing  

edge  in t e r a c t i o n )  p a s s e d  a c r o s s  the  d o w n s t r e a m  b o u n d a r y  o f  the
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f l o w f i e ld ,  and  n o t  t h r o u g h  th e  to p  bou n d a ry .  Th is  a l l o w e d  a 

f u r t h e r  c h ec k  on c o n v e rg en ce  to  a s t e a d y  s t a t e  by i n t e g r a t i n g  

m a ss  and  t o t a l  e n th a l p y  f lu x e s  a c r o s s  t h e  f l o w f i e ld  a t  s ev e ra l  

d i f f e r e n t  s t a t i o n s  on th e  p l a t e  and  check ing  t h a t  t h e  r e s u l t s  

w e re  e q u a l  to  th e  v a lu e s  of th e  i n t e g r a t e d  q u a n t i t i e s  u p s t r e a m  

o f  t h e  p l a t e  ( l e s s  th e  h e a t  lo s s  to  th e  wa l l ) .  T h e se  v a lu e s  w e re  

fo u n d  to  d i f f e r  by no m ore  th a n  0.2%.

F ig .73 and  F ig .74 s h o w  the  v e lo c i ty  and  t e m p e r a t u r e  p r o f i l e s  

fo r  th e  M ach  8 a d i a b a t i c  wa l l  b o u n d a r y  layer  a t  Rex = 587 000,  

w h e re  t h e  p r e s s u r e  in t h e  b o u n d a ry  laye r  has  f a l l e n  f r o m  th e  

l e ad in g  edge  va lue  i n t e r a c t i o n  va lue  t o  15% g r e a t e r  t h a n  th e  f r ee  

s t r e a m  va lue .  T h e se  p r o f i l e s  show  e x c e l l e n t  a g r e e m e n t  w i th  th e  

van D r i e s t  th in  s h e a r  layer ,  z e ro  p r e s s u r e  g r a d i e n t  s o l u t i o n s .  

The r e c o v e ry  t e m p e r a t u r e  fo r  the  c o m p u t a t i o n a l  r e s u l t s  d o e s  n o t  

q u i t e  r e a c h  th e  Mach 8 van D r ie s t  a d ia b a t i c  s o l u t i o n .  This  s ee m s  

to  be t h e  r e s u l t  o f  " co n tam in a t io n "  o f  the  f l o w  due  to  th e  

r e l a t i v e  c o a r s e n e s s  o f  th e  m esh  n e a r  th e  l e ad ing  edge  o f  th e  

p l a t e  w h e re  th e  in i t i a l  bo u n d a ry  layer  g r o w t h  g e n e r a t e s  a s t r o n g  

lead in g  ed g e  sh o c k  which  a t t e n u a t e s  w i th  d i s t a n c e  a lo n g  th e  

p la t e .  The e f f e c t  o f  th i s  shock  is  r a i s e  th e  s u r f a c e  p r e s s u r e  n e a r  

th e  l e ad in g  edge  and  e x e r t  a p r e s s u r e  g r a d i e n t  on  th e  f lo w  

d o w n s t r e a m  as t h e  p r e s s u r e  s lo w ly  r e d u c e s  to  t h e  f r e e  s t r e a m  

value.  This  a l s o  i n t r o d u c e s  a " f a l s e  o r ig in"  e f f e c t .  As th e  m esh  

is r e f in e d ,  t h e  w a l l  t e m p e r a t u r e  m oves  very s lo w ly  t o w a r d s  i t s  

van D r i e s t  va lue.

M esh  in d e p en d e n c e  is  e s t a b l i s h e d  f o r  m e sh e s  w i th  g r e a t e r  

t h a n  14 p o i n t s  a c r o s s  th e  b o u n d a ry  layer  a t  t h i s  R eynolds  

n u m b er ,  and  even th e  m esh  w i th  7 p o i n t s  a c r o s s  t h e  b o u n d a ry  

lay e r  g ives  a r e a s o n a b l e  e s t i m a t e  o f  th e  p ro f i l e s .  H o w ev e r  F ig .75 

to  F ig .77, wh ich  show  d e n s i ty  c o n t o u r s  f o r  th e  a d ia b a t i c  wa l l  

f o r  t h e  d i f f e r e n t  m e sh e s ,  show t h a t  t h e  7 p o i n t  m e s h  c a n n o t  

r e s o lv e  t h e  le ad ing  edge  shock  p r o p e r ly .  These  c o n t o u r  p l o t s  

a l so  s h o w  how th e  d e n s i ty  c h a n g e s  m o s t  r a p id ly  near  th e  

b o u n d a r y  la y e r  edge.  F ig .78 sh o w s  th e  p r e s s u r e  c o n t o u r s  f o r  th e  

f i n e s t  m e sh .  The p r e s s u r e  is a l m o s t  c o n s t a n t  a c r o s s  th e  

b o u n d a r y  l a y e r  (ie., ve r t ica l ly ) ,  and  th e  s t r e a m w i s e  p r e s s u r e
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g r a d i e n t  a t  the  d o w n s t r e a m  end  of  t h e  p l a t e  (w here  th e  p r o f i l e s  

w e re  t aken )  is q u i te  sm a l l .

F ig .79 and Fig .80 show  t h e  v e lo c i ty  and  t e m p e r a t u r e  p r o f i l e s  

f o r  t h e  Mach 8 i s o t h e r m a l  w a l l  (Tw / T oo=6) case  a t  Rex =587 0 0 0  

f o r  d i f f e r e n t  m eshes .  For  t h i s  case  t h e  b o u n d a ry  laye r  p r e s s u r e  

has  f a l l e n  to  l . lO p^  a t  t h e  p o s i t i o n  w h e re  th e  p r o f i l e  d a t a  is 

t a k e n .  Again e x c e l l e n t  a g r e e m e n t  w i th  th e  van D r i e s t  s o l u t i o n  is 

s een ,  a l t h o u g h  s l i g h t ly  m o re  p o i n t s  a c r o s s  t h e  b o u n d a r y  l ay e r  

w e re  needed  to  r e so lv e  i t  a c c u r a t e ly .  This  is p r e s u m a b l y  th e  

r e s u l t  o f  a more  c o m p lex  t e m p e r a t u r e  p ro f i l e .  F ig .81 to  F ig .83 

s h o w  th e  c o r r e sp o n d i n g  d e n s i t y  c o n t o u r s  fo r  t h i s  b o u n d a r y  l a y e r  

and  d i f f e r e n t  mesh  s izes .  The b o u n d a r y  laye r  t h i c k n e s s  is  a b o u t  

25% l e s s  th an  the  a d ia b a t i c  w a l l  c a se  b e c a u s e  o f  th e  w a l l  

co o l in g .

If  a ce l l  ad jacen t  to  th e  w a l l  is o f  h e ig h t  Ay, th e  g r a d i e n t s  

a t  t h e  wal l  can be c a l c u l a t e d  f ro m  t h e  ce l l  c e n t e r e d  v a lu e s  f r o m  

(c)u/c)y)w =2u/Ay and (dT/c)y)w = 2(T- T ^ / A y .  U s ing  th e  a d i a b a t i c  

w a l l  t e m p e r a t u r e  f rom  th e  ad iab a t i c  w a l l  c o m p u t a t i o n s ,  t h e  h e a t  

t r a n s f e r  and  skin  f r i c t i o n  can th e n  be  c a l c u l a t e d  f o r  th e  

i s o t h e r m a l  wal l  case  (at  Rex =587 000) f ro m

S t „ =  k w (c)T/dy) w = 3 . 8 8 x l 0 ' 4
p u C (T -  T )roo as p aw co

(cf. ,  van D r ie s t  S t  = 4 .0 4 x l 0 - 4 )
CO

C F„ =  p j c ) u / a y ) w = 6 .46x l0~4
1/2 p U 2

rCO CO

(cf. ,  van D r ie s t  C* =6.65xl0~4)I CO

This  y ie lds  a Reynolds  a n a lo g y  f a c t o r

S= 2St = 1.20 (cf. ,  van D r i e s t  S=1.21)____ GO.

C foo

The sk in  f r i c t io n  c o e f f i c i e n t  can a l so  be c a l c u l a t e d  f o r  th e  

a d i a b a t i c  wal l  case ,  which gives  C foo=6.14xl0- 4 , c o m p a r e d  w i th  

t h e  van D r ie s t  va lue  o f  6 .0 7 x l0 - 4 .

I t  is a l so  p o s s ib le  to  c o m p ar e  th e  le ad ing  edge  s h o c k  

w a v e / b o u n d a r y  layer  i n t e r a c t i o n  p r e d i c t e d  c o m p u t a t i o n a l l y  w i th  

e x p e r i m e n t a l  m e a s u r e m e n t s .  F ig .84 s h o w s  the  s u r f a c e  p r e s s u r e

93



p / p  p l o t t e d  a g a i n s t  an i n t e r a c t i o n  p a r a m e t e r

m 3/ c ~

w h ere  C is a c o n s t a n t  f r o m  an e q u iv a l e n t  t e m p e r a t u r e - v i s c o s i t y  

r e l a t i o n s h i p  ( p / p co= ( T / T oo)^' ). The va lue  o f  C is o f t e n  t a k e n  as 

unity ,  and  t h a t  is  a s s u m e d  he re .  This  is a l s o  c o m p a r e d  w i t h  th e  

e x p e r im e n t a l  r e s u l t s  o f  Kendall (1957). A l t h o u g h  t h e r e  is so m e  

d i f f e r e n c e  b e t w e e n  t h e  c o m p u t a t i o n a l  and  e x p e r i m e n t a l  r e s u l t s ,  

a few p o i n t s  s h o u ld  be  n o te d .  F i r s t ly ,  K e n d a l l ’s r e s u l t s  w e r e  a t  

Mach 5.8 and  n o t  M ach 8, and M3- / c / - / R e x may n o t  be  a 

un iv e rsa l  c o r r e l a t i n g  p a r a m e t e r .  Secondly ,  e x p e r i m e n t a l  r e s u l t s  

t a k e n  by d i f f e r e n t  i n v e s t i g a t o r s  o f  t h i s  p r o b l e m  s h o w  a 

r e a s o n a b l e  a m o u n t  o f  s c a t t e r  b e tw e e n  t h e i r  r e s u l t s ,  and  t h i r d ly ,  

t h e  c o m p u t a t i o n a l  m e sh  n e a r  th e  lead ing  edge  is by n e c e s s i t y  

r e l a t iv e ly  c o a r s e  in t h e  v e r t i c a l  d i re c t io n .  The  e f f e c t  o f  t h i s  n e a r  

th e  le ad ing  edge  can be  s ee n  q u i te  d r a m a t i c a l l y  by l o o k i n g  a t  

th e  r e s u l t s  o f  tw o  d i f f e r e n t  m e sh e s  su ch  as  F ig .75 and  F ig .77. 

The m esh  w i th  22 p o i n t s  a c r o s s  th e  b o u n d a r y  l a y e r  a t  th e  

d o w n s t r e a m  end  o f  th e  p l a t e  is tw ice  as f ine  as  t h e  m e sh  

l a b e l l e d  14 p o in t s  a c r o s s  th e  b o u n d a ry  layer .  H o w ev e r ,  b e a r in g  

th e s e  p o i n t s  in mind, t h e  a g r e e m e n t  w i th  e x p e r i m e n t a l  r e s u l t s  

lo o k s  r e a s o n a b le .

The o v e ra l l  a g r e e m e n t  o f  the  b o u n d a r y  laye r  c a l c u l a t i o n s  

made  w i th  th e  l a m in a r  v e r s io n  of  th e  N a v i e r - S t o k e s  c o d e  w i th  

k now n  r e s u l t s  l o o k s  very  go o d .  This t h e n  a l l o w s  l a m i n a r  cav i ty  

f lo w  c o m p u t a t i o n s  to  be  m ade  w i th  som e  c o n f id e n c e .

6.3.3 Laminar C avity  C om putatlona

I t  w as  dec id ed  to  e m b a r k  upon  a s e t  o f  l a m in a r  c av i ty  f lo w  

c o m p u t a t i o n s  n o t  f r o m  t h e  p o i n t  of  view o f  t ry in g  t o  p r o d u c e  

r e s u l t s  t h a t  c o u ld  be  d i r e c t l y  co m p ared  w i th  t h e  e x p e r i m e n t a l  

da ta ,  b u t  r a t h e r  w i th  th e  view o f  p ro d u c in g  d e f in i t i v e  l a m i n a r  

d a t a  w h o se  f lo w  s t r u c t u r e  may lead to  a b e t t e r  u n d e r s t a n d i n g  o f  

th e  e x p e r im e n t a l  r e s u l t s .  I t  is obv ious ly  i n c o r r e c t  t o  c o m p a r e  

th e  n u m e r ic a l  v a lu e s  o f  l a m in a r  c o m p u t a t i o n s  w i t h  t u r b u l e n t  

e x p e r im e n t a l  r e s u l t s ,  b u t  f lo w  f e a tu r e s  and  t r e n d s  in s u c h  f l o w s  

may w e l l  be  q u a l i t a t i v e l y  t h e  same, and m uch  e a s i e r  t o  id e n t i f y
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c o m p u t a t i o n a l l y .  In d e e d  t u r b u l e n t  c o m p u t a t i o n s  w o u ld  have had 

to  have b een  t r e a t e d  in much  the  sam e  q u a l i t a t i v e  s p i r i t  f o r  such  

a s e p a r a t e d  f lo w ,  as  none  o f  th e  t u r b u l e n c e  m o d e l s  ava i lab le  

have re a l ly  b e en  v a l i d a t e d  f o r  c o m p lex  h y p e r s o n ic  f lo w s .

The c o m p u t a t i o n s  w i l l  be p l a n a r  tw o  d im e n s io n a l  and  have 

t h e  u p s t r e a m  f lo w  p a r a l l e l  t o  th e  cavity  f l o o r .  This  aga in  d i f f e r s  

f r o m  th e  e x p e r i m e n t s  in t h a t  th e  e x p e r im e n t a l  m o d e l  was  

a x i s y m m e t r i c  ( a l t h o u g h  C h a r w a t  e t . a l .  (1961a) f o u n d  l i t t l e  

d i f f e r e n c e  b e t w e e n  a x i s y m m e t r i c  and tw o  d im e n s io n a l  f low s) ,  

and  t h a t  th e  a p p r o a c h  f lo w  to  th e  e x p e r im e n t a l  cav i ty  was 

a n g le d  a t  5°  to  t h e  cav i ty .  However ,  b e a r in g  in mind t h a t  d i r e c t  

n u m e r ic a l  c o m p a r i s o n  w i th  th e  e x p e r im e n t s  w i l l  n o t  be  p o s s ib l e  

anyway, i t  w as  d e c id e d  to  in c o r p o r a t e  n e i th e r  o f  t h e s e  f e a t u r e s ,  

and  p ro d u c e  tw o  d im e n s io n a l  c a l c u l a t i o n s  t h a t  c o u ld  a t  some 

f u t u r e  t im e  be  u s ed  as  a r e f e r e n c e  f low.

A cavity  l e n g t h  to  d e p t h  r a t io  o f  2 was  ch o se n ,  w h ich  was 

one  o f  th e  L /D  v a lu e s  s tu d i e d  e x p e r im e n t a l l y  and  w here  

q u a l i t a t i v e ly  th e  f l o w  s t r u c t u r e  s h o u ld  be  s im i la r  to  the  

e x p e r i m e n t s .  The r e s u l t s  o f  o t h e r  e x p e r i m e n t s  a l so  in d ic a te  t h a t  

a tw o  v o r t e x  f lo w  s t r u c t u r e  is to  be  e x p e c t e d  f o r  th i s  g e o m et ry .  

The Reynolds  n u m b e r  b a s e d  on cavity  l e n g th  is  3 .3x l06 ( th e  same 

as th e  e x p e r im e n t s )  an d  f r e e  s t r e a m  Mach n u m b e r  8.0 (a lso  the  

s am e  as th e  e x p e r i m e n t a l  value) .  An i s o t h e r m a l  wa l l  b o u n d a ry  

c o n d i t i o n  w i th  T / T  =6.0 was  used ,  which was  t h e  b o u n d a ry  

c o n d i t i o n  u sed  f o r  one  o f  th e  b o u n d a ry  layer  c o m p u t a t i o n s  and 

so a l lo w ed  th e  c o r r e c t  u p s t r e a m  b o u n d a ry  l ay e r  p r o f i l e s  to  be 

used .  This  b o u n d a r y  c o n d i t i o n  is a l so  r e a s o n a b ly  c lo s e  to  the  

e x p e r i m e n t a l  s i t u a t i o n ,  w h ich  is a p p r o x im a te ly  an i s o t h e r m a l  

w a l l  b o u n d a ry  w i t h  T / T  =5.0. The u p s t r e a m  b o u n d a r y  layer  

v e lo c i ty  t h i c k n e s s  w a s  s e t  a t  0.24 t im e s  the  cav i ty  d e p t h  which 

is th e  s am e  as  th e  e x p e r i m e n t a l  va lue.

A s t r e t c h e d  m e sh  in b o t h  th e  x and  y d i r e c t io n s  w as  u sed  to  

a l lo w  b e t t e r  r e s o l u t i o n  o f  th e  f low  w h e re  g r a d i e n t s  a re  l a rge  

(eg. ,  n ea r  th e  cav i ty  w a l l s  and in th e  s e p a r a t e d  s h e a r  layer).  

S t r e t c h i n g  was  l i m i t e d  to  a 15% change  in m esh  s ize  b e tw e e n  

a d j a c e n t  c e l l s ,  and  t h e  ov e ra l l  m esh  size was  70x60. This
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a l lo w e d  a p p r o x i m a t e l y  a f a c t o r  o f  10 change  b e t w e e n  th e  

s m a l l e s t  and  l a r g e s t  va lues  of Ax and  Ay. The m esh  can  be seen  

on F ig .85. The c o m p u t a t i o n s  to o k  p la c e  on a CDC C yber  855 a t  

Im p e r ia l  C o l leg e .

The c a l c u l a t i o n  r e a ch e d  a s t e a d y  s t a t e  a f t e r  a b o u t  4 0 0 0 0  sec.  

on  th e  C yber , w i th  no evidence o f  b u l k  u n s t e a d i n e s s  o f  th e  f low .  

The p h y s ica l  ( f lo w f ie ld )  t ime r e q u i r e d  to  reach  a s t e a d y  s t a t e  

w as  a b o u t  1.2ms, w i th  the  p r e s s u r e  r e a c h in g  eq u i l ib r ium  a f a c t o r  

o f  4 f a s t e r  th a n  th i s .  This is b e ca u se  p r e s s u r e  e q u a l i ze s  t h r o u g h  

p r e s s u r e  w aves  ( t r a v e l l in g  a t  t h e  s p e e d  o f  sound),  w h e r e a s  h e a t  

t r a n s f e r  d e p e n d s  on bo u n d a ry  layer  c o n v e c t io n  v e lo c i t i e s  which 

a re  q u i t e  low  in the  cavity .  H ow ever  t h i s  t ime  to  r e a c h  a s t e a d y  

s t a t e  is c o n s id e r a b ly  l e s s  than  th e  ty p ic a l  runn ing  t im e  fo r  the  

Gun T u n n e l  in th e  e x p e r im e n t s  (15ms t o t a l  run t ime,  Sms s t ea d y  

ru n  t im e) .  This  im p l ie s  again t h a t  t h e  e x p e r im e n t a l  cav i ty  f low  

p ro b a b ly  did r each  a s te a d y  s t a t e ,  s in ce  i t  was a t u r b u l e n t  f low  

which  s h o u l d  r each  v iscous  eq u i l ib r iu m  q u ic k e r  th a n  th e  l am in a r  

f lo w  o f  t h e  c o m p u t a t i o n s .  The c o m p u t a t i o n a l  r e s u l t ,  in t e r m s  of 

v e lo c i ty  v e c t o r s ,  is s h o w n  on Fig .85 . On th i s  p lo t  v e c t o r  l e n g th  

is p r o p o r t i o n a l  to  ve loc i ty .  The m a x im u m  ve loci ty  in th e  cavity  

is 12% o f  th e  f r ee  s t r e a m  ve loci ty ,  so  v e c t o r s  are  on ly  p l o t t e d  

f r o m  one ce l l  above t h e  cavi ty  down,  s u c h  th a t  cavity  v e lo c i t i e s  

a re  m ore  v is ib le .  F ig .86 sh o w s  the  cav i ty  ve lo c i t i e s  p l o t t e d  in a 

d i f f e r e n t  way. Here  v e c to r  l e n g th  is p r o p o r t i o n a l  t o  ve lo c i ty  to  

t h e  p o w e r  o f  0.25.  Th is  enab le s  th e  e n t i r e  f lo w f ie ld  up to  the  

f r e e  s t r e a m  t o  be  p l o t t e d ,  and much  g r e a t e r  d e ta i l  to  be  sh o w n  

in th e  r e c i r c u l a t i n g  f lo w  ins ide  th e  cav i ty .  How ever  i t  m u s t  be 

r e m e m b e r e d  w h e n  lo ok ing  a t  F ig .86 t h a t  sm a l l  v e c to r s  ind ica te  

very  s m a l l  v e lo c i t i e s .

The v e lo c i ty  v e c t o r  p l o t s  in d ic a te  t h e  tw o  main  v o r t i c e s  

ly ing in th e  cavity.  The pr im ary  v o r t e x ,  w i th  g r e a t e r  r o t a t i o n a l  

s t r e n g t h ,  l i es  n ea r  t h e  r e a r  face  o f  t h e  cavity .  The s ec o n d  major  

v o r t e x  l ies  n e a r  th e  f r o n t  face o f  t h e  cav i ty  and r o t a t e s  in th e  

o p p o s i t e  d i r e c t io n  to  th e  p r im ary  v o r t e x .  S m a l l e r  v o r t i c e s  in the  

b o t t o m  c o r n e r s  o f  t h e  cavity can  a l s o  be seen.  The  wave 

s t r u c t u r e  in th e  cav i ty  can be seen  f r o m  th e  p r e s s u r e ,  dens i ty ,
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and  t e m p e r a t u r e  c o n t o u r s  which  are  sh o w n  on F ig .87 ,  F ig .88 , 

and  F ig .89 re sp ec t iv e ly .  The p r e s s u r e  c o n t o u r s  s h o w  a 

P r a n d t l - M e y e r  ex p an s io n  e m a n a t in g  f rom  th e  leading  edge  o f  th e  

cav i ty  which tu r n s  t h e  o n c o m in g  b o u n d a ry  s l i g h t ly  i n t o  th e  

cav i ty ,  and  in doing so  r e d u c e s  t h e  p r e s s u r e  in the  s h e a r  l a y e r  by 

a b o u t  6%. A t  the  t r a i l i n g  edge  th e  f lo w  is c o m p r e s s e d  as  t h e  

s e p a r a t e d  sh ea r  laye r  r e a t t a c h e s  to  th e  rea r  lip,  w i th  t h e  

m a x im u m  r e a t t a c h m e n t  p r e s s u r e  be ing  a b o u t  15% above t h e  f r e e  

s t r e a m  p r e s s u r e .  The c o m p u t a t i o n s  ind ica te  th e  d iv id ing  

s t r e a m l i n e  Mach n u m b e r  t o  be  a p p r o x im a te ly  0.455 b e f o r e  th e  

r e a t t a c h m e n t  p r o c e s s  b e g in s ,  wh ich  f i t s  we l l  w i t h  t h e  

a s s u m p t i o n  in C h a p t e r  5 t h a t  r e a t t a c h m e n t  p r e s s u r e  is 

a p p r o x im a te ly  equal  to  th e  s t a g n a t i o n  p r e s s u r e  of  th e  o n c o m in g  

s t r e a m l i n e  (a Mach 0.455 f lo w  has  a s t a g n a t io n  p r e s s u r e  1.152 

t im e s  g r e a t e r  than  th e  s t a t i c  p r e s s u r e ) .

F u r t h e r  o u t  f rom  th e  r e a r  lip a r e a t t a c h m e n t  s h o ck  f o r m s ,  

and  b eh in d  th is  l ies  a n o t h e r  P r a n d t l - M e y e r  expans ion .  T h u s  t h e  

wave s y s t e m  p re d ic t e d  c o m p u t a t i o n a l l y  ag rees  wel l  w i t h  t h a t  

o b s e r v e d  e x p e r im en ta l ly ,  a l t h o u g h ,  as e x p e c te d ,  t h e  

r e a t t a c h m e n t  p r e s s u r e s  a re  s m a l l e r  th a n  o b s e r v e d  

e x p e r im e n t a l l y  b e c a u s e  th e  t u r b u l e n t  shear  layer  in t h e  

e x p e r i m e n t s  g row s  f a s t e r  th a n  t h e  lam ina r  sh ea r  l ay e r  in th e  

c o m p u t a t i o n s .

S u r f a c e  p r e s s u r e  is p l o t t e d  on F ig .90 fo r  the  e n t i r e  cav i ty .  

The  va r iab le  is th e  s am e  as  t h a t  d e f ined  in C h a p t e r  3 and  on 

F ig .33 ( ie . , the  t o t a l  d i s t a n c e  a r o u n d  th e  cavity s t a r t i n g  f r o m  t h e  

le a d in g  edge).  Fig .91 s h o w s  t h i s  p r e s s u r e  p lo t  on an e x p a n d e d  

s ca le ,  and  i t  seem s  to  a g re e  q u i t e  w e l l  w i th  th e  e x p e r i m e n t a l  

p r e s s u r e  d i s t r u b u t i o n s  on a q u a l i t a t i v e  b a s i s .  The p r e s s u r e  d r o p s  

f r o m  th e  r e a t t a c h m e n t  va lue  w i th  d i s t a n c e  down the  r e a r  f ace  

u n d e r  t h e  in f luence  o f  t h e  p r im a ry  vo r tex .  A sm al l  a m o u n t  o f  

p r e s s u r e  recovery  o c c u r s  in t h e  b o t t o m  co rn e r  o f  th e  r e a r  f ace  

as  th e  f lo w  s e p a r a t e s  b e f o r e  t h e  co rn e r .  The min imum in f l o o r  

p r e s s u r e  c o r r e s p o n d s  to ,  as  e x p e c t e d ,  the  p o s i t io n  u n d e r  t h e  

c o re  o f  th e  p r imary  v o r t e x .  As w i th  the  ex p e r im en ta l  r e s u l t s ,  

t h e  p r e s s u r e  a long th e  f r o n t  f ace  o f  th e  cavity is r e l a t i v e l y  

c o n s t a n t .
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The b o u n d a r y  la y e r s  g row ing  on th e  cavity  w a l l s  s ee m  to  

have been  c a p t u r e d  q u i t e  well ,  w i th  up to  6 p o in t s  a c r o s s  t h e s e  

layer s .  This  e n a b l e s  t h e  c a l c u l a t i o n  o f  o t h e r  i m p o r t a n t  

p a r a m e t e r s  s u ch  as h e a t  t r a n s f e r  and  sk in  f r i c t i o n .  F ig .92 s h o w s  

lo c a l  S t a n t o n  n u m b er ,  n o rm a l ized  by f ree  s t r e a m  v a lu e s ,  f o r  th e  

e n t i r e  cav i ty  and  th e  a f t e rb o d y ,  and  F ig .93 s h o w s  lo c a l  sk in  

f r i c t i o n  c o e f f i c i e n t ,  a l so  n o rm a l i z e d  by f ree  s t r e a m  v a lues .  

S u r p r i s in g ly ,  h e a t  t r a n s f e r  is l a r g e r  on th e  f r o n t  f a c e  o f  th e  

cavity  th a n  on  th e  r e a r  face .  The r e a s o n  f o r  th i s  c o u l d  be  t h a t  

th e  b o u n d a ry  lay e r  g ro w in g  on th e  r e a r  face  o f  t h e  cav i ty  has  

r e t a in e d  som e  o f  th e  p r o f i l e  of  th e  r e a t t a c h i n g  s h e a r  layer ,  and  

so is th i c k e r  b e c a u s e  i t  d o e s  n o t  g r o w  f rom  a d e f i n i t e  o r ig in .  On 

th e  o t h e r  hand,  t h e  b o u n d a r y  layer  on th e  f r o n t  f ace  g r o w s  f r o m  

v i r tu a l ly  zero  t h i c k n e s s  n ea r  the  lead ing  lip,  and  s o  is t h i n n e r  

th a n  t h a t  on  th e  r e a r  face ,  and has  l a r g e r  g r a d i e n t s  and  hence  

l a rg e r  h e a t  t r a n s f e r  r a t e s .  Because  th e  s e p a r a t e d  l a m i n a r  s h e a r  

laye r  has  s p re a d  m ore  s low ly  th a n  th e  t u r b u l e n t  s h e a r  l a y e r  in 

th e  e x p e r im e n t s ,  t h e  r e a t t a c h m e n t  h e a t  t r a n s f e r  r a t e s  a re  m uch  

lo w er  th a n  r e c o r d e d  e x p e r im e n t a l l y .  The dip in th e  h e a t  t r a n s f e r  

d i s t r i b u t i o n  n ea r  th e  m id d le  o f  th e  cavity  f l o o r  c o r r e s p o n d s  to  

th e  p o in t  o f  s e p a r a t i o n  b e tw e e n  t h e  tw o  main v o r t i c e s  in th e  

cavity.  The s p a t i a l l y  ave raged  cavity  h e a t  t r a n s f e r  r a t e  is a b o u t  

80% t h a t  of  th e  o n c o m in g  b o u n d a ry  layer ,  which  is a l m o s t  th e  

sam e  as t h a t  m e a s u r e d  by Ginoux et .al .(1968) f o r  a L/D=2 

lam in a r  cavity  f low ,  a l t h o u g h  t h e i r  peak  r e a t t a c h m e n t  h e a t  

t r a n s f e r  r a t e s  w e re  s o m e w h a t  h ighe r .  This,  h o w e v e r ,  can  be 

a t t r i b u t e d  to  t r a n s i t i o n  to  t u r b u l e n c e  o f  th e  s h e a r  l a y e r  n e a r  

r e a t t a c h m e n t ,  wh ich  w as  n o t i c e d  by Hahn(1969).

An i n t e r e s t i n g  f e a t u r e  o f  the  h e a t  t r a n s f e r  r e s u l t s  is  t h a t  

th e  h e a t  t r a n s f e r  a p p e a r s  to  go nega t ive  on the  a f t e r b o d y .  T h e re  

m us t ,  how ever ,  be  a q u e s t i o n  as to  w h e t h e r  th e  v e r t i c a l  m esh  

r e s o l u t i o n  o f  th e  b o u n d a r y  layer  on th e  a f t e r b o d y  w as  fine  

en o u g h  to  c a l c u l a t e  a r e v e r s a l  o f  t e m p e r a t u r e  g r a d i e n t  n e a r  th e  

s u r f a c e  if  one  o c cu red .  To t e s t  th i s ,  a b o u n d a ry  lay e r  c a l c u l a t i o n  

was made us ing  th e  ve r t i c a l  p r o f i l e s  f rom  th e  cav i ty  

c o m p u t a t i o n  tw o  c e l l s  a lo n g  th e  a f t e rb o d y  as  a s t a r t i n g
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c o n d i t i o n  fo r  th e  new c o m p u ta t io n .  The new m esh  u s e d  w as  five 

t im e s  f in e r  near  th e  w a l l  th an  th e  m e s h  used  f o r  t h e  cav i ty  

c o m p u t a t i o n s ,  in o r d e r  to  c a p tu r e  any r e v e r s a l  o f  t e m p e r a t u r e  

g r a d i e n t  t h a t  m ig h t  o c c u r  near  t h e  w a l l .  These  c o m p u a t i o n s  t o o k  

a long  t im e  to  r each  a s t e a d y  s t a t e  ( a b o u t  20000 s e c o n d s  on  th e  

C yber  855) b e c a u s e  o f  t h e  fine  m e sh .  H ow ever  t h e  r e s u l t s ,  

p l o t t e d  as  S t a n t o n  n u m b e r  on F ig .94 and  Skin  F r i c t io n  

C o e f f i c i e n t  on F ig .95 (w here  x is t h e  d i s t a n c e  d o w n s t r e a m  on 

th e  a f t e r b o d y  f ro m  th e  s t a r t  o f  t h e  c o m p u t a t i o n ) ,  s h o w  b a s i c a l ly  

th e  s am e  t r e n d s  as th e  o r ig ina l  cav i ty  c o m p u t a t i o n s .  Skin  

f r i c t i o n  r e d u c e s  w i th  d o w n s t r e a m  d i s t a n c e ,  l e v e l l in g  o u t  a t  a 

va lue  c l o s e  to  t h a t  on t h e  fo rebody .

There  is o t h e r  e x p e r im e n t a l  ev idence  o f  th e  h e a t  t r a n s f e r  

r e d u c in g  on th e  a f t e r b o d y  of  a cav i ty  c o n f i g u r a t i o n  in l a m in a r  

f l o w .  The  e x p e r im e n t s  o f  Ginoux e t .a l . (1968) i n c lu d e d  a few  

p o i n t s  on th e  a f t e r b o d y  and s h o w ed  h e a t  t r a n s f e r  r a t e  d r o p p in g  

s t e e p l y  on th e  a f t e r b o d y .  H ow ever  th e  cavi ty  c o n f i g u r a t i o n  f o r  

t h e i r  e x p e r i m e n t s  had a rad iu s  on th e  r e a r  l ip (w i th  th e  r a d iu s  

equa l  to  t h e  s t e p  h e ig h t ) ,  and so is n o t  d i r e c t ly  c o m p a r a b le .  The 

p h y s ica l  r e a s o n  fo r  the  h e a t  t r a n s f e r  r a t e  going  n e g a t iv e  s ee m s  

to  be t h a t  th e  in n e r  p a r t  of th e  o r ig i n a l  b o u n d a ry  l a y e r  which  

c a r r i e s  th e  r e v e r sa l  o f  t e m p e r a t u r e  g r a d i e n t  (and hence  p r o d u c e s  

th e  h e a t  t r a n s f e r  to  th e  su r fa ce ) ,  is s w a l lo w e d  by t h e  s h e a r  

layer  g ro w in g  in to  th e  b o t t o m  of  i t .  The  in n e r  p a r t  o f  th e  new 

s h e a r  l a y e r  is th e n  a l so  s w a l lo w e d  by th e  cavi ty  as th e  s h e a r  

l ay e r  r e a t t a c h e s ,  and  so  the  f lo w  on t h e  a f t e r b o d y  s h o w s  th e  

p r o f i l e  c h a r a c t e r i s t i c s  o f  a s h e a r  l a y e r  w i th  th e  low  v e lo c i ty  

p a r t  "ch o p p e d  o f f " .  A s k e t c h  of  t h i s  is sh o w n  on F ig .96 . Then  

b e f o r e  v i s co u s  f o r c e s  can change  t h e  in n e r  p a r t  o f  th e  

t e m p e r a t u r e  p r o f i l e  on th e  a f t e r b o d y ,  a r ap id  e x p a n s io n  o c c u r s  

(as p a r t  o f  th e  s h o c k - e x p a n s i o n  s y s t e m  a t  r e a t t a c h m e n t )  which  

r e d u c e s  t h e  t e m p e r a t u r e  near  th e  wal l ,  and  hence  s u r f a c e  h e a t  

t r a n s f e r  r a t e ,  even f u r t h e r .  The r e l a t i v e l y  high va lue  o f  T w / T oo 

is a l so  a c o n t r i b u t i n g  f a c to r .  S u b s e q u e n t l y ,  as v i s co u s  f o r c e s  

beg in  to  t a k e  e f f e c t ,  t h e  h e a t  t r a n s f e r  r a t e  l ev e l s  o u t  a t  a 

n eg a t iv e  value,  and will  p r e s u m a b ly  c l im b  to  a p o s i t iv e  va lue  

f u r t h e r  d o w n s t r e a m .
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In t e r m s  o f  h y p e r s o n ic  veh ic le  de s ig n ,  t h i s  is c l e a r l y  an 

e f f e c t  t h a t  d e se rv e s  f u r t h e r  e x p e r i m e n t a l  i n v e s t ig a t i o n .  I t  is n o t  

c l e a r  w h e t h e r  th e  s a m e  t r e n d s  w o u l d  be n o t i c e d  f o r  t u r b u l e n t  

f lo w ,  w h e re  v i s co u s  f o r c e s  can t a k e  e f f e c t  m uch  m o r e  q u ic k ly .
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CHAPTER 7

CONCLUSIONS

7.1 C avity F low  S tru ctu re

The f low  s t r u c t u r e  f o r  M ach 8 a x i sy m m e t r i c  t u r b u l e n t  cavi ty  

f lo w s  w i th  d im e n s io n s  0 .8 < L /D < 2 .4  was  d e t e r m i n e d  a t  

Re=1.7xl07 / m  and  S .S x l07 / m  by m eans  o f  S c h l i e r e n  f lo w  

v i su a l iza t io n ,  p r e s s u r e  and  h e a t  t r a n s f e r  m e a s u r e m e n t s ,  and  by 

c o n s u l t i n g  th e  l i t e r a t u r e .  Th is  r evea led  a P r a n d t l - M e y e r  

e x p an s io n  o f  th e  u p s t r e a m  b o u n d a r y  layer  a t  th e  l e a d in g  edge  of  

th e  cavity,  and  a s h o c k - e x p a n s i o n  s y s t e m  as the  s e p a r a t e d  s h e a r  

laye r  r e a t t a c h e s  a t  t h e  d o w n s t r e a m  face  o f  th e  cav i ty .  The f lo w  

s t r u c t u r e  in th e  cav i ty  s e e m e d  to  change  f r o m  a one  

r e c i r c u l a t i o n  v o r t e x  s y s t e m ,  to  a tw o  v o r t e x  s y s t e m  f o r  L/D^2.  

The p r im ary  v o r t e x ,  w i th  i t s  c e n t r e  c lo se  to  t h e  r e a r  face,  

in d u ces  h ig h e r  cav i ty  v e l o c i t i e s  th a n  the  s e c o n d a r y  v o r t e x  

s i t u a t e d  in th e  f r o n t  h a l f  o f  th e  cavity,  as  e v id en c e d  by th e  

s u r f a c e  p r e s s u r e  m e a s u r e m e n t s .

7.2 Mean C avity P ressu res

S ur face  p r e s s u r e  vs t im e  t r a c e s  (and l a t e r  h e a t  t r a n s f e r  

m e a s u r e m e n t s )  i n d i c a t e  t h a t  t h e  cavity  f low  h a s  r e a c h e d  a 

s t e a d y  s t a t e  by th e  s t e a d y  r u n  t im e  o f  th e  t u n n e l .  Th is  is in 

a cc o rd a n ce  w i th  e x p e c t a t i o n s  o f  phys ica l  r e s p o n s e  t i m e s ,  and  

c o n f i rm e d  l a t e r  in t h e  c o m p u t a t i o n a l  w ork .  S u r f a c e  p r e s s u r e  

m e a s u r e m e n t s  w e re  m ade  in t h e  cavity  and on t h e  a f t e r b o d y  of  

cav i t ie s  w i th  L/D=0.8 ,  1.2, 1.6, 2.0 and  2.4 a t  b o t h  t h e  h igh  and  

low  Reynolds  n u m b e r  r u n n in g  c o n d i t io n s .  A la rg e  p r e s s u r e  r i se  

was  re c o rd e d  in th e  a r e a  o f  s h e a r  layer  r e a t t a c h m e n t  on  th e  r e a r  

face  o f  th e  cavity  (m ax im u m  p r e s s u r e  c l o s e s t  to  t h e  r e a r  l ip was 

70% g r e a t e r  th a n  t h e  f r e e  s t r e a m  p r e s s u r e ) .  P r e s s u r e s  in th e  

r e m a in d e r  of  th e  cav i ty  w e re  a b o u t  0.62 t im es  the  c o n e  p r e s s u r e ,  

w i th  th i s  r e d u c t io n  r e l a t i v e  to  th e  cone  p r e s s u r e  b e in g  due  to

101



t h e  e x p a n s i o n  o f  t h e  cone  b o u n d a r y  laye r  a t  t h e  l e ad in g  edge  o f  

th e  cavi ty .  A p a r t  f r o m  th e  s t r e n g t h  o f  t h i s  e x p a n s i o n  (which was  

due  m a in ly  to  a n g le  o f  th e  o n c o m in g  f lo w  re l a t i v e  t o  t h e  cavity),  

t h e  t r e n d s  in t h e  d a t a  a g re e d  w e l l  w i th  tw o  d im e n s i o n a l  p l a n a r  

d a t a  t a k e n  by o t h e r  i n v e s t i g a t o r s  a t  lo w e r  Mach n u m b e r s .

A s t r o n g  R ey n o ld s  n u m b e r  e f f e c t  w as  e v id e n t  f o r  th e  

r e a t t a c h m e n t  p r e s s u r e s .  For  s h o r t e r  c av i t i e s ,  t h e  h igh  Reynolds  

n u m b e r  f l o w  gave  h i g h e r  r e a t t a c h m e n t  p r e s s u r e s ,  w h i le  f o r  

l o n g e r  c a v i t i e s  t h e  low R eyno lds  n u m b e r  f l o w  gave  t h e  h ig h e r  

r e a t t a c h m e n t  p r e s s u r e s .  This  Reyno lds  n u m b e r  d e p e n d e n c e  was 

e x p la i n e d  in t e r m s  o f  s p r e a d in g  o f  th e  s e p a r a t e d  s h e a r  layer ,  

and  th e  e f f e c t  o f  u p s t r e a m  b o u n d a r y  lay e r  t h i c k n e s s .  P r e s s u r e s  

away f r o m  r e a t t a c h m e n t  s h o w e d  l i t t l e  R ey n o ld s  n u m b e r  

d e p e n d e n c e .

7.3 F lu c tu a tin g  C avity  P ressu res

P r e s s u r e s  on th e  cav i ty  s u r f a c e  were  g e n e r a l l y  s t e a d y ,  e x c e p t  

fo r  t h e  a r e a  o f  s h e a r  l ay e r  r e a t t a c h m e n t  on th e  t o p  o f  th e  r e a r  

face  o f  t h e  cav i ty  w h e re  l a rg e  f l u c t u a t i o n s  w e re  n o t i c e d  (up to  

60% o f  t h e  m ean  p r e s s u r e ) .  C lo se  i n s p e c t i o n  o f  th e  t r a c e s  

r e v e a le d  s o m e  low  f r e q u e n c y  s t r u c t u r e  in th e  o s c i l l a t i o n s ,  and  a 

f r e q u e n c y  a n a l y s i s  s h o w e d  a b r o a d  band  f e a t u r e  a t  a b o u t  2 .8kHz.  

I t  w as  h y p o t h e s i s e d  t h a t  th e s e  o s c i l l a t i o n s  c o u ld  have been  

c a u s e d  by a t r a n s v e r s e  (ve r t ica l )  a c o u s t i c  m ode  in t h e  cavity,  

w h ich  may have  "b u m p ed "  th e  o th e r w i s e  s t a b l e  s e p a r a t e d  s h e a r  

l ay e r  up a n d  d o w n  to  p r o d u c e  t h e  u n s t e a d i n e s s  in th e  

r e a t t a c h m e n t  r e g io n .  C o m p a r i s o n  w i th  d a t a  a t  s u b s o n i c  Mach 

n u m b e r s  c o n f i r m e d  t h a t  t h e  r e c o r d e d  o s c i l l a t i o n  f r e q u e n c y  was  

a p p r o x i m a t e l y  c o r r e c t  f o r  a t r a n s v e r s e  a c o u s t i c  m ode .

7.4  H ea t T ra n sfer  M easu rem en ts

H e a t  t r a n s f e r  m e a s u r e m e n t s  w ere  m ade  a t  b o t h  Reynolds  

n u m b e r s  f o r  c a v i t i e s  w i t h  L/D=0.8 ,  1.6 and  2.4. The  h e a t  t r a n s f e r  

r e s u l t s  f o l l o w e d  b a s i c a l l y  th e  sam e  t r e n d s  as t h e  p r e s s u r e
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r e s u l t s .  La rge  h e a t  t r a n s f e r  r a t e s  w ere  r e c o r d e d  in t h e  

r e a t t a c h m e n t  re g io n  (up to  2.34 t im e s  t h e  cone  f o r e b o d y  va lue) ,  

b u t  h e a t  t r a n s f e r  f e l l  w e l l  b e lo w  th e  co n e  va lue  in th e  

r e m a in d e r  o f  th e  cav ity .  T o t a l  h e a t  f lu x  to  th e  m ode l  t h r o u g h  

th e  cav i ty  w a l l s  was  l e s s  t h a n  i f  t h e r e  had  been  no cav i ty  and  

th e  u p s t r e a m  b o u n d a r y  l a y e r  had  p a s s e d  over  t h e  cone  s u r f a c e .  

For  th e  l o n g e s t  cav i ty  s t u d i e d  (L/D=2.4),  t h i s  t o t a l  h e a t  f l u x  

was  a b o u t  1 /2  th e  no cav i ty  v a lu e  f o r  b o t h  R eyno lds  n u m b e r s .

As f o r  t h e  p r e s s u r e  m e a s u r e m e n t s ,  s t r o n g  R eyno lds  n u m b e r  

e f f e c t s  on  h e a t  t r a n s f e r  r a t e  w e re  n o t i c e d  a t  r e a t t a c h m e n t .  The 

R eyno lds  n u m b e r  t r e n d s  f o r  h e a t  t r a n s f e r  w ere  b a s i c a l ly  t h e  

sam e  as f o r  th e  p r e s s u r e  r e s u l t s .  R eyno lds  n u m b e r  d e p e n d e n c e  

was  a l so  r e f l e c t e d  in th e  v a lu e s  o f  t o t a l  h e a t  f lux .

H e a t  t r a n s f e r  m e a s u r e m e n t s  on th e  cone  fo r e b o d y  in d i c a t e d  a 

l a rg e  s e n s i t i v i t y  to  g a u g e  l o c a t i o n  in th e  s u r f a c e .  A gauge  

r e c e s s e d  0.1mm f ro m  t h e  s u r f a c e  w as  fo u n d  to  give a h e a t  

t r a n s f e r  r a t e  a f a c t o r  o f  2 l o w e r  th a n  a gauge  f l u s h  w i th  th e  

s u r f a c e .

7.5 T h e o re tic a l A n a ly sis

A s im p le  t h e o r e t i c a l  a n a ly i s i s  was  u n d e r t a k e n  in an a t t e m p t  

to  gain  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  f low  ph y s ic s ,  and  to  

e x t r a p o l a t e  t h e  e x p e r i m e n t a l  r e s u l t s .  The f l o w f i e ld  w as  b r o k e n  

in to  3 c o m p o n e n t  p a r t s  an d  each  a n a ly se d  s e p a r a t e l y .  T h e se  3 

p a r t s  w e r e  t h e  in i t i a l  t u r n i n g  and  e x p a n s io n  o f  t h e  cone  

b o u n d a r y  l a y e r ,  th e  s p r e a d in g  o f  t h e  s e p a r a t e d  s h e a r  layer ,  and  

th e  r e a t t a c h m e n t  p r o c e s s  a t  t h e  t o p  o f  t h e  r e a r  face .

I t  w as  f o u n d  t h a t  r e l a t i v e ly  s im p le  e q u a t i o n s ,  w i th  so m e  

e m p i r ic a l  c o n s t a n t s ,  c o u ld  be  u sed  to  m ode l  q u i t e  a c c u r a t e l y  t h e  

s e p a r a t i o n ,  s p r e a d in g ,  and  r e a t t a c h m e n t  o f  th e  s h e a r  layer ,  and  

t h a t  th e  e x p e r i m e n t a l  r e s u l t s  c ou ld ,  by u s in g  t h e s e  a n a ly t i c a l  

t o o l s ,  be  e x t r a p o l a t e d  t o  d i f f e r e n t  cav i ty  l e n g t h s .  I t  w as  a l so  

p o s s i b l e  t o  g e t  a q u a n t i t a t i v e  e s t i m a t e  o f  th e  e f f e c t  o f  th e  

e x p a n s io n  o f  th e  cone  b o u n d a r y  l ay e r  on c o n d i t i o n s  a t  

r e a t t a c h m e n t ,  which  w as  f o u n d  to  r e d u c e  p eak  p r e s s u r e s  m ore
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t h a n  peak  h e a t  t r a n s f e r  r a t e s .  By a s s u m in g  t h a t  r e a t t a c h m e n t  

p r e s s u r e  was e q u a l  to  t h e  s t a g n a t i o n  p r e s s u r e  o f  th e  

a p p r o a c h i n g  s t r e a m l i n e ,  i t  w as  p o s s i b l e  to  g e t  an e s t i m a t e  o f  

r e a t t a c h m e n t  p r e s s u r e  r i g h t  up to  th e  r e a r  lip o f  th e  cavity .  I t  

w as  fo u n d  t h a t  t h i s  c o u l d  be 4.5 t im e s  the  cone  p r e s s u r e  fo r  

L /D=2.4  cavi ty .

The  l im i t a t i o n s  o f  t h e  a n a ly s i s  w e re  t h a t  i t  c o u ld  only  

p r e d i c t  r e a t t a c h m e n t  c o n d i t i o n s  f o r  cav i ty  l e n g t h s  w h e re  th e  

s e p a r a t e d  s h e a r  l a y e r  had  re a c h e d  a s e l f - s i m i l a r  mean  v e lo c i ty  

p r o f i l e  a t  r e a t t a c h m e n t .  A t  b e s t ,  t h i s  w as  only  valid  f o r  th e  

L /D=2 .0  and  2.4 c av i t i e s .  No a t t e m p t  was  made  to  p r e d i c t  

c o n d i t i o n s  away f r o m  r e a t t a c h m e n t .

I t  was  fo und  t h a t  a s im p le  e m p e r ica l  r e l a t i o n  su ch  as

c o u l d  be u sed  to  e x p r e s s  th e  r e l a t i o n s h i p  b e tw e e n  s u r f a c e  

p r e s s u r e  and  h e a t  t r a n s f e r  r a t e  in t h e  r e a t t a c h m e n t  r eg ion .  The 

v a lu e  o f  1.6 is s o m e w h a t  h ig h e r  th a n  o t h e r  i n v e s t i g a t o r s  have 

f o u n d  f o r  cav i t ies  w i th  no e x p an s io n  o f  the  u p s t r e a m  b o u n d a ry  

l a y e r  a t  t h e  p o in t  o f  s e p a r a t i o n ,  and r e f l e c t s  again th e  f a c t  t h a t  

r e a t t a c h m e n t  h e a t  t r a n s f e r  r a t e s  are  a f f e c t e d  l e s s  th a n  

r e a t t a c h m e n t  p r e s s u r e s  by th i s  e x p an s io n .

7.6 C om p u tation al R e su lts

A G o d u n o v - ty p e  E u l e r  code  w as  u sed  as  th e  b a s i s  f o r  

p r o d u c in g  a l a m in a r ,  o p e r a t o r  s p l i t  N a v ie r -S to k e s  co d e .  This  

w a s  t e s t e d  in i t ia l ly  a g a i n s t  k n o w n  l a m in a r  b o u n d a ry  layer  c a s e s .  

The  r e s u l t s  were  very  a c c u r a t e ,  and  e n ab led  h y p e rso n ic  l a m in a r  

c av i ty  f lo w  c o m p u t a t i o n s  t o  be  t a c k l e d  w i th  som e c o n f id en ce .

In a q u a l i t a t i v e  s e n s e ,  th e  l a m in a r  cavity c o m p u t a t i o n s  

s h o w e d  b a s ic a l ly  t h e  s a m e  f lo w  t r e n d s  as the  t u r b u l e n t  

e x p e r i m e n t a l  r e s u l t s .  The aim was n o t  to  co m p are  t h e  r e s u l t s  

q u a n t i t a t i v e l y  w i th  t h e  e x p e r i m e n t s ,  b u t  to  t ry  to  g e t  a b e t t e r  

u n d e r s t a n d i n g  o f  t h e  f l o w  s t r u c t u r e .  A s t r e t c h e d  m esh  w as  u s e d  

n e a r  t h e  cav i ty  w a l l s  t o  e n a b le  b e t t e r  r e s o l u t i o n  o f  th e  b o u n d a r y
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l ay e r s  on t h e s e  w a l l s .  S u r face  p r e s s u r e ,  sk in  f r i c t i o n ,  h e a t  

t r a n s f e r ,  and  a v e r a g e  cav i ty  S t a n t o n  n u m b er  s e e m e d  to  be 

c o n s i s t a n t  w i th  e x p e r i m e n t a l  l a m in a r  cavity  f lo w s .  R e s u l t s  in 

t h e  r e a t t a c h m e n t  r e g io n  s eem ed  to  j u s t i f y  the  e a r l i e r  a s s u m p t i o n  

in t h e  t h e o r e t i c a l  a n a ly s i s  t h a t  r e a t t a c h m e n t  p r e s s u r e  is 

a p p r o x i m a t e l y  e q u a l  t o  t h e  s t a g n a t i o n  p r e s s u r e  o f  t h e  o n c o m in g  

s t r e a m l i n e .

An i n t e r e s t i n g  f e a t u r e  o f  th e  c o m p u t a t i o n a l  r e s u l t  was  t h a t  

h e a t  t r a n s f e r  on t h e  a f t e r b o d y  was  nega t ive .  A b o u n d a r y  layer  

c a l c u l a t i o n  o f  t h e  a f t e r b o d y  us ing  a m uch  f ine r  m e sh  w as  made, 

and  s e e m e d  to  c o n f i r m  th e  r e s u l t .  The re a so n  f o r  t h e  n eg a t iv e  

h e a t  t r a n s f e r  s e e m e d  t o  l ie in th e  r e a t t a c h m e n t  p r o c e s s ,  w h e re  

t h e  in n n e r  p a r t  o f  t h e  s h e a r  layer  is " sw a l lo w ed "  by th e  cavity ,  

and  th e  p r o f i l e  r e a t t a c h i n g  to  th e  a f t e r b o d y  is r a p id ly  e x p a n d e d  

to  p r o d u c e  n e g a t iv e  h e a t  t r a n s f e r  r a t e s  b e fo re  v i s co u s  fo r c e s  

have  t im e  to  a c t  an d  r e v e r s e  th e  s i t u a t io n .  The r e l a t i v e ly  h igh 

va lue  o f  Tw / T  =6 w a s  p r o b a b ly  a l so  a c o n t r i b u t i n g  f a c t o r .

This  G o d u n o v - ty p e  co d e  s h o w ed  l i t t l e  nu m er ica l  d i f f u s io n ,  

and  b e in g  ab le  to  c a p t u r e  s h o c k s  and  la rge  f l o w  g r a d i e n t s  

a c c u r a t e l y ,  s e e m s  an ideal to o l  fo r  c o m p u t in g  s e p a r a t e d  

h y p e r s o n ic  f lo w s .

7.7 P ro p o sa ls  fo r  F u ture W ork

7.7.1 E xp erim en ta l

Due to  th e  u n c e r t a i n  n a t u r e  o f  the  s p r e a d in g  o f  th e  

s e p a r a t e d  s h e a r  l ayer ,  e s p e c ia l l y  f o r  s h o r t  cav i t ies ,  e x p e r i m e n t a l  

d a t a  on t h e  s p r e a d in g  o f  t h e  s h e a r  layer ,  inc lud ing  th e  e f f e c t  o f  

R eyno lds  n u m b e r  an d  in i t i a l  b o u n d a ry  layer  th i c k n e s s ,  w o u ld  be 

very  v a lu a b le  in u n d e r s t a n d i n g  m ore  c lea r ly  t h e  p r o c e s s  of 

r e a t t a c h m e n t .  This  w o u l d  a l so  a l lo w  a more  a c c u r a t e  p r e d i c t i o n  

o f  r e a t t a c h m e n t  c o n d i t i o n s  us ing  th e  s im ple  a n a ly t i c a l  t o o l s  

o u t l i n e d  in th i s  w o rk .

The la m in a r  c o m p u t a t i o n a l  p r e d ic t io n  of n e g a t iv e  h e a t  

t r a n s f e r  on th e  cav i ty  a f t e r b o d y  in d ic a te s  t h a t  t h i s  m i g h t  be  a 

p r o m i s in g  a rea  f o r  e x p e r i m e n t a l  s tu d y .  A l th o u g h  a t u r b u l e n t
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c a v ity  flow  m ight not show negative heat transfer, it  is p o ss ib le  

th at the heat tra n sfe r  rate on the afterbody might be 

s ig n if ic a n t ly  reduced for some d ista n ce  dow nstream .

7 .7 .2  C o m p u ta tio n a l

The next co m p u tatio n al ta sk  is to introduce a turbulence  

model into the code. These tu rb u le n t co m p u tatio n s m ust then be 

va lid a te d  a g a in st  experim ental r e s u lt s  such as those produced in 

th is  stu d y.
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L a m in a r  h e a t  t r a n s fe r ,  a x ia l l y - s y m m e t r i c  flow .

Fig.3 Average cavity heat transfer coefficient (normalized by the 
value on the forebody), from Larson(1959)
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A schematic of the transverse oscillation.

Fig.9 S c h em at ic  o f  o s c i l l a t i o n  m odes  f ro m  Zhang(1987)
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Fig.64 Co-ordinates for shear layer spreading calculation
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A ppendix 1 Experimental Results

BOUNDARY LAYER DATA

HIGH REYNOLDS NUMBER

WIDE NOSED PITOT

y  CmnirO fo , ( p s'0

0 .4 0 0 5 .800
0 .75 0 11.000
1 . 000 15.650
1 .250 20 .200
1 .500 24 .600
1 .750 24 .600
2 .000 26 .510
2 .500 30 .600
3 .000 36 .610
3 .500 43 .550
4 .000 50.500
4 .500 54 .900
5 .000 59.330
5 .500 61 .860
6 .000 60 .600
6 .500 61 .850

LOW REYNOLDS NUMBER

t=P (p^)
0.400 1.390
0,750 2.650
1.000 3.820
1.250 5.430
1.500 6.440
1.750 6 ■ 690
4.000 12.620

NARROW NOSED PITOT

y Ov«m) p r ( p ^ )

1.500 
1.750 
2.000 
4.000

2 2 . 7 0 0  

24.000
25.200
49.200



PRESSURE RESULTS -  HIGH REYNOLDS NUMBER -  D - I .3 c *

L>6c b ]>4om

X* t’/Pc
0.120 0.612

0.240 0.640
0.400 0.609
0.520 0.709
0.640 0.612
0.760 0.612
0.880 0.643
0.920 0.623
1.200 0.588
1.400 0.592
1.600 0.568
1.800 0.588
2.000 0.547
2.200 0.509
2.400 0.475
2.600 0.509
2.800 0.544
3.000 0.530
3.200 0.795
3.480 0.746
3.520 0.698
3.640 0.736
3.7 60 0.643
3.880 0.571
4.000 0.581
4.080 0.578
4.160 0.767
4.280 1.314
4.320 1.706
4.520 0.640
4.600 0 ■ 623
4.800 0.537
5.000 0.519

x. t»/K
3.360 0.612
3.280 0.595
3.200 0.564
3.480 1.060
3.080 0.574
2.720 0.722
2.840 0.664
2.960 0.657
2.680 0.685
3.520 1.627
2.200 0.664
2.400 0.736
1.200 0 ■ 664
1.400 0.643
1.600 0.595
1.800 0.547
2.000 0.571
0.080 0.647
0.120 0.643
0.240 0.650
0.400 0.647
0.320 0.643
0.760 0.678
0.920 0.678
0.600 0.674
0.880 0.688
0.520 0.633
4.200 0.482
3.720 0.581
3.800 0.616
4.000 0.499
3.680 0.605

Pc* 0.77p«l (a?erage)



PRESSURE RESULTS -  HIGH REYNOLDS NUMBER -  D>2.5cm

La3ca

X.
1.200 0.619
1.600 0.571
1.800 0.537
i .400 0.612
2.000 0.526
2.400 0.554
2.600 0.564
2.200 0.516
2.800 0.712
0.520 0.671
0.920 0.647
0.600 0.633
0.880 0.633
0 .760 0.640
0.400 0.664
0.080 0.664
0.320 0.633
0.240 0.647
3.920 1.785
3.600 0.547
3.120 0.733
3.880 1.259
3.360 0.657
3.680 0.571
3.480 0.592
3.080 0.685
3.760 0.705
3.240 0.681
4.600 0.499
4.120 0.640
4.200 (_) m 633
4.400 0.516
4.080 0.630

L>3on

X * 'p IPc,
1.600 0.585
1.800 0 ■ 636
1.400 0.616
2.000 0.736
1.200 0.674
0.920 0.695
0.640 0.657
0.880 0.702
0.760 0.691
0.400 0.633
0.080 0.660
0.240 0.650
0.320 0.647
0.520 0.643
3.080 1.004
2.560 0.657
2.880 0.599
2.680 0.602
2.280 0.709
2.960 0.657
2.440 0.695
3.120 1.383
3.800 0.526
3.320 0.654
3.280 0.660
3.600 0.513
3.400 0.623



PRESSURE RESULTS -  HIGH REYNOLDS NUMBER -  D -2 .S c *

L*!<n

X. t’/F’e
2.720 0.963
2.680 0.757
2.560 0.619
2.480 0.550
2.280 0.568
2.400 0.544
2.160 0.602
1.880 0.619
1.920 0.595
2.040 0.623
0.320 0.537
1.400 0.647
1.200 0.640
1.600 0.643
0.120 0.550
0.080 0.602
0.640 0.592
0.920 0.698
0.400 0.461
0.520 0.588
0.240 0.581
0.760 0.671
0.880 0.695
3.400 0.509
2.920 0.640
3.000 0.612
3.200 0.506
2.880 0.630



PRESSURE RESULTS -  LOW REYNOLDS NUMBER -  D -2 .S cm

L*6cna

X * t= > /fc
4 .320 1 .569
4 .080 0 .61 6
3 .520 0 .66 4
3 .480 0 .6 8 8
4 .280 1 .273
4 .000 0 .5 8 5
3 .760 0 .6 3 0
3 .640 0 .63 6
3 ■  880 0 .5 7 8
4 .160 0 .7 4 0
3 .200 0 .7 0 2
2 .800 0 .5 6 8
2 .600 0 .564
2 .400 0 .574
2 .200 0 .564
2 .000 0 .547
1 .800 0 .56 8
1.600 0 .581
1 .400 0 .58 5
1 .200 0 .595
3 .000 0 .619
0 .240 0 .61 6
0 .120 0 .619
0 .520 0 .58 5
0 .400 0 .6 2 3
0 .640 0 .6 0 5
0 .920 0 .62 6
0 .320 0 .6 0 5
0 .760 0 .5 9 9
0 .880 0 .6 1 6
0 .080 0 .5 8 5
5 .000 0 .57 4
4 .520 0 .6 3 3

. 4 .600 0 .6 1 9
4 .800 0 .5 5 0
4 .480 0 .6 3 3

L"5ofl

x.
1.200 0.612
1.600 0.595
1.800 0.574
1.400 0.612
2.000 0.595
2.200 0.609
2.400 0.612
2.600 0.612
2.800 0.698
0.520 0.643
0.920 0.599
0.600 0.602
0.880 0.616
0.760 0.616
0.400 0.674
0.080 0.671
0.320 0.695
0.240 0.698
3.120 0.702
3.600 0.640
3.920 1.545
3.880 1.128
3 ■ 360 0.702
3 ■ 680 0.674
3.480 0.664
3.080 0.691
3.760 0.695
3.240 0.695
4.600 0.561
4.120 0.709
4.200 0.688
4.400 0.561
4.080 0.674

pQ* 0.22psi (average)



PRESSURE RESULTS -  LOW REYNOLDS NUMBER -  D -2 .S e

L*4cm

X* \>IPc
3.360 0.595

3.280 0.585
3.200 0.588
3.480 0.853
3.080 0.585
2.720 0.626
2.840 0.616
2.960 0.623
2.680 0.612
3.520 1.276
2.200 0.685
2.400 0.709
1.200 0.685
1.600 0.643
2.000 0.619
1.400 0.674
1.800 0.647
0.080 0.647
0.120 0.588
0.240 0.643
0.400 0.657
0.320 0.664
0.760 0.685
0.920 0.674
0.640 0.688
0.880 0.685
0.520 0.698
4.200 0.568
3.720 0.716
3.800 0.671
4.000 0.557
3.680 0.719

L>8on

x. \= Ipc

1.600 0.643
1.800 0.626
1.400 0.660
1.000 0.678
1.200 0.674
0.920 0.695
0.640 0.688
0.880 0.709
0.760 0.678
0.400 0.660
0.080 0.674
0.320 0.671
0.240 0 • 630
0.520 0.702
2.320 0.705
2.800 0.643
3.080 0.771
2.560 0.643
2.880 0.619
2.680 0.619
2.280 0.688
2.960 0.688
2.440 0.685
3.120 1.111
3.320 0.702
3.400 0.705
3.600 0.571
3.280 0.702
3.800 0.568



PRESSURE RESULTS -  LOW REYNOLDS NUMBER -  D * 2 .5 ca

L>2ca

x . t = / P c
0 - 880 0 .6 67

0 - 240 0 .557
0 .3 2 0 0 .561
0 .7 60 0 .6 0 9
0 .4 00 0 .588
0 .64 0 0 .5 9 5
0 .52 0 0 .571
0 .080 0 .581
1 .200 0 .5 85
1 .600 0 .6 09
1 .400 0 .6 36
2 .400 0 .626
2 .68 0 0 .709
2 .04 0 0 .6 16
2 .16 0 0 .6 16
2 .72 0 0 .7 98
2 .56 0 0 .612
1 .920 0 .6 16
1 .880 0 .6 43
2 .4 8 0 0 .6 40
2 .2 80 0 .6 0 2
3 .4 00 0 .561
2 .92 0 0 .6 7 4
3 .0 00 0 .6 4 3
3 .2 0 0 0 .5 44
2 .8 80 0 .6 8 8
2 .8 80 0 .6 88



PRESSURE RESULTS -  D -1.2 Jem  L -3cm

HIGH REYNOLDS NUMBER LOW REYNOLDS NUMBER

X* x.
4.320 2.305 4.320 2.0854.280 1.572 4.280 1.2734.240 1.404 4.240 1.1324.200 1.101 4.200 0.9294.160 0.912 4.160 0.8504.080 0.750 4.080 0.7574.000 0.657 4.000 0.7223.880 0.643 3.880 0.726
3.760 0.716 3.760 0.7573 ■ 640 0.757 3.640 0.774
3.520 0.819 3.520 0.8153.480 0.822 3.480 0.8224.480 0.805 4.480 0.877
4.520 0.791 4.520 0.839
4.600 0.695 4.600 0.781
4.720 0.636 4.720 0.722
4.800 0.602 4.800 0.6985.000 0.571 5.000 0.6543.160 0.853 3.160 0.850
2.360 0 ■ 636 2.360 0.719
2.120 0.667 2.120 0.726
2.520 0.595 2.520 0.688
2.760 0.599 2.760 0.685
2.920 0.722 2.920 0.774
1.960 0.678 1.960 0.767
1.320 0.702 1.320 0.746
1.520 0.688 1.520 0.722
1.680 0.691 1.680 0.7460.080 0.764 0.080 0.760
0.120 0.729 0.120 0.781
0.240 0.729 0.240 0.753
0.320 0.746 0.320 0.791
0.520 0.712 0.520 0.7810.640 0.712 0.640 0.7810.720 0.722 0.720 0.784
0.800 0 ■ 736 0.800 0.805
0.880 0.743 0.880 0.795



HEAT TRANSFER RESULTS -  HIGH REYNOLDS NUMBER -  D -2 .5cm

]>6cm L>4oa

X, q (W/c m )

4 .320 22.360
4 .280 15.460
4 - 200 12.560
4 .120 7 .860
4 .000 6 .280
3 .800 2 .800
3 .600 3 .120
3 .480 4 .020
3 .200 4 .060
2 .200 2 .000
1 .200 1.360
0 .800 0 .920
0 .600 2 .360
0 .400 1.800
0 .200 0 .920

x.
3.520 21.020
3.480 12.120
3.400 8.440
3.320 5.860
3.200 5.020
3.000 2.200
2.800 2.720
2.720 3.560
2.680 3.560
1.200 1.480
2.200 3.400
0.800 1.400
0.600 2.880
0.400 2.000
0.200 0.640

L« 2cm

x. q(W/cm]
2.720 15.520
2.680 7.920
2.600 5.680
2.520 4.120
2.400 3.340
2.200 1.360
2.000 1.380
1.920 2.600
1.880 2.060
1.200 2.180
0.800 1.460
0.600 2.260
0.400 1.800
0.200 0.560

L/D qy/Dr0Oft(W /̂ )
2.400 22.378
1.600 21.022
0.800 14.267
2.000 23.244
1.200 20.756



HEAT TRANSFER RESULTS -  LOW REYNOLDS NUMBER -  D «2.3cm

L«6c L>4oa

X q (w /o rO
4 .3 2 0 10.060
4 .2 8 0 4 .7 6 0
4 .2 0 0 3 .4 4 0
4 .1 2 0 2 .5 2 0
4 .0 0 0 1 .800
3 .8 0 0 0 .6 6 0
3 .6 0 0 0 .4 8 0
3 .5 2 0 0 .8 0 0
3 .4 8 0 1 .000
3 .2 0 0 1 .280
2 .2 0 0 0 .600
1 .2 0 0 0 .3 4 0
0 .800 0 .080
0 .6 0 0 0 .4 2 0
0 .4 0 0 0 .3 4 0
0 .2 0 0 0 .2 8 0

L*2cm

X q (W /cm)
3 ■ 520 6 .280
3 .480 3 ■ 360
3 .400 2 .1 60
3 .320 1 .560
3 .200 1 .240
3 .000 0 .4 00
2 .800 0 .2 8 0
2 .720 0 .6 80
2 .680 0 .5 8 0
1.200 0 .2 20
2 .200 0 .600
0 .800 0 . 340
0 . 600 0 .5 60
0 .400 0 .4 00
0 .200 0 .2 00

X q (W/err?)
2.720 3.260
2.680 1.580
2.600 1.000
2.520 0.760
2.400 0.440
2.200 0.160
2.000 0.140
1.920 0.240
1.880 0.280
1.200 0.340
0.800 0.200
0.600 0.380
0.400 0.300
0.200 0.120

L/D
2 .400  
1.600  
0 .800  
2 .000  
1 .200

10.067  
6 .1 3 3
2 .7 33  
8 .6 22
4 .7 3 3


