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ABS TRACT

I t  was f e l t  t h a t  by a t t a c h i n g  a p o r o u s  m a t r i x  t o  a r i g i d  
b a s e  w i t h  m e t e r i n g  h o l e s  o r  s l o t s ,  t h e s e  m a t e r i a l s  would  
become more v i a b l e  i n  t r a n s p i r a t i o n  c o o l i n g .  Such an 
a l t e r a t i o n  was e x p e c t e d  t o  a f f e c t  t h e  mean v e l o c i t y  
p r o f i l e  o f  t h e  i n j e c t e d  t u r b u l e n t  b o u n d a r v  l a y e r .  T h i s ,  
a n d  t h e  more  b a s i c  s t u d y  o f  t u r b u l e n t  t r a n s p o r t ,  r e q u i r e d  
a t t e n t i o n .  An i n v e s t i g a t i o n  o f  t h e  l i t e r a t u r e  showed t h a t  
a l t h o u g h  a g r e a t  d e a l  o f  work h a d  b e e n  d o n e ,  t h e r e  was 
l i t t l e  t o  compar e  w i t h  t h e  p r e s e n t  p r o b l e m .

A w in d  t u n n e l  was d e s i g n e d  a n d  c o n s t r u c t e d  w hi ch  p r o d u c e d  
a 2-D i n c o m p r e s s i b l e  t u r b u l e n t  s h e a r  l a y e r  on a p o r o u s  
p l a t e ,  t h r o u g h  w h i c h  a s e c o n d a r y  s t r e a m  was i n j e c t e d .  A 
f l o w  s i t u a t i o n  w i t h  a s t e p  c h a n g e  i n  i n j e c t i o n  was t h u s  
m o d e l l e d .  A ma i n  s t r e a m  v e l o c i t y  o f  21 m/s  ( c o r r e s p o n d 
i n g  t o  R e _ = 1 , 1 7 8  x 1 0 * ) ,  a n d  an a v e r a g e  i n j e c t i o n  r a t i o  
( v w/ V j  o f  0 , 0 1 7 ,  was a t t a i n e d .  R e s u l t s  i n d i c a t e d  t h a t  
b l o c k a g e  b e l o w t h e  p o r o u s  s u r f a c e  r e s u l t e d  i n  an a p p a r e n t l y  
h i g h e r  i n j e c t i o n  r a t i o  f o r  t h e  same t o t a l  f lo w r a t e .

To f u r t h e r  t h e  u n d e r s t a n d i n g  o f  t u r b u l e n t  t r a n s p o r t ,  a 
p rogramme was w r i t t e n  wh i ch  s o l v e d  t h e  momentum e q u a t i o n .  
The e d d y - v i s c o s i t y  f o r m u l a t i o n  s u g g e s t e d  by C e b e c i  was 
t e s t e d  i n  t h i s  s o l u t i o n .  I t  c o u l d  be u s e d  t o  c a l c u l a t e  
t h e  v e l o c i t y  p r o f i l e s ,  w i t h  v a r y i n g  i n j e c t i o n  and p r e s 
s u r e  g r a d i e n t s ,  o f  c i t h e r  l a m i n a r  o r  t u r b u l e n t  e x t e r n a l  
b o u n d a r y  l a y e r s .

A n u m e r i c a l l y  c a l c u l a t e d  p r o f i l e  and  t h e  e x p e r i m e n t a l  
r e s u l t s  o f  a n o t h e r  r e s e a r c h e r  c ompar ed  v e r y  w e l l .  The 
t r e n d  f o r  t h e  ' t r a n s i t i o n '  r e g i o n  f rom f l a t  p l a t e  t u r b u 
l e n t  f l o w  t o  t h e  i n j e c t e d  t u r b u l e n t  b o u n d a r y  l a y e r  was 
e s t a b l i s h e d  e x p e r i m e n t a l l y ,  and  r e f l e c t e d  i n  t h e  c o m p u t e r



g e n e r a t e d  p r o f i l e s . E x a c t  c o m p a r i s o n  was n o t  p o s s i b l e , 
o wi ng  t o  l a c k  o f  t i m e  t o  r e w r i t e  p a r t  o f  t h e  programme.

E x p e r i m e n t a l  r e s u l t s  wer e  c r o s s - p l o t t e d ,  and  t h i s  i n d i 
c a t e d  t h e  p o s s i b i l i t y  o f  a  s h o r t - c u t  m e t h o d  f o r  d e r i v i n g  
v e l o c i t y  p r o f i l e s  w i t h  i n j e c t i o n .  S k i n  f r i c t i o n  was n o t  
m e a s u r e d  i n  t h e  t e s t s ,  and  was f o u n d  t o  be  v e r y  i n a d e 
q u a t e l y  d o c u m e n t e d  i n  p r e v i o u s  w o r k .  T h i s  m us t  be a v e r y  
i m p o r t a n t  a s p e c t  o f  t h e  i n j e c t e d  t u r b u l e n t  s h e a r  l a y e r ,  
and  r e q u i r e s  f u r t h e r  wor k .

A p r e l i m i n a r y  i n v e s t i g a t i o n  or t h e  f l o w  i n  t h e  p o r o u s  
m a t r i x ,  e s p e c i a l l y  t h e  s p r e a d  o f  an a x i s ,  mme t r i c  j e t ,  
was d o n e .  I n i t i a l l y  e x p e r i m e n t  was e x p e c t e d  t o  p r e c e d e  
a n a l y s i s ,  and  a r i g  was b u i l t  f o r  f u t u r e  r e s e a r c h .
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C H A P T E R  1

INTRODUCTION

The n e e d  f o r  c o o l i n g  e n g i n e e r i n g  c o m p o n e n t s  becomes  n e c e s s a r y  
when t h e  c o m p o n e n t s  a r e  i n  a h i g h  t e m p e r a t u r e  e n v i r o n m e n t . 
T h i s  p r o b l e m  f r e q u e n t l y  a r i s e s  i n  f l o w  s i t u a t i o n s . I m p o r t a n t  
e x a m p l e s  a r e  : -  t u r b i n e  b l a d e s  and  c o m b u s t i o n  c ham ber s  i n  j e t  
e n g i n e s , e x p o s e d  s u r f a c e s  o f  s u p e r s o n i c  v e h i c l e s  s u c h  as a i r 
c r a f t ,  m i s s i l e s  a n d  s p a c e  c r a f t . A f u r t h e r  e x am p l e  i s  t h e  
l i n i n g  o f  n u c l e a r  r e a c t o r s . At  p r e s e n t , t u r b i n e  vanes  and 
b l a d e s  a r e  f i l m  c o o l e d  by  b l o w i n g  c o o l  a i r  t h r o u g h  d i s c r e t e  
h o l e s  n e a r  t h e  l e a d i n g  and  t r a i l i n g  e d g e  o f  t h e  b l a d e s .
T h i s  i s  a v e r y  i m p o r t a n t ,  a p p l i c a t i o n ,  b e c a u s e  t h e  e f f i c i e n c y  
o f  t h e  e n g i n e  i n c r e a s e s  w i t h  c y c l e  t e m p e r a t u r e .

An i m p ro ve me n t  i n  e f f i c i e n c y  c a n  h a ve  a d r a m a t i c  e f f e c t  i n  
i n c r e a s i n g  t h e  r a n g e  o f  a i r c r a f t . S u c i u  (1970)  showed t h a t  
an a i r c r a f t  w i t h  c o n s t a n t  g r o s s  w e i g h t  can  t r a n s p o r t  a p a y 
l o a d  some 40% f u r t h e r  i f  t h e  c y c l e  t u r b i n e  i n l e t  t e m p e r a t u r e  
i s  i n c r e a s e d  f rom 9 50°C t o  1260°C.  M e t a l l u r g i c a l  d e v e l o p 
m e n t s  h a v e  r e s u l t e d  in  much h i g h e r  a l l o w a b l e  m e t a l  t e m p e r a 
t u r e s ,  and  f i l m  c o o l i n g  h a s  a l s o  made a s i g n i f i c a n t  c o n 
t r i b u t i o n  .

The c o o l a n t  w h i c h  i s  i n j e c t e d  t h r o u g h  t h e  p o r o u s  s u r f a c e  
w i l l  c e r t a i n l y  a f f e c t  t h e  b o u n d a r y  l a y e r ,  s k i n  f r i c t i o n , 
a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  an  a e r o f o i l  ( l i f t ,  d r a g )  
a s  w e l l  a s  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t .  I t  was t h e r e f o r e  
d e c i d e d  t h a t  t h e  mass  t r a n s f e r  p r o b l e m  had t o  be  i n v e s t i 
g a t e d  f i r s t .  A g r e a t  d e a l  o f  w o r k ,  b o t h  e x p e r i m e n t a l  and 
s e m i - a n a l y t i c , h a s  b e e n  done  i n  t h i s  f i e l d .  U n f o r t u n a t e l y , 
b e c a u s e  o f  t h e  m a g n i t u d e  o f  t h e  p r o b l e m ,  and t h e  l a r g e  
number  o f  v a r i a b l e s , t e s t s  h a v e  n o t  b e e n  v e r y  s y s t e m a t i c .  
C o n s i d e r a b l e  t h o u g h t  was d e v o t e d  t o  f i l m  c o o l i n g ,  and  t h e



p o s s i b i l i t y  o f  u s i n g  p o r o u s  m a t e r i a l s  f o r  t h e  m a n u f a c t u r e  
o f  t u r b i n e  b l a d e s .  As a r e s u l t ,  an e x p e r i m e n t a l  r e s e a r c h  

programme was e mb ar ked  o n .

I n  p a r t i c u l a r ,  a t u r b u l e n t  b o u n d a r y  l a y e r  was e s t a b l i s h e d  on 
a s m o o t h  f l a t  p l a t e  b e f o r e  i t  r e a c h e d  a p o r o u s  p l a t e ,  whe r e  
t h e  f l o w  e n c o u n t e r e d  i n j e c t i o n .  A c o m p u t e r  programme was 
w r i t t e n  t o  s i m u l a t e  t h i s  s i t u a t i o n .  A d e e p e r  u n d e r s t a n d i n g  
o f  t u r b u l e n t  f l o w  t h u s  became  p o s s i b l e ,  wh ich  i s  n e c e s s a r y  
n o t  o n l y  f o r  t h e  a b o v e m e n t i o n e d  a p p l i c a t i o n s .  I n  t h e  d e s i g n  
o f  a i r  i n t a k e  d u c t s  f o r  a i r c r a f t ,  t u r b u l e n c e  and i n t e r -  
m i t t e n c y  m u s t  b e  a c c o u n t e d  f o r  t o  e n s u r e  t h e  r e q u i r e d  f low 
r a t e .  F u r t h e r  a p p l i c a t i o n s  a r e  b o u n d a r y  l a y e r  c o n t r o l  on 
a i r c r a f t  w i n g s ,  u s i n g  s u c t i o n  o r  i n j e c t i o n ,  and  l ienee d r a g  

r e d u c t i o n .

The wor k  o f  v a r i o u s  a u t h o r s  i s  d i s c u s s e d .  I t  was f o u n d  
t h a t  t h e r e  w e r e  f u n d a m e n t a l  d i f f e r e n c e s  b e t w e e n  t h i s  work 
and  t h a t  o f  o t h e r  r e s e a r c h e r s .  T h i s  made c o m p a r i s o n  v e r y  
d i f f i c u l t .  A new a p p r o a c h  t o  t h e  u s e  o f  p o r o u s  m a t e r i a l s  
i n  t h e  m a n u f a c t u r e  o f  t u r b i n e  b l a d e s  i s  shown.  A s t a b l e  
c o m p u t a t i o n a ]  t e c h n i q u e  was  d e v e l o p e d  and t h e  e x i s t e n c e  of  
a new t w o - p a r a m e t e r  f a m i l y  o f  c u r v e s  f o r  t h e  i n j e c t e d  t u r 
b u l e n t  b o u n d a r y  l a y e r  i s  p r e s e n t e d .
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OBJECT

I n v e s t i g a t i o n  o f  e x i s t i n g  t u r b i n e  b l a d e s  i n  a i r c r a f t  gas  
t u r b i n e s ,  e . g .  P r a t t  and Wh i tn ey  J T 9 , G e n e r a l  E l e c t r i c  CF6 
and  R o l l s  Royce RB211,  showed t h a t  f i l m  c o o l i n g  h a s  become 
an i n t e g r a l  p a r t  i n  t h e . d e s i g n  o f  f i r s t  s t a g e  s t a t o r  v a n e s  
and  r o t o r  b l a d e s .  Imp i ng emen t  c o o l i n g  i s  u s ed  i n  t h e  
s e c o n d  s t a g e .  C l e a r l y ,  t h e  t e c h n o l o g y  f o r  m a n u f a c t u r i n g  
t h e s e  b l a d e s  w i t h  i n t e r n a l  d u c t i n g  i s  f u l l y  d e v e l o p e d .  
W e l d i n g  a p o r o u s  e n v e l o p e  o n t o  a b l a d e  was s u g g e s t e d  by 
G r o o t e n h u i s  ( 1 9 5 9 ) .

B e c a u s e  t h e  p r e s s u r e  d i s t r i b u t i o n  on an a e r o f o i l  w ou ld  
r e s u l t  i n  minimum t r a n s p i r a t i o n  a t  t h e  l e a d i n g  e d g e ,  a 
c o m p l e t e  e n v e l o p e  w ou l d  be  u n s a t i s f a c t o r y .  T h i s  c o u l d  be  
o v e r c o m e  by h a v i n g  p o r o u s  i n s e r t s  a t  t h e  l e a d i n g  e dge  and 
m i d - c h o r d  p o s i t i o n s .  A c o n f i g u r a t i o n  o f  s o l i d  w a l l ,  
f o l l o w e d  by p o r o u s  w a l l  t h u s  a r o s e .  F u r t h e r m o r e ,  t h e  
p o r o u s  w a l l  i s  n o t o r i o u s l y  weak ,  an d  woul d r e q u i r e  t o  be 
b on de d  t o  a s o l i d  w a l l  a t  t h e  i n n e r  s u r f a c e  t o  m a i n t a i n  
t h e  a e r o d y n a m i c  l o a d s .  P o r 0 us inser t

Cool air

P o r o u s  insert
C o n v e c t i o n
c o o l e d

Main s t r e a m

F ig 2 . 1  : c r o s s  s e c t i o m  o f  b l a d e  w i t h  p o r o u s  i n s e r t s
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Mam s t r e a m >

,   marwm t *  ,

I \  A  A  A
Transpiration f low

F i r  1 , 2  : r o u n d a r y  l a y ; r  w i t h  s t e p  change i n  roughness
AND INJECTION

I t  may be  e x p e c t e t  t h a t  t i n  !v i t  t r a n s f e r  1 mm t h e  m e t a l  
t o  t h e  c o o l a n t  would ; impi ved b e c a u s e  t h e  s u r f a c e  a r e a  
i s  g r e a t l y  i n c r e a s e  I in  t h e  p< r ou s  medium.  F u r t h e r m o r e . 
t h e  webs  b e t w e e n  d i s c r e t e  ho 1« s in  f i l m  c o o l i n g  a r c  v e r y  
t h i n  an ! hen o pt or  ' < 1 t i? ; o r  combust  i n .

A g r e a t  d ea l  o f  r e s t  a r c h  h a -  ! een done i n  t c f i e l d  o f
t r a n s p i r  i Mon  v<m l i n g .  Itowe r ,  t h e  e f f c c ' o f  a s h o r t  
poro tv  i s o r t  w i t h  b l o c k n y  c low t h e  p o r o u  mat  r i i  s t i l l  
r e m a i n e d  t o  be r < p l o r e d .

.

was d e s i g n e d . 1 h i s  t na I ' d  ♦ s t s  on a f a t  " d a t e  i n  2 -U
f l o w  t o  be c a r r i e d  n u t . . A o f  d a t a  f o r  u n i f o r m  b l o w i n g

was t o  b" i s t a h  1 ish- d , * i t h  v h i c h  r e s u l t s  I m n o n - u n i f o r m  
i n j e c t i o n  c o u l d  ho <.:< p a r i ' d .

I he f i r s t  s t a g e  was t o  ' O n s i d c r  o n l y  t h e  e f f e c t  o f  s ud d en  
mass t r a n s f e r  i n t o  m  t a n !  i sl ied t u r b u l e n t  b o u n d a r y  l a v e r ,  
w i t h o u t  h e a t  t r a n s f e r .

The s p r e a d  o f  d i e  j e t  o f  c o o l m t  from t h e  r e s t r i c t e d  i n n e r  
p o r o u s  s u r f a c e  to  t h e  open e x p o s e d  s u r f a c e  c l e a r l y  i s  an 
i m p o r t a n t  c o n s i d e m t  i on .
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r evi e w  of  l i t e r a t u r e  on the  turbulent  boundary
LAYER WITH INJECTION

3 . 1  I n t r o d u c t i o n

One o f  t h e  e a r l i e s t  p a p e r s  t o  a p p e a r  on t r a n s p i r a t i o n  c o o l 
i n g  was p u b l i s h e d  by Duvez and W h e e l e r  ( 1 9 4 8 ) .  The a u t h o r s  
c o n c e n t r a t e d  on a p o r o u s  t u b e  w i t h  h i g h  t e m p e r a t u r e  a x i a l  
f l o w  and  c o l d  a i r  i n j e c t i o n  t h r o u g h  t h e  w a l l s .  T h e i r  
r e s u l t s  c om pa r ed  w e l l  w i t h  t h a t  o f  K r i e g  ( 1 9 7 5 ) .  In  1956 
M i c k l e y  and D a v i s  f o l l o w e d  w i t h  an e x t e n s i v e  e x p e r i m e n t a l  
i n v e s t i g a t i o n  w h i c h  i s  s t i l l  u s e d  f o r  q u a l i f y i n g  r i g s , and  
f o r  c o m p a r i s o n  w i t h  a n a l y t i c a l  o r  c o m p u t e r  p r o f i l e s .  
C h e m i c a l  e n g i n e e r s  h a v e  shown g r e a t  i n t e r e s t  i n  f l u i d i z e d  
b e d s , i e .  t h e  f l o w  i n s i d e  a p o r o u s  m a t r i x .  T h i s  l a t t e r  
l i n e  o f  i n v e s t i g a t i o n  was c o n s i d e r e d  r e l e v a n t  t o  t h e  p r e 
s e n t  work  ( s e e  A p p e n d i x  A3) .  The r e s e a r c h  may be c a t e 
g o r i s e d  as  f o l l o w s  :

( i )  F l u i d i z e d  b e d s ;

( i i )  T u r b u l e n t  b o u n d a r y  l a y e r s  w i t h  s u c t i o n  o r  i n j e c t i o n  
a t  t h e  w a l l  :

a )  i n  c h a n n e l s
b)  i n  t u b e s
c )  on a f l a t  p l a t e .

Each o f  t l  5s e  may be  f u r t h e r  s u b d i v i d e d  i n t o  e x p e r i m e n t a l , 
a n a l y t i c  and  n u m e r i c a l  r e s u l t s ,  w i t h  o r  w i t h o u t  h e a t  t r a n s 
f e r ,  and i n t o  c o m p r e s s i b l e  o r  i n c o m p r e s s i b l e  f l o w .

No t e  t h a t  i n j e c t i o n  t h r o u g h  d i s c r e t e  h o l e s  o r  s l o t s  h a s  
e n j o y e d  much a t t e n t i o n  ( e . g .  H a r t n e t t  ei  a l  1 9 6 1 ) ,  b u t  i s  
n o t  r e p o r t e d  on h e r e .
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3 . 2 E x p e r i m e n t a l  Work

As m e n t i o n e d  a b o v e ,  t h e  f i r s t  t ho ro ug h e x p e r i m e n t a l  i n v e s t i 
g a t i o n  was t h a t  o f  M i c k l e y  and D a v i s  ( 1 9 5 6 ; .  Free  s tream  
v e l o c i t i e s  ranged from 5 , 2  m/s t o  1 8 , 3  m / s ,  Rex  from 4 x 10" 
t o  3 x 1 0 6 and x \ J  Vm v a l u e s  o f  0 ;  >,001;  0 , 0 0 2 ;  0 , 0 0 3 ;  0 , 0 0 5
and 0 , 0 1 0 .  They found t h a t  t h e  boundary l a y e r  d e c r e a s e d  i n  
t h i c k n e s s  n e a r  t h e  o u t l e t  o f  t h e  t u n n e l .  T h i s  l a t t e r  problem  
was overcome by addi ng  a f lo w d i v i d e r  t o  t he  o u t l e t  o f  t h e  
t u n n e l . The e s t i m a t e d  v a l u e s  o f  a f /2 were shown p l o t t e d  
a g a i n s t  R e ^ .  Where e f  t e n de d  t o  0 or t o  n e g a t i v e  v a l u e s ,  
t h e  r e s u l t s  were n o t  r e p o r t e d .  T h i s  o c c u r r e d  at  v a l u e s  o f  
F = 5 x 1 0 " 3 and ab o ve .  N e g a t i v e  c ^  would i n d i c a t e  r e v e r s e  
f l o w ,  h o w e v e r ,  as  w i l l  be d i s c u s s e d  l a t e r ,  t h i s  i .ecd n o t  he 
t h e  c a s e .  Up t o  F -  3 x l C r \  t h e  v a l u e s  o f  c f  compare w i t h  
t h o s e  p r e d i c t e d  by McQuaid ( 1 9 6 7 ) ,  i f  t h e s e  c u r v e s  a r e  e x t r a p -  
o l a t e d .  T h e i r  p l o t  o f  t /  vs  l o g  y* f i t t e d  t he  u n i v e r s a l  
t u r b u l e n t  boundary l a y e r  p r o f i l e  a c c e p t a b l y .  Graphs o f  %/%„ 
vs  z//6 were  shown f o r  F » 0 , 0 0 3  and = 0 , 0 0 5 .  Io p r e d i c t  
t h e s e  p r o f i l e s ,  i t  was n e c e s s a r y  to  a l l o w  k , t he  m i x i ng  
l e n g t h  c o n s t a n t ,  t o  v a r y ,  k i n c r e a s e d  w i t h  / • I he t r e n d  , 
t o d a y  i s  t o  assume k c o n s t a n t , and t o  i n t r o d u c e  a i m . r t i c n

i n  vu-

G r o o t e nh ui s  ( 1959)  c o n c e n t r a t e d  on heat  t r a n s f e r ,  as d id  
most  e a r l y  i n v e s t i g a t o r s .  Appart  from t he  e x p e r i m e n t a l  

: r e s u l t s  and c o r r e l a t i o n ,  t h i s  paper  p o i n t s  out  numerous
a p p l i c a t i o n s  o f  e f f u s i o n  c o o l i n g ,  d i s c u s s e s  t y p e s  ot 
porous  m a t e r i a l s ,  shows thermal  c o n d u c t i v i t y  vs  p o r o s i t y  
f o r  s i n t e r e d  bron ze  and s t a i n l e s s  s t e e l ,  and t h e  i n t e r n a l  
h e a t  t r a n s f e r  c o r r e l a t i o n  for  porous  b r o n z e .  A l i s t  i s  
g i v e n  o f  m a n u f a c t u r e r s  o f  porous  m a t e r i a l s ,  both s i n t e r e d  
and woven,  t h e  v a r i o u s  g r a d e s ,  t h e i r  p o r o s i t y  and U.T. S.
Bl ade  d e s i g n s  were s u g g e s t e d ,  but  r e q u i r e d  a c om p l e t e  
porous  e n v e l o p e , s p o t  we l ded  t o  a h o l l o w  stem ( s e e  1 i g  3 . 1 ) .



Porous  
e n v e lo p e

F ig \ ] : proposed n r si gn  for a porous tufti ne  blade
OP VANE

'

T h e i r  r e s e a r c h  was to e s t a b l i s h  a b a s i s  o f  e x p e r i m e n t a l  
d a t a  for  skin  f r a c t i o n  :ind I.- it t r a n s f e r .  Reynolds  number,  
b l o w i n g  f r a c t i o n  and S tant on  number were v t r i e d  sys t emat  i 
c a l l y  on a f l a t ,  r o m m  n l a t e .  I b i s  f l o o r  t as s up po rt e d  on 
2-i plenum chambers which i l l r id F t o  be c o n t r o l l e d  as a 
f u n c t i o n  o f  x .  ] 1*c t r i c  heat rs were i n s t a l l e d  be l ow t h e  
porous  p l a t e s ,  so t h a f the  t r i n s p i r a t i o n  f low c o u l d  be 
h e a t e d .  Th i s  a n f o r t n i v i t e l  \ t s u i t s ,  f o r  an i n j e c t e d  
boundary l a y e r ,  in an i n c o r i c i  *: t e mp er at u re  p r o f i l e .
R e s u l t s  were p t c e e n t e d  f or  t f a n t o n  number \ t ry ing w i t h  
b l o wi n g  f r a c t i o n ;  t h e s e  \ s l u e s  showed good c o r r e l a t i o n .

I he second part  o f  t h i s  v irk \ is r e p o r t e d  by Simpson n t i t  
( 1 9 6 9 ) .  SI in f r i c t i o n  t o s u l t s  were p r e s e n t e d  f o r  v., c o n 
s t a n t ,  . « x ,  ’ . «« x ~ r> and o., « x ~ 0,5. a was p r e s e n t e d
as n f u n c t i o n  o f  A?"/; f,- / '  I. V a r i o us  t e c h n i q u e s  f o r

J ^
c a l c u l a t i n g  c r f tom p r o f i l e  data were s u g g e s t e d .  These  
i n c l u d e d  a momentum i n t e g r a l  e q u a t i o n  method,  v i s c o u s  
s u b l a y e r  model method and the h e a t  t r a n s f e r  a n a l o g u e  
method,  which was the o n l y  me I hod t o  y i e l d  r e s u l t s  f o r



b l o w i n g  f r a c t i o n s  above  0 , 0 0 7 8 .  I n d i c a t i o n s  w e r e  t h a t  f o r  
b [ -  fn"/G ( c y ^ / 2 )  ] g r e a t e r  t h a n  4 ,  c ^  t e n d e d  t o  z e r o .  S u r f a c e  
r o u g h n e s s  was n o t  i n c l u d e d  i n  t h e  s x i n  f r i c t i o n  c a l c u l a t i o n s

S c h e t z  a n d  N er n e y  (1977)  p e r f o r m e d  t e s t s  on an  a x i s y m m e t r i c  
m o d e l .  A s k i n  f r i c t i o n  b a l a n c e  was b u i l t  i n t o  t h e  p o r o u s  
w a l l  : t h e  f l o a t i n g  e l e m e n t  had  i t s  own t r a n s p i r a t i o n  s u p p l y  
A c r y s t a l  s t r a i n  g a u ge  was a t t a c h e d  t o  t h e  f l o a t i n g  e l e m e n t  
s u p p o r t . The v e l o c i t y  p r o f i l e s  w e r e  o b t a i n e d  w i t h  a p i t o t  
r a k e .  I t  was m e n t i o n e d  t h a t  t h e  e f f e c t  o f  r o u g h n e s s  s h o u l d  
f i r s t  be  a s c e r t a i n e d  f o r  t h e  p o r o u s  w a l l  w i t h o u t  i n j e c t i o n  
or  s u c t i o n .  N o t e  t h a t  t h e  f l o a t i n g  e l e m e n t  i s  one  o f  t h e  
more a t t r a c t i v e  t e c h n i q u e s  f o r  m e a s u r i n g  s k i n  f r i c t i o n .
Once t r u e  v a l u e s  a r e  e s t a b l i s h e d ,  s e m i - a n a  l y t i c  me t ho ds  
may be t e s t e d  a g a i n s t  t h e s e .  I t  was f ou nd  t h a t  b l o w i n g  
t h r o u g h  t h e  p o r o u s  f l o a t i n g  e l e m e n t  made no d i f f e r e n c e  t o  
t h e  r e s u l t s . The p o r o u s  w a l l  w i t h o u t  i n j e c t i o n  showed 
s i g n i f i c a n t l y  h i g h e r  v a l u e s  o f  a f  t h a n  t h e  e q u i v a l e n t  
s m o o t h  w a l l .  The r o u g h n e s s  i n c r e a s e d  t h e  t u r b u l e n c e  
i n t e n s i t y  i n  t h e  b o u n d a r y  l a y e r .  W i t h  t h e  new s k i n  f r i c 
t i o n  r e s u l t s ,  t h e  l aws  o f  t h e  w a l l , one  by S i m p s o n ,  one 
by S t e v e n s o n ,  c o u l d  be  t e s t e d . I t  was  shown e x e a t l y  t h a t  
t h e s e  l aws  a r e  i n a d e q u a t e .  The " d e d u c t i v e "  a p p r o a c h  o f  
Van D r i e s t  ( 1956)  c o u l d  n o t  be e x t e n d e d  as  had  b e e n  s u g 
g e s t e d ,  b u t  a new f o r m u l a t i o n  u s i n g  t h e  R e i c h a r d t  model  
{pe = x pv[ i / + - y , t a n h  (y Jy  ^) J was p r e s e n t e d .  i h i s  
new a p p r o a c h  s h o u l d  y i e l d  s i g n i f i c a n t l y  b e t  t o i  i c s u l t s .

3 . 3  A n a l y t i c a l  Developmen t s

B e f o r e  commencing t h i s  s u b s e c t i o n ,  i t  s h o u l d  be n o t e d  t h a t  
t u r b u l e n t  f l ow  i s  o f  s u c h  a random n a t u r e  t h a t  any a n a l y s i s  
mus t  c o n t a i n  e m p i r i c a l  o r  e x p e r i m e n t a l l y  d e t e r m i n e d  c o n 
s t a n t s .  When c o n s i d e r i n g  q u a n t i t i e s  such  as  v e l o c i t y ,  a 
t i m e  b a s e d  a v e r a g e  v a l u e  i s  i m p l i e d .



mm

M i c k l e y  and D a v i s  (1956)  c o n c e n t r a t e d  on e x p e r i m e n t a l  
w o r k ,  and  t h e  d e t e r m i n a t i o n  o f  c f . T h i s  was done  by 
e v a l u a t i n g  d Q / d x ,  and  s o l v i n g  f o r  af  f rom :

aG &  + f ,  + ^    [ 3 . 3 . 1 ( a ) ]

F o r  n e g l i b l e  p r e s s u r e  g r a d i e n t , t h i s  r e d u c e s  t o

d 6 „ = 3 i - 2 « U    [ 3 . 3 . 1 ( b ) ]
d X  l/oo P ooV aa  ^

The d i f f i c u l t y  u n f o r t u n a t e l y  l i e s  i n  d e t e r m i n i n g

The r e m a i n d e r  o f  t h e  a n a l y s i s  a t t e m p t e d  t o  e x t e n d  t h e  m i x i n g  
l e n g t h  t h e o r y  f o r  f l o w  w i t h  ^  '  O'  R e a s o n a b l e  c o r r e l a t i o n  
was o b t a i n e d  up t o  F = 0 , 0 0 5 ,  b u t  < was no l o n g e r  c o n s t a n t ,  
b u t  i n c r e a s e d  w i t h  F.  To p l o t  e x p e r i m e n t a l  d a t a  n o n - d i m e n -  
s i o n a l i z e d  w i t h  r e s p e c t  t o  ^ 1= q u a n t i t y  i s  c a l -
c u l a t e d  f rom s e m i - a n a l y t i c  c o n s i d e r a t i o n s ,  seems v e r y  
u n s a t i s f a c t o r y .  Only i f  Ty i s  m e a s u r e d  d i r e c t l y  can  an 
e s t i m a t e  o f  t h e  r e l i a b i l i t y  o f  t h e  a n a l y s i s  b e  made.

I t  was a s sumed  t h a t  t h e r e  was o n l y  a l a m i n a r  s u b l a y e r  and 
a t u r b u l e n t  r e g i o n  ( i e .  no b u f f e r  l a y e r ) ,  w i t h  a t r a n s i t i o n  
p o i n t  a t  y a . As do mos t  r e s e a r c h e r s ,  t h e y  assumed t h e  p r e 

d o m i n a n c e  o f  t h e  v w6 u / 6 y  t e r m  i n  t h e  e q u a t i o n

( u  + » l ( i T - y - j  .................  [ 3 . ^ . 2 ]
u 6x  6 t/ p v y dx

F o r  an i n c o m p r e s s i b l e  l a y e r ,  t h e  f o l l o w i n g  e x p r e s s i o n s  

w e r e  o b t a i n e d  :

S u b l a y e r  3 2 ^  1 « U  + ^
................ [ 3 . 3 . 3 ]

T u r b u l e n t  r e g i o n  i n  ^  -  I n  ^  -  2 ^  [ t l  * 5

.. (1 + V ^ ) l ]  . . . .  [ 3 . 3 . 4 ]
UT 2
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B l a c k  and  S a r n e c k i  (1958)  a p p r o a c h e d  t h e  p r o b l e m  i n  a v e r y  
s i m i l a r  m a n n e r . The m i x i n g  l e n g t h  was c o n s i d e r e d  p r o p o r 
t i o n a l  t o  d i s t a n c e  f rom t h e  w a l l ,

[ 3 . 3 . 5 ]

As sumi ng  i n c o m p r e s s i b l e , two d i m e n s i o n a l  f l o w ,  P r a n d t l 1s 
b o u n d a r y  l a y e r  e q u a t i o n  [ 3 . 3 . 2 ]  a b o v e ,  a g a i n  f o rms  t h e  
f o u n d a t i o n  oC t h e  a n a l y s i s , w i t h  v w&u/Sy  a d o m i n a n t  t e r m.

The c o n t i n u i t y  e q u a t i o n  i s  + = 0   [ 3 . 3 . 6 ]3 ^

'&y

w i t h  b o u n d a r y  c o n d i t i o n s  u -  0 , v = a + : / = 0  [ 3 3 8 ]

an^i t h e  s h e a r  i s  t / p * - u rTTr    [ 8 . 3  7 ]

C l o s e  t o  t h e  w a l l ,  w i t h  d p / d x  » 0 ,  e q u a t i o n  [ 3 . 3 . 2 ]  
r e d u c e s  t o

_ 1 6 t
Vt> ~ p ZU   [ 3 . 3 . 9 ]>y

[ 3 . 3 . 9 ]  was i n t e g r a t e d ,  t o  y i e l d  :

T - T v
vwu = p   [ 3 . 3 . 1 0 ]

and  u s i n g  t h e  d e f i n i t i o n  -~,J ~ u 2     [ 3 . 3 . 1 2 ]
P

[ 3 . 3 . 1 2 ]  was o b t a i n e d  : -

“t 2 * V  ‘  V p   [ 3 . 3 . 1 2 ]

The momentum i n t e g r a l  e q u a t i o n  f o r  t h e  t r a n s p i r e d  b o u n d a r y  
l a y e r  i s  t h u s  :

&  fW. ' G;  +   [ 3 . 3 . 1 3 ]

I : . . *  »
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U s i n g  t h e  v o r t i c i t y  t r a n s f e r  t h e o r y  o f  G . I .  T a y l o r  w i t h  
Z = r e s u l t e d  i n  an e x p r e s s i o n  w h i c h , f o r  y = 0 , d i d  
n o t  r e d u c e  t o  t h e  g e n e r a l l y  a c c e p t e d  l aw f o r  f l a t  p l a t e  
f l o w .  P r a n d t l ' s  momentum t r a n s f e r  t h e o r y  i n  c o n j u n t i o n  
w i t h  a l i n e a r  m i x i n g  l e n g t h  y i e l d e d  wha t  B l a c k  and S a r n e c k i  
(19 58) c a l l e d  t h e  h i  l o g a r i t h m i c  l aw .  T h i s  r e f e r r e d  t o  t h e  
s q u a r e d  l o g a r i t h m i c  t e r m  i n  t h e i r  e x p r e s s i o n ,  d e r i v e d  as  
f e l l o w s  :

S u b s t i t u t e  t h e  momentum t r a n s f e r  f o r m u l a t i o n ,

p = K V C f - ) 2   [ 3 . 3 . 1 4 ]

i n t o  [ 3 . 3 . 1 2 ]  :

mt 2 + v wu = k V ( ^ 7 ) 2   [ 3 . 3 . 1 5 ]

From [ 3 . 3 . 9 ] ,

j i f . _ l _ . 4 l .  I  § l l L P l

S 2 + V  = ^  32   [ 3 . 3 . 1 6 ]

( “ x ” * V 1 ’    [ 3 . 3 . 1 7 ]

T h i s  i n t e g r a t e s  t o  :

UT ‘ * vy u ” 1» y / d ) 7   [ 3 . 3 . 1 8 ]

w h e r e  d i s  a c o n s t a n t  o f  i n t e g r a t i o n .

T . q u a t i o n  [ 3 . 3 . 1 8 ]  i s  e x p e c t e d  t o  h o l d  f o r  2-D i n c o m p r e s s i b l e  
f l o w ,  w i t h  6 p / 6 y  n e g l i g i b l e  ( P r a n d t l ' s  a s s u m p t i o n  f o r  [ 3 . 3 . 2 3 ,  
a nd  a t h i n  l a m i n a r  s u b l a y e r .

I  ■
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[ 3 . 3 . 1 8 ]  was e x p r e s s e d  i n  a m an ne r  w h i c h  a l l o w s  b o t h  
a nd  d t o  b e  d e t e r m i n e d  f r o m  t h e  s l o p e  an d  t h e  i n t e r c e p t  
on t h e  o r d i n a t e  o f  a s t r a i g h t  l i n e  d rawn t h r o u g h  t h e  
e x p e r i m e n t a l  p o i n t s  i n  t h e  b i l o g  r e g i o n .  k was t r e a t e d  

a s  a u n i v e r s a l  c o n s t a n t .

Thus

-  (2 ; r  >  l n ^ ) l n ^    [ 3 . 3 . 1 9 :

L e t  ^ ^  l n ^  = 7 ;    [ 3 . 3 . 2 0 ]

. = -  1 - V  2% I h> -    [ 3 . 3 . 2 1 ]
l  2 k  L „  v

P .
2   [ 3 . 3 . 2 2 ]

t h e n  |  y„j2 = ( n ^ 7 -  p .̂7 ) + 2n i Y{   [ 3 . 3 . 2 3 ]
CO

C l e a r l y ,  i f  ™  - Y ..2 i s  p l o t t e d  a g a i n s t  , and  a s t r a i g h t  
l i n e  i s  f i t t e d  t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s , t h e  s l o p e  
w o u l d  be  2n . ,  and t h e  o r d i n a t e  i n t e r c e p t  n . 7 -  . T h i s
t e c h n i q u e  h a s  numer ous  a d v a n t a g e s  o v e r  t h a t  o f  M i c k l e y  and  
D a v i s  b e c a u s e  t h e  v e l o c i t y  s c a l e  i s  now t h e  known, m e a s u r e d  
v a l u e d  o f  U^,  r a t h e r  t h a n  u.r , o b t a i n e d  f rom t h e  momentum 
i n t e g r a l  e q u a t i o n .  dQ/ d~  c o u l d  be  c a l c u l a t e d  1rom :

U = u 2 + v U   [ 3 . 3 . 2 4 ]co ax  t  u °o

( 3 . 3 . 1 3  f o r  d U j d x  “  0 )

2 + i )    [ 3 . 3 . 2 5 ]



F o r  v a l u e s  o f  F > 0 , 0 0 5 ,  i t  was  f o u n d  t h a t  t h e  w a l l  s h e a r  
v e l o c i t y  became i m a g i n a r y ,  i e .  p . 2<0.  T h i s  g a ve  a r < 0 , which  
was w h a t  M i c k l c y  and  D a v i s  (1956)  f o u n d ,  b u t  a s c r i b e d  t o  
e x p e r i m e n t a l  e r r o r . I t  i s  v e r y  i m p o r t a n t  t o  n o t e  t h a t  i n  t h e  
a b o ve  t e c h n i q u e , n e g a t i v e  a ^  do es  n o t  i m p l y  r e v e r s e d  f l o w ,  as  
was  f o u n d  i n  u n - i n j  e c t e d  f l o w s  w i t h  a d v e r s e  p r e s s u r e  g r a d i e n t ,

T h i s  l e n g t h y  d i s c u s s i o n  h a s  b e e n  g i v e n  b e c a u s e  t h e  b i l o g  
t e c h n i q u e  i s  u s e d  f o r  c o m p a r i n g  t h e  p r e s e n t  r e s u l t s  w i t h  
t h o s e  o f  M i c k l e y  and D a v i s  ( 1 9 5 6 ) .  V a l u e s  o f  « T wer e  n o t  
r e p o r t e d ,  a s  t h e y  w e r e  i m a g i n a r y , and  wer e  o n l y  n e e d e d  f o r  
t h e  g r a p h i c a l  p r e s e n t a t i o n .  S u r f a c e  r o u g h n e s s  was men
t i o n e d  i n  t h e  p a p e r , b u t  d i d  n o t  f e a t u r e  i n  t h e  a n a l y s i s .

McQuaid (1967)  i n t r o d u c e d  i n t e n i t t e n c y  i n t o  h i s  f o r m u l a t i o n .
A two p a r a m e t e r  f a m i l y  o f  c u r v e s  was m e n t i o n e d ,  b u t  n o t  g i v e n  
i n  t h i s  p a p e r . The v e l o c i t y  p r o f i l e s  g e n e r a t e d  f rom t h e  
f a m i l y  w e r e  co mp ar e d  w i t h  some e x p e r i m e n t a l  d a t a .  R e s u l t s  
w e r e  g o o d , a l s o  when f i t t e d  t o  t h e  M i c k l e y  and  D a v i s  r e s u l t s .

The law o f  t h e  w a l l  f o r  t> = 0 i s

™    [ 3 . 3 . 2 6 ]

T h i s  c o u l d  be  e x t e n d e d  f o r  i n j e c t e d  f l o w s  by a d d i n g  v w, e . g .

« _  = Hit)

T >   [ 3 . 3 . 2  7]
o r v , •' v ’ u _ JW T

a nd  t o  i n c l u d e  s u r f a c e  r o u g h n e s s

u
U T  V V

i e .  u+ = f ( y  + , + , % + )
[ 3 . 3 . 2  8 ]

)



McQuai d ,  h o w e v e r , s u g g e s t e d  a  f u n c t i o n  u s i n g  as  a 
v e l o c i t y  s c a l e , and r e t a i n e d  w a l l  s h e a r  i n  t h e  t e r m  c^., 
t h u s  :

u
U.CO

[ 3 . 3 . 2 9 ]

a nd

[ 3 . 3 . 3 0 ]

( 6  ̂ was d e f i n e d  as  " t w i c e  t h e  d i s t a n c e  f rom t h e  w a l l  t o  
t h e  p o s i t i o n  wh er e  Y = 0 , 5 " ) .

McQuaid a s sumed  t h e  l aw p r e s e n t e d  by B l a c k  an d  S a r n e c k i  
f o r  t h e  s u b l a y e r  [ 3 . 3 . 3 ] ,  a n d  m o d i f i e d  S t e v e n s o n ' s  ' l a w  o f  
t h e  w a l l '  f o r  t h e  t u r b u l e n t  r e g i o n  w i t h  s u c t i o n  o r  i n j e c t i o n

A p r e s s u r e  g r a d i e n t  t e r m  was a l s o  d e r i v e d ,  and  was shown to  
b e  a n a l o g o u s  t o  t h e  p r e s s u r e  g r a d i e n t  t e r m  f o r  unb l own f l o w s . 
T h i s  was g i v e n  as  :

I t  was  f o u n d  t h a t  t h e  model  g a v e  good a g r e e m e n t  p r o v i d e d  
- 0 , 0 0 4 <A^<0 , 0 0 6 .  F u r t h e r m o r e ,  and t h i s  i s  o f  i m p o r t a n c e  
t o  t h e  p r e s e n t  w o r k , t h e  " f u l l y  d e v e l o p e d  s t a t e  was n o t  
a t t a i n e d  e v e n  a t  33 b o u n d a r y  l a y e r  l e n g t h s  d own s t ream 
a f t e r  a s u d d e n  c h a n g e  i n  i n j e c t i o n  r a t e " -

A l t h o u g h  t h i s  p a p e r  c l e a r l y  i n d i c a t e s  t h e  i m p o r t a n c e  o f  6 
i n  t r a n s p i r e d  b o u n d a r y  l a y e r s ,  t h e  o b j e c t i o n s  r a i s e d  p r e 
v i o u s l y  t o  b e i n g  c a l c u l a t e d  f rom t h e  v e l o c i t y  p r o f i l e ,  
and  n o t  d i r e c t  m e a s u r e m e n t , a g a i n  a p p l y .

. . .  [ 3 . 3 . 3 1 ]

  [ 3 . 3 . 3 2 ]



F l e t c h e r  (1969)  a n a l y s e d  an a x i s y m m e t r i c  c o n f i g u r a t i o n ,  
a n d  d e v e l o p e d  a m i x i n g  l e n g t h  b a s e d  on t h e  Van D r i e s t  
dampi ng  f a c t o r  (Van D r i e s t ,  1 9 5 6 ) .  An e x p l i c i t  f i n i t e  
d i f f e r e n c e  t e c h n i q u e  i s  e x p l a i n e d  i n  t h e  p a p e r ,  and  p u r 
p o r t s  t o  g i v e  good  r e s u l t s  f o r  f l a t  p l a t e ,  u n i n j e c t e d  
f l o w s .  The i n j e c t e d  v e l o c i t y  p r o f i l e  shown a g r e e s  w e l l  
w i t h  d a t a  f rom o ne  o f  t h e  M i c k l e y  and  D a v i s  t e s t s .  I t  
was  p o i n t e d  o u t  t h a t  t h e  e x p l i c i t  m et hod  i s  more  d i r e c t ,  
and  s i m p l e r  t o  p rogramme t h a n  an i m p l i c i t  m e t h o d .  F u r t h e r 
m o r e ,  i t  was  n o t  n e c e s s a r y  t o  l i n e a r i z e  t h e  b o u n d a r y  l a y e r  
e q u a t i o n  b e f o r e  s o l v i n g  i t ,  t h u s  e l i m i n a t i n g  t h e  n e e d  f o r  
an i t e r a t i v e  p r o c e s s .  However ,  i t  i s  w e l l  known t h a t  
e x p l i c i t  m e t h o d s  a r e  p r o n e  t o  i n s t a b i l i t y ,  e s p e c i a l l y  i f  

t h e  s t e p  l e n g t h  becomes  t o o  s m a l l .

C e b e c i  a nd  S m i t h  ( 1 9 7 0a )  a l s o  s o l v e d  t h e  P r a n d t l  b o u n d a r y  
l a y e r  e q u a t i o n  f o r  a x i s y m m e t r i c ,  c o m p r e s s i b l e  f l o w .  T h i s  
p a p e r  was p r e c e d e d  by  n u m e r ou s  o t h e r s  t h a t  we r e  v e r y  
s i m i l a r .  T h i s  p a r t i c u l a r  v e r s i o n  showed t h e  e q u a t i o n s ,  
b o u n d a r y  c o n d i t i o n s ,  t h e  f i n i t e  d i f f e r e n c e  g r i d  a n d  t r a n s 
f o r m a t i o n s  i n  some d e t a i l .  An i m p l i c i t  f i n i t e  d i f f e r e n c e  
t e c h n i q u e  was e mp l oy ed  tc s o l v e  t h e  l i n e a r i z e d  momentum 
e q u a t i o n  w i t h  b o u n d a r y  c o n d i t i o n s .  A m i x i n g  l e n g t h  f o r mu 
l a t i o n  b a s e d  on Van D r i e s t  ( 1956)  was u s e d  f o r  t h e  s u b l a y e r  
and  t h e  b l e n d i n g  r e g i o n ,  and  a f o r m u l a t i o n  u s i n g  i n t e r -  
m i t t e n c y  f o r  t h e  f u l l y  t u r b u l e n t  r e g i o n .  The e n e r g y  
e q u a t i o n  was s o l v e d  s i m u l t a n e o u s l y ,  a s  t h i s  was a com
p r e s s i b l e  f l ow  s i t u a t i o n .  G r i d  s p a c i n g  and  CPU t i m e  
r e q u i r e d  f o r  s o l u t i o n  we r e  d i s c u s s e d .

C e b c c i  (1970b)  showed how t h e  Van D r i e s t  damping f a c t o r  
c o u l d  be  m o d i f i e d  f o r  p r e s s u r e  g r a d i e n t  and  i n j e c t i o n .  
Co mp ar i so n  w i t h  e x p e r i m e n t a l  r e s u l t s  a p p e a r e d  e x c e l l e n t .
The Van D r i e s t  v e l o c i t y  g r a d i e n t  r e l a t i o n s h i p  was 
e x t e n d e d  t o  f l o w s  w i t h  i n j e c t i o n  : -
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d u + 
dy  + = 1 + ( l  + 4 ( v ?/ u + + l ) K 2 (y + ) 2 [ l  -  e x p ( - 2/ +/A + ) ] 2 }^

2 (v , ,+u+  + 1)

[ 3 . 3 . 3 3 ]

w h e r e  A+ i s  t h e  m o d i f i e d  Van D r i e s t  damping  c o n s t a n t .

i n  C h a p t e r  4.

C e b e c i  and  S m i th  (1974)  and  C e b e c i  and  Bradshaw (1977)  c o n 
t i n u e d  t h e  above  w o r k ,  b u t  s u g g e s t  c h a n g e s  t o  t h e  R e y no l d s  
s t r e s s  f o r m u l a t i o n ,  and  a v e r y  much more  s o p h i s t i c a t e d  
f i n i t e  d i f f e r e n c e  t e c h n i q u e ,  known as  K e l l e r ' s  box me thod .  
The F a l k n e r - S k a n  e q u a t i o n  r e q u i r e s  a d d i t i o n a l  t r a n s f o r m a 
t i o n  b e f o r e  c o m p u t e r  s o l u t i o n  i s  p o s s i b l e . Ike  s e c o n d  
b o ok  i s  o f  more g e n e r a l  i n t e r e s t  s h owi ng  how R u n g e - K u t t a  
c a n  be  u s e d ,  and  g i v e s  e x a m p l e s  o f  c o m p u t e r  p r o g r a m m e s .

B a l e  (1975)  c o n c e n t r a t e d  on a x i a l  f l o w  t h r o u g h  a t u b e  w i t h  
mass  e x t r a c t i o n  a t  t h e  w a l l s .  A p o t e n t i a l  f low s o l u t i o n  
was  o b t a i n e d ,  w h i c h  gave  a good  r e p r e s e n t a t i o n  o f  t h e  f low 
f i e l d  i n s i d e  t h e  p o r o u s  p i p e ,  b u t  g a ve  no i n f o r m a t i o n  w i t h  

r e s p e c t  t o  s h e a r  s t r e s s  a t  t h e  w a l l .

S c h e t z  and  N c r n c y  ( 1 9 7 7 ) ,  as  m e n t i o n e d  a b o v e ,  c o n c e n t r a t e d  
on e x p e r i m e n t a l  w o r k , and  t h e  d i r e c t  m e a s u r e m e n t  of  s k i n  
f r i c t i o n .  I t  was shown t h a t  an e x t e n s i o n  t o  t h e  Van D r i e s t  
m i x i n g  l e n g t h  c o u l d  n o t  a c c o u n t  f o r  s u r f a c e  r o u g h n e s s ,  b u t  
t h e  R e i c h a r d t  model  c o u l d .  The momentum e q u a t i o n  c o u l d  

t h u s  be  w r i t t e n  :

V o c a t i o n  [ 3 . 3 . 3 3 ]  s u g g e s t s  an i t e r a t i v e  s o l u t i o n  f o r  u + . 

T h i s  work by C e b e c i  w i l l  be  d i s c u s s e d  i n  g r e a t e r  d e t a i l

( c f . e q u a t i o n  3 . 3 . 3 3 )
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y + i s  a. l e n g t h  s c a l e ,  and  i s  o f  t h e  o r d e r  o f  t h e  l a m i n a r  
s u b l a y e r  t h i c k n e s s . I t  was e x p e c t e d  t h a t  y a + w ou ld  d e c r e a s e  
w i t h  r o u g h n e s s ,  and  y a + = t/(Z+ U +) was d e t e r m i n e d .  The r e l a 
t i o n s h i p  y a + = y c + ( k + , v w+) s t i l l  n e e d s  t o  be  f o u n d  e x p e r i 
m e n t a l l y  f o r  v a r i o u s  v a l u e s  o f  k,  and t y p e s  o f  r o u g h n e s s .  
F o r  t h e  unb l own  c a s e ,  t h e  C l a u s e r  s h i f t  f o r  r o u g h n e s s  was 

c o n f i r m e d  :

—  = A l o g  t  + B -  h ( u / u ^ )    [ 3 . 3 . 3 5 ]

i e .  r o u g h n e s s  d i d  n o t  c h a n g e  t h e  s l o p e  o i  t h e  f u l l y  t u r b u 
l e n t  r e g i o n , o n l y  t h e  i n t e r c e p t  on t h e  o r d i n a t e .

P r e s e n t e d  abo ve  a r e  a few p a p e r s  w r i t t e n  on t h e  s u b j e c t  o f  
t h e  t r a n s p i r e d  b o u n d a r y  l a y e r .  i h e r e  a r e  i n n u m e r a b l e  p a p e r s  
on t h i s  t o p i c  : s t u d y i n g  e a c h  one wo ul d  r e s u l t  i n  a g r e a t  
d e a l  o f  r e p e t i t i o n ,  and  p o s s i b l y  b e  o f  l i t t l e  u se  u n t i l  t h e  
s k i n  f r i c t i o n  f o r  s h e a r  f l o w s  w i t h  t r a n s p i r a t i o n  h a s  been  
t r u l y  e s t a b l i s h e d .  From t h i s  s e c t i o n ,  i t  s h o u l d  be  c l e a r  
t h a t  t h e  p r e s e n t  s i t u a t i o n  b e a r s  c l o s e  r e s e m b l a n c e  t o  t h e  
c o n f u s i o n  w h i c h  e x i s t e d  i n  t h e  1 9 4 0 ' s as  r e g a r d s  t h e  f u l l y  
t u r b u l e n t  r e g i o n  o f  t h e  s o l i d - w a l l  t u r b u l e n t  b o u n d a i y  
l a y e r .  Wi t h  t h e  i n t r o d u c t i o n  o f  r e l i a b l e  s k i n  f r i c t i o n  
t r a n s d u c e r s ,  t h a t  p o s i t i o n  was c l a r i f i e d .

■
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C H A P T E R  4

A THEORETICAL APPROACH TO THE TURBULENT 
BOUNDARY LAYER WITH TRANSPIRATION_____

4 .1 I n t r o d u c t i o n

The a n a l y s i s  f o l l o w s  t h e  c l a s s i c a l  t r e a t m e n t  by P r a n d t l  
f o r  t h e  b o u n d a r y  l a y e r  on a f l a t  p l a t e .  For  t h e  t u r b u l e n t  
s h e a r  l a y e r ,  t h e  P r a n d t l  momentum t r a n s f e r  t h e o r y  i s  c o n 
s i d e r e d  and  i s  m o d i f i e d  by i n t r o d u c i n g  t h e  Van D r i e s t  
damping f a c t o r .  T h i s  t e c h n i q u e  i s  u s e d  t o  e x t e n d  t h e  
a n a l y s i s  t o  i n c l u d e  t r a n s p i r a t i o n  an d  p r e s s u r e  g r a d i e n t .  
F o r  t h e  f u l l y  t u r b u l e n t  r e g i o n , i n t e r m i t t e n c y  i s  i n t r o 
d u c e d  i n t o  t h e  t r a n s p o r t  e q u a t i o n .

I t  was f e l t  t h a t  more  i n f o r m a t i o n  r e g a r d i n g  t h e  b o u n d a r y  
l a y e r  c o u l d  be  o b t a i n e d  f o l l o w i n g  t h i s  t y p e  o f  a n a l y s i s  
t h a n  u s i n g  a p o t e n t i a l  f l o w  s o l u t i o n .  Knowledge w i t h  
r e s p e c t  t o  s k i n  f r i c t i o n , b o u n d a r y  l a y e r  g r o w t h  and  i n t e r 
m i t t e n c y  became a v a i l a b l e ,  and  t h e  a n a l y s i s  c o u l d  be  
e x t e n d e d  t o  i n c l u d e  h e a t  t r a n s f e r  and  c o m p r e s s i b l e  f l o w s .

4 . 1 . 1  D e f i n i t i o n  o f  p a r a m e t e r s  f e a t u r e d  i n  
t u r b u l e n t  f lo w a n a l y s i s ______________

One o f  t h e  mos t  i m p o r t a n t  q u a n t i t i e s  i n  any a n a l y s i s  of  
t h i s  t y p e  i s  T?i, t h e  s h e a r  s t r e s s  at  t h e  w a l l .  In  n o n-  
d i m e n s i o n a l  f o r m ,  t ^  a p p e a r s  i n  t h e  l o c a l  s k i n  i r i c t i o n  
c o e f f i c i e n t , o .

When a n a l y s i n g  t h e  t u r b u l e n t  s h e a r  l a y e r , t h e  w a l l  s h e a r  
v e l o c i t y  i s  i n v a r i a b l y  t h e  v e l o c i t y  s c a l e .  By d e f i n i t i o n ,
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? V  *   [ 4 . 1 . 2 ]

u t  e tu j    [ 4 . 1 . 3 J

The t h i c k n e s s  c l  the boundary Layer i s  d e n ot e d  by 6.  
i/-vS as ’u / d y * 0 . A more p r a c t i c a l  d e f i n i t i o n  i s

y = 5 when n = 0 , 9 9 ..........  [ 4 . 1 . 4 J

Thus u e » 0 , 9 9 0 *  ................ [ 4 . 1 . 5 ]

Hie d i s p l a c e m e n t  t h i c k n e s s , 6' , i s  t he  mass f lo w d e f i c i t  
which o c c u r s  in t he  boundary l a y e r  owing t o  t he  reduced  
v e l o c i t y  near  t he  s u r f a c e  :

£
p a  £ * “/  p ( u  -  u )  J u

6 6 |
6

...............  [ 4 . 1 . 6 ]
i 1

r  '  { (1 '  I e

A d e f i c i e n c y  in momentum in tl i boundary l a y e r  may be 
e x p r e s s e d  as a momentum t h i c k n e s s , 0:

p n  ? 9 = f <‘p u ( u  -6 o •? G )
] [.....................................  [ 4 . 1 . 7 ]

Note t h a t  the upper i n t e g r a t e d  l i m i t  i s  g i v e n  h ere  as 6,  
but  i s  more c o r r e c t l y  .

The r a t i o  o f  d i s p i n e  < men t to momentum t h i c k n e s s ,  //,  i s  a 
v er y  u s e f u l  shape f a c t o r ,

7/ = S*/ Q  [ 4 . 1 . 8  1

* s e e  Addendum for  f u r t h e r  e x p l a n a t i o n .



4 . 2  The C o n t i n u i t y  and  Momentum E q u a t i o n s

The d e r i v a t i o n  o f  t h e  P r a n d t l  b o u n d a r y  l a y e r  e q u a t i o n s  f o r  
an i n c o m p r e s s i b l e , n e w t o n i a n  f l u i d  i s  w e l l  known ( s e e  
S c h l i c h t i n g ,  1 9 6 8 ) .

C o n t i n u i t y :  : + = 0   [ 4 . 2 . 1 ]

M o m e n t ^  = ^  = u e l B '  + p p u ' V ^  [ 4 ‘ 2 *2]

The b a r  d e n o t e s  a t i m e  b a s e d  a v e r a g e  q u a n t i t y ,  and  i s  as sumed 

i n  t h e  f o l l o w i n g  e q u a t i o n s .

At  t h e  edge  o f  t h e  b o u n d a r y  l a y e r  :

% = _ 1  A l    [ 4 . 2 . 3 ]
e d x  p dx

4 . 3  F o r m u l a t i o n  f o r  t h e  R e y n o l d s  S t r e s s

To s o l v e  e q u a t i o n  [ 4 . 2 . 2 ] ,  i t  i s  n e c e s s a r y  t o  r e l a t e  t h e  
R e y n o l d s  s t r e s s , pu 'v ' t o  t h e  mean v e l o c i t y .  F o l l o w i n g  
S c h l i c h t i n g  ( 1 9 6 8 ) ,  a f o r m u l a t i o n  a n a l o g o u s  t o  t h e  l a m i n a r  

s h e a r  s t r e s s  i s  a s sumed  :

and  t h e n  s u b s t i t u t e  P r a n d t l ’s momentum t r a n s f e r  t h e o r y  f o r  
t h e  eddy k i n e m a t i c  v i s c o s i t y  :

c ■

w h e r e  I ^ <y

T h i s  a p p r o a c h  l e a d s  t o  a u s e f u l  v e l o c i t y  d i s t r i b u t i o n  f o r  
t h e  f u l l y  t u r b u l e n t  r e g i o n .  N e a r  t h e  w a l l  t h e  p r o f i l e  i s  
l i n e a r .  See  Cr imson  (1971)  f o r  t h e  d e r i v a t i o n  o f  [ 4 . 3 . 4 ]  

and  [ 4 . 3 . F ] .

[ 4 . 3 . 2 ]

[ 4 . 3 . 3 ]
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L a m i n a r  s u b l a y e r  : u -  y    [ 4 . 3 . 4 ]

F u l l y  t u r b u l e n t  r e g i o n  : u + = ^  lnzy+ + B ........... [ 4 . 3 . 5 ]

The B u f f e r  o r  B l e n d i n g  r e g i o n  i s  n o t  p r e d i c t e d .

Van D r i e s t  ( 1956)  d e r i v e d  a c o n t i n u o u s  v e l o c i t y  and  s h e a r  
d i s t r i b u t i o n  by m o d i f y i n g  t h e  m i x i n g  l e n g t h . By c o n s i d e r 
i n g  S t o k e s  f l o w  ( i e .  an i n f i n i t e  p l a t e  o s c i l l a t i n g  s i n u 
s o i d a l l y  p a r a l l e l  t o  i t s e l f ) .

The m o d i f i e d  m i x i n g  l e n g t h  became :~

I -  <i / [ l  -  e x p ( - t / A 4 ) ]  ...............  [ 4 . 3 . 6 ]

C l e a r l y , as  y i n c r e a s e s , t h e  e x p o n e n t i a l  t e r m  d e c r e a s e s , 
and  l - ' Ky , a s  b e f o r e , f o r  t h e  f u l l y  t u r b u l e n t  r e g i o n .

U s i n g  [ 4 . 3 . 6 ] ,  [ 4 . 3 . 2 ]  and [ 4 . 3 . 1 ] ,

A i s  t h e  Van D r i e s t  damping l e n g t h , d e p e n d e n t  on t h e  t u r b u 
l e n c e  i n t e n s i t y  and  k i n e m a t i c  v i s c o s i t y  o f  t h e  f l o w .  I t  
was d e t e r m i n e d  e x p e r i m e n t a l l y , and i n  n o n - d i m e n s i o n a l  f o r m , 
4 + = 26 f o r  k = 0 , 4 .

T ° T2 + Tt    [ 4 . 3 . 8 ]

t  = + ptc2j/ 2 [ 1 - e x p ( - p / A )  J 2 i f . ' l f ; '    [ 4 . 3 . 9 ]

Ce b e c i  (1970b)  m o d i f i e d  A t o  i n c l u d e  i n j e c t i o n  and p r e s 
s u r e  g r a d i e n t  :

j T  -    [ 4 . 3 . 1 0 ]



I

- IM o d i f i e d , A ° 2 6 { +Cexp ( 1 1 ,  J -  U  + ex p  ( 11 ,  Hy^)}

  C 4 . 3 . 1 1 ]
w

+. _ _dij _y 3; v u u
[ 4 . 3 . 1 2 ]

w

4 . 4  Kddy V i s c o s i t y  F o r m u l a t i o n  f o r  t h e  F u l l y  
T u r b u l e n t  R e g i o n___________________________

I n  t u r b u l e n t  b o u n d a r y  l a y e r s , t h e  p o t e n t i a l  c o r e  o f t e n  
e x t e n d s  w e l l  i n t o  t h e  b o u n d a r y  l a y e r .  A p i c t o r i a l  r e p r e 
s e n t a t i o n  o f  t h e  i n s t a n t a n e o u s  l a y e r  i s  d e p i c t e d  b e l ow :•

th ick n ess ,  6

Wall

F ig  4 , 1 SKETCH OF THE INSTANTANEOUS TURBULENT 
BOUNDARY LAYER, SHOWING THE EXTENSION 
OF THE POTENTIAL CORE BELOW THE 
AVERAGE THICKNESS

I f  t h e  R e y n o l d s  s t r e s s  i n  t h e  p o t e n t i a l  c o r e  i s  ~ c r o ,  t h e n  
t h e  i n t e r m i t t e n t  e x t e n s i o n  ot  t h i s  ' c l e a n  I low i n t o  t h e  
b o u n d a r y  l a y e r  mus t  i n f l u e n c e  t h e  s h e a r  d i s t 1 i b u t i o u  a c i o s s  
t h e  o u t e r  t u r b u l e n t  r e g i o n .  S a r n e c k i  p o s t u l a t e d  t h a t  y , 
t h e  i n t e r m i t t e n c y , was t h e  f r a c t i o n  oI t o t a l  t im e  101 wh i ch  
t h e  f l o w  was t u r b u l e n t  a t  a f i x e d  d i s t a n c e  I rom t h e  p l a t e .
Y r a n g e s  f rom 0 t o  1 , wh e r e  y I i n s i d e  t h e  con t  i n u o u s l y
t u r b u l e n t  b o u n d a r y  l a y e r ,  and y »0 a t  t h e  e d g e  o f  t h e  l a y e r .

i .C » t *
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1

I
Y = 1 /211 -  e r f  5 ( y / 6  - 0 , 7 8 ) ]

10
y/&

F i g  4 ,2  : i n t e r m i t t e n c y  d i s t r i b u t i o n  a c r o s s  a
TURBULENT BOUNDARY LAYER 
(CEBECI , 1 9 74 )

0 . 0 0 3 1

2 u v

y/6-

FIG 4 . 3  : ^ ^ L C S ^ T R E S S ^ C R O S S J H E p B O U N D A R V

ZERO PRESSURE GRADIENT

I n t e r m i t t e n c y  an d  R e y n o l d s  s t r e s s  were  d e t e r m i n e d  e x p e n  
m e n t a l l y  w i t h  h o t  w i r e  anemo 2t r y  by K l c o a n o f f  ( C e b e c i  

1 9 7 4 ,  S c h l i c h t i n g  1 9 6 8 ) .
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C l e a r l y , e v e n  t h e  m o d i f i e d  m i x i n g  l e n g t h  t h e o r y  c a n n o t  
p r e d i c t  e a c r o s s  t h e  e n t i r e  b o u n d a r y  l a y e r .  F or  i n  t h e  
o u t e r  r e g i o n ,  e mus t  d e c r e a s e ,  and e x p e r i m e n t s  h ave  
shown t h a t  t h e  d e c r e a s e  f o l l o w s  t h e  i n t e r m i t t e n c y  c u r v e ,  
a s  c o u l d  be  e x p e c t e d .  The e d d y  v i s c o s i t y  i n  t h e  o u t e r  

r e g i o n  was g i v e n  as  :

co = 2 [ /  (u^ - u ) d y ]  x i [ 1 -  e r f  5 ( z / /6  - 0 , 7 8 ) J  L 4 . 4 . 1 ]

The i n t e r m i t t e n c y  c u r v e  may b e  a p p r o x i m a t e d  ( C e b e c i  1974)

by  :

Y [1  * 5 , 5 ( y / 5 ) ‘ J   : 4 - 4 ' 2:1

Y i s  a c o n s t a n t , w i t h  a v a l u e  b e t w e e n  0 , 0 1 6  and  0 , 0 2 .  In
t h e  p r e s e n t  w o r k ,  y -  0 , 0 1 6 8  i s  u s e d .  In  t h e  p r ogramme,  
t h e  t u r b u l e n t  t r a n s p o r t  eddy v i s c o s i t y  was u s e d  u n t i l  i t  
was e q u a l  t o  t h e  o u t e r  eddy v i s c o s i t y .  From t h i s  p o i n t  
o u t w a r d s ,  e 0 was u s e d .

[ 4 . 4 . 1 ]  may be  w r i t t e

e 0 = CLuc ^*y ........................................................................... .............. [ 4 , 4 . 3 ]

4 . 5  Bo un d ar y  C o n d i t i o n s

The b o u n d a r y  c o n d i t i o n s  f o r  t h e  t u r b u l e n t  s h e a r  l a y e r  

a r e  : -

% ( z , 0 )  = 0    [ 4 . 5 . 1 ]

v ( a , 0 )  = 0 o r  v v  w i t h  mass  t r a n s f e r    [ 4 . 5 . 2 ]

l i m  u ( x , y )  -  u , (a?)   [ 4 . 5 . 3 ]

y -"00

-i
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4 . 6  The T r a n s f o r m e d  Momentum and  R e l a t e d  
E q u a t i o n s  : A S u m m a r y _____________

Onl y  t h e  t r a n s f o r m e d  e q u a t i o n s  a r e  g i v e n  h e r e .  D e t a i l s  o f  
t h e  t r a n s f o r m a t i o n  a p p e a r  i n  A p p en d i x  A 1 . 4> i s  a t r a n s 
f o r m e d ,  n o n - d i m e n s i o n a l i z e d  s t r e a m  f u n c t i o n .

Momentum :

[ ( l  + + (<t> + n)<t>" -  B(<t>' ♦ 2 ) 0 '

2CC (0 ' + 1 ) ^ |  -

B o u n d a r y  c o n d i t i o n s  :

OCC.O) = 0 f o r  no t r a n s p i r a t i o n

♦ C t . o )  = - R r r l  «  K i t h  ”» * 0

o ' (z »o) = - i

l i m  0 ' (C ,n)  = 0 
n*n„

Eddy v i s c o s i t y  e q u a t i o n s  :

= k 2 ( 2 C )  [ 1  -  c x p { - T ) ( ( * 0 y " ) ' '  / A H  • • •  [ 4 . 6 . 5 ]

e = a . c - t l i U / V r d n ]  X  [ 1  > 5 , 5 ( 1  ) • ] - >    [ 4 . 6 . 6 ]
0  P 0 ''eo

B o u n d a r y  l a / e r  p a r a m e t e r s  :

Oy = y ( | ) ‘: 0 ,,(C»O)

6 *  =
p u e  0

e = - ( ^ 2 / r,w0 ' ( 5 , n ) C l  + * ' ( S , n ) ] d n  
p u  0

................ [ 4 . 6 . 7 ]

  [4 . 6 . 8 ]

. . . . . . .  [ . . 6 .0 ]

  [ 4 . 6 . 2 a ]

  [ 4 . 6 . 2 b ]

  [ 4 . 6 . 3 ]

  [ 4 . 6 . 4 ]

T



COMPUTER SOLUTION OF THE MOMENTUM EQUATION

5 . 1  I n t r o d u c t i o n

I f  a g e n e r a l i s e d  conr.puter p rogramme i s  d e v e l o p e d  and p r o v e d  
w i t h  r e s p e c t  t o  r e l i a b l e  e x p e r i m e n t a l  r e s u l t s , i t  becomes  
p o s s i b l e  t o  c a l c u l a t e  s u c h  p a r a m e t e r s  as  b o u n d a r y  l a y e r  
t h i c k n e s s , s k i n  f r i c t i o n  and h e a t  t r a n s f e r .  Such a p r o 
gramme c o u l d  be  s i m p l e ,  e . g .  f o r  t h e  c a s e  o f  a f l a t  p l a t e ,  
a n d  may be  made more  v e r s a t i l e  t o  i n c l u d e  t r a n s i t i o n ,  p r e s 
s u r e  g r a d i e n t ,  r o u g h n e s s ,  t r a n s p i r a t i o n ,  h e a t  t r a n s f e r , 
c o m p r e s s i b l e  f l o w , a x i s y m m e t r i e  f l o w  and t h r e e  d i m e n s i o n a l

f l o w .

A f i n i t e  d i f f e r e n c e  t e c h n i q u e , r a t h e r  t h a n  a f i n i t e  e l e m e n t  
m e t h o d ,  i s  u s e d  i n  t h i s  d i s s e r t a t i o n  t o  s o l v e  e q u a t i o n
[ 4 . 6 . 1 ] .  B e c a u s e  o f  t h e  w e l l  known s t a b i l i t y  p r o b l e m s  
e x p e r i e n c e d  w i t h  e x p l i c i t  m e t h o d s ,  an i m p l i c i t  scheme v a s  
s e l e c t e d ,  w i t h  i t s  a t t e n d a n t  r e q u i r e m e n t  t o  l i n e a r i s e  t h e  
e q u a t i o n .  I n  t h i s  c h a p t e r  t h e  l i n e a r i s a t i o n  and m a t r i x  

s o l u t i o n  a r e  d i s c u s s e d .

5 . 2  L i n e a r i s a t i o n  o f t h e  Momentum E q u a t i o n

L i n e a r i s a t i o n  i s  a c h i e v e d  by a l l o w i n g  ’ h o s e  t e i m s  wh i ch  
make t h e  e q u a t i o n  n o n - l i n e a r  t o  be s e t  t o  v a l u e s  known 
f rom a p r e v i o u s  s t a t i o n  o r  i n t c r a t i o n .  C l e a r l y  an i t e r a 
t i v e  p r o c e s s  i s  n e c e s s a r y , i n  w h i c h  t h e  l a t e s t  v a l u e  
a p p r o a c h e s  t h a t  o f  t h e  p r e v i o u s  i t e r a t i o n .  When l i n e a r 
i s i n g ,  c a r e  mus t  be  t a k e n  t o  r e t a i n  a t  l e a s t  one t e r m  o f  
e a c h  d e r i v a t i v e .  The s u b s c r i p t  o h e r e  d e n o t e s  a p r e v i o u s l y  

known q u a n t i t y  : -



5 . 3  The F i n i t e  D i f f e r e n c e  G r i d

C e b e c i  ( 1974)  s u g g e s t e d  a g r i d  i n  w h i c h  t h e  s t e p  l e n g t h s
n o r m a l  t o  t h e  w a l l  w e r e  v e r y  s m a l l , n e a r  t h e  w a l l ,  i e . i n
t h e  r e g i o n  o f  r a p i d  c h an ge  i n  v e l o c i t y ,  a n d  i n c r e a s i n g  i n  
s i z e  t o w a r d s  t h e  e d g e .  He p r o p o s e d  a g r i d  o f  t h e  f orm : -

= K.hr\ i _ 1   [ 5 . 3 . 1 ]

i s  t h e  g e n e r a l  s t e p  l e n g t h ,  and f o r  K>1, t h i s  s t e p  
l e n g t h  i s  l a r g e r  t h a n  t h e  p r e v i o u s  s t e p . I f  t h e  f i r s t  
s t e p  l e n g t h  i s  h , t h e  d i s t a n c e  t o  t h e  i 1 1 ‘ g r i d  p o i n t  i s  : -

Ki ~ l _  i
= h~ x ~ -  i  ...............  [ 5 . 3 . 2 3

The e x p o n e n t i a l  g r o w t h  i n  g r i d  s p a c i n g  t i e s  un w i t h  t h e  
t u r b u l e n t  v e l o c i t y  p r o f i l e .

An a l t e r n a t e  e x p r e s s i o n  f o r  t h e  i ' t h  g r i d  s p a c i n g  i s  : -

  [ 5 . 3 . 3 3

The programme was w r i t t e n  i n  a man ner  t o  a l l o w  v a r i a b l e  
s t e p  l e n g t h  i n  t h e  s t r e a m w i s e  d i r e c t i o n . T h i s  may be  a 
c o m p l e t e l y  r andom s t e p  l e n g t h .  B e c a u s e  t h e  programme 
" m a r c h e s "  i n  t h e  x - d i r e c t i o n  when s o l v i n g ,  t h e  g r i d  
p o i n t s  i n  t h i s  d i r e c t i o n  w or e  c a l l e d  s t a t i o n s ,  and  a r e  
d e n o t e d  b y ,  e . g .  t h e  zit h  s t a t i o n .

The o r d i n a t e  was d i v i d e d  i n t o  p o i n t s  o r  s t e p s , d e n o t e d  by 
i .  No t e  t h a t  t h e  f i r s t  n v a l u e ,  i c .  a t  t h e  w a l l ,  i s  p o i n t  
i  -  1 ,  t h e r e f o r e  n y = 0 .
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n

F i g  5 , 1  : t h e  f i n i t e  d i f f e r e n c e  g r i d  f o r
fc = 1 , 2  AND A -  1 , 5

5 . 4

E q u a t i o n  [ 5 . 2 . 1 ]  i s  g i v e n  w i t h  t h e  s u b s c r i p t s  as  u s e d  in  
t h r  programme : -

C O  + * C + n . f ,  1 + 2 )

■ 2C „ C ( ^ , i l  * • • •  [ 5 . 4 - 1 ]

By t a k i n g  t h e  d e r i v a t i v e  o f  t h e  f i r s t  t e r m a t  t h i s  s t a g e  
d z * / dy wou l d  be  i n t r o d u c e d , w h i c h  may b e  d e t e r m i n e d  n u m e r i 
c a l l y ,  b u t  w i t h  t h e  a t t e n d a n t  e r r o r  i n h e r e n t  i n  any s u ch  
c a l c u l a t i o n ,  w i t h  t h e  a d d ed  d i f f i c u l t y  t h a t  e. was n o t  a 
c o n t i n u o u s  f u n c t i o n .  d > . w ou l d  a l s o  a p p e a r .  The d e r i v a -  
t i v e  was s o l v e d  i m p l i c i t l y  i n  t h e  f i n a l  e q u a t i o n  by t r e a t i n g  
t h e  t e r m  as  a s e p a r a t e  f u n c t i o n ,  s a y  g.  T h i s  i s  why t h e  
t e r m  (1 + z * ) n , i - l a  and  a t  ( n , i  + 1 ) f e a t u r e  i n  t h e  f o l l o w 
i n g  e q u a t i o n . V a l u e s  o f  <}> a r e  known a t  n - 1 ,  n - 2  and o .
A l l  t h e s e  t e r m s  w e r e  k e p t  on t h e  r i g h t  h an d  s i d e ,  w h i l e
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t h o s e  i n  n ̂  t  w e r e  r e t a i n e d  on t h e  l e f t  h a n d  s i d e .  Ilic 
c a p i t a l  l e t t e r s  d e n o t e  c o n s t a n t s  b a s e d  on s t e p  s i z e , and 

a r e  d e f i n e d  i n  A p p e n d i x  A 2 .

+ + e . D . d  * d ) M  » * " d D

-  B . A . ( 4 > '  + 2 )  -  2E C<t>cf + 1 ) • A . A’ }

+ d ^{A.X 3. (1 + + B . E .  (1 + + 4.  (1 ■ e o^Mji + i

+ F . ( 4 > 0 + n . )  -  B . B . C ^ o  + 2 ) “ 2C (4)o > + 1 ) /V- B

+ 2 E .W>
n , i

+ + (B .  F.  (1 + e + d . -  b . (1 *[ o ^ t  + j + r * ^  on# i  * n t-*

-  B.C.  (<$>0 + 2)  -  2Cn o' . + '
n ,  t  i.

+ t ^ + g f c j r e . c i  +

= 2 S { ( $ ;  +
M, t  n >7'

[ 5 . 4 . 2 ]

Lumping t h e  c o e f f i c i e n t s  i n t o  s i n g l e  c o n s t a n t s  r e d u c e s

[ 5 . 4 . 2 ]  t o  : -

*n, i- rAi * B< * ♦ » . r e< * * K ,nrt'i ' h

................ [ 5 . 4 . 3 1

Remember ing t h a t  i  = 1 d e n o t e d  p = 0 ,  a  s y s t e m  of  l i n e a r  
s i m u l t a n e o u s  e q u a t i o n s  c o u l d  be w r i t t e n  s t a r t i n g  w i t h  i  3.
I f  ;v i s  t h e  number  o f  n s t e p s ,  a t o t a l  o f  /V-4 e q u a t i o n s  can



be  s e t  up ( b e c a u s e  [ 5 . 4 . 3 ]  m u s t  end  w i t h  N - 2 ) . T h e r e  a r e  
t h u s  N unknowns  and  W-4 e q u a t i o n s .  U s i n g  b o u n d a r y  c o n d i 
t i o n s ,  4)  ̂ , a n d  <t>A, w e r e  d e t e r m i n e d .

0  + * * , 3 * 4  = ^4

0  °  + n , 3 ^  + * » , 4 B 5  + + ^ ^ 5  + ^ , ^ 5  " ^5

* n 3N - 4 AN-2  + <*’n i N - 3 PN-2 + ^n,  N-2* N-2  + ^ n 3N - l DN-2 ^n , N'  N-2

= FN-2 [ 5 . 4 . 4 ]

B e c a u s e  4> - and 4> „ 9 a r e  known f rom b o u n d a r y  c o n d i t i o n s ,VI j * Yl } 6
t h e y  a r e  t a k e n  t o  t h e  r i g h t  h and  s i d e  : -

* n , 3 C3 + K t 4 D3 + * n , S E2 = F3 “ *;», J A3 “ * » , Z * 3  

+M,3*4 + *M,4C4 + *M,5*4 + * n , g f 4  " * n , 2 ^ 4

n

0

[ 5 . 4 . 5 ]

F ig  5 .2  : sk etch  of v e l o c i t y  p r o f i l e  i n  transformed
CO-ORDINATES

m
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From F i g  5 . 2  i t  i s  s e e n  t h a t  as  n ^ n ^ ,  and  t h e r e 

f o r e  (j) ' (C ,n)-+0 .

E q u a t i o n  C 4 . 6 . 4 ]  s t a t e s  t h a t

l i m  4) ' ( C , n )  = 0   [ 5 . 4 . 6 ]
n+n.oo

I f  N - 2 , N - l  and  N a r e  i n  t h i s  r e g i o n ,  t h e n  u s i n g  a s i m p l e  
f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n  : -

» 0   [ 5 . 4 . 7 J
n*  - n * _ ,

-  +* " ................

S i m i l a r l y  : -

9 -  ^ - 2
N Z 1!LJ. = 0    [ 5 . 4 . 9 ]

"  ’  * N - 1  ‘*4 ,-2  ....  [ 5 - 4 " 101

The N-3  e q u a t i o n  i s

AN - 3 * r , , K - S  * ® 4 , -3 * n ,J , -4  + CH - } ^ n ,* * n , 4 , - 2 (fi4/-3 *

- F„ ,   [ 5 . 4 . 11]N-3

a n d  t h e  /V-2 e q u a t i o n  ( l a s t )  i s  : -

AN - 2 ^ n , I ! - 4  *V A , 4 , - 3  " * >,11- 4̂ , - 2  + D4--2 + t'«,-2) °  V *

. . . . . . .  [ 5 . 4 . 1 2 ]

The g e n e r a l  e q u a t i o n  may be  s t a t e d  : -

[ A 3{41) = {B} to . [ 5 . 4 . 1 3 ]

I



The g e n e r a l  f i n i t e  d i f f e r e n c e  m o l e c u l e  i s  shown i n  F i g  5 . 3

 O'
n - 2 , i

n,i >1

n , i

n j - 1 

n J - 2

F ig  5 ,3  : t h e  f i n i t e  d i f f e r e n c e  molecule

To s o l v e  f o r  $> a t  s t a t i o n  n , i t  i s  n e c e s s a r y  t o  know t h e  
v a l u e s  o f  <{>, <i> ' a nd  <{>" a t  s t a t i o n s  n - 2  an d  n - 1 . Two p r o 
f i l e s  wer e  t h e r e f o r e  r e q u i r e d  t o  s t a r t  t h e  s o l u t i o n  a t  t h e  
t h i r d  s t a t i o n . The programme t h e n  m a r c h e d  t o  r. + 7 and u s e d  
n - 1  and n t o  s o l v e  f o r  4> a t  n + J , and s o  on.  F o r  t h e  
f i r s t  s o l u t i o n  a t  s a y  n , t h e  v a l u e s  on t h e  r i g h t  hand  s i d e , 
d e n o t e d  by  o , w er e  s u b s t i t u t e d  by t h e  v a l u e s  a t  n - 1 . S i m i 
l a r l y  i n  g e n e r a t i n g  e .  The i t e r a t i v e  p r o c e s s  was b a s e d  on
t h e  c o n v e r g e n c e  o f  4>" , and  ^  and 6 * and 6 0 * .

n t 1

To e c o n o m i s e  on c o r e  s t o r a g e  on t h e  c o m p u t e r , o n l y  f o u r  
v e c t o r s  f o r  <♦>, 4>' ,  <j)" and  w e r e  u s e d . S o l u t i o n s  a t  n - 2 , 
n - 1  and n w e r e  s t o r e d  i n  t h e  f i r s t  t h r e e  v e c t o r s ; t h e  
p r e s e n t  i t e r a t i o n ,  o , i n  t h e  f o u r t h . The f i r s t  t h r e e  
r o t a t e d  c y c l i c l y . I f  t h e  v e c t o r s  a r e  d e n o t e d  by 
a nd  , t h e  s o l u t i o n s  wer e  s t o r e d  : -
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n = 2 ,  V1 

n = 2 ,  Vg

Once c o n v e r g e n c e  was a c h i e v e d , > V  , and p r i n t / p l o t . Vj 
c o u l d  be  o v e r w r i t t e n  and  t h e  s o l u t i o n  m a rc h  t o  m=4

>i-3,  V3

0  V4

A f t e r  c o n v e r g e n c e ,  , p r i n t / p l o t ,  and d e l e t e  V.

» - 3 ,  V3

n'=4 V j  

0 V4

A f t e r  c o n v e r g e n c e , V ,-*■]/,, t p r i n t / p l o t ,  c t  .

A t r e m e n d o u s  s a v i n g  was p o s s i b l e  wh c o r i n g  m a t r i x  [/)] 
b e c a u s e  i t  was b a n d e d . I t  h ad  two p e r  and  two l o w e r  c o 
d i a g o n a l s .  T y p i c a l l y , t h e  b a n d e d  m a t r i x  r e q u i r e d  500 
s t o r a g e  l o c a t i o n s , c omp ar ed  w i t h  10  000  f o r  f u l l  s q u a r e  
m a t r i x  s t o r a g e .  In  d o u b l e  p r e c i s i o n , t h i s  i s  e q u i v a l e n t  
t o  80 k b y t e s .



Once c o n v e r g e n c e  was a c h i e v e d , *V̂  and  p r i n t / p l o t .
c o u l d  be  o v e r w r i t t e n  and  t h e  s o l u t i o n  mar ch  t o  n=4

M-g,  y ,

0 V4

A f t e r  c o n v e r g e n c e ,  . ,  p r i n t / p l o t ,  and  d e l e t e  y

»= 3 ,  V3 

n a 4 Vj

C V4 |
A f t e r  c o n v e r g e n c e , , p r i n t / p l o t ,  e t c .

A t r e m e n d o u s  s a v i n g  was p o s s i b l e  when s t o r i n g  m a t r i x  I'A] 
b e c a u s e  i t  was b a n d e d . I t  h ad  two u p p e r  and  two l o w e r  c o 
d i a g o n a l s .  T y p i c a l l y , t h e  h a n d e d  m a t r i x  r e q u i r e d  500 
s t o r a g e  l o c a t i o n s , c o mp a r e d  w i t h  10  000  f o r  f u l l  s q u a r e  
m a t r i x  s t o r a g e . In  d o u b l e  p r e c i s i o n , t h i s  i s  e q u i v a l e n t  
t o  80 k b y t e s .
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5 . 7  D i s c u s s i o n  o f  V a r i o u s  F e a t u r e s  o f  t h e  P r o g r a m m e

5 . 7 . 1  I n i t i a l  p r o f i l e s

As s t a t e d  a b o v e ,  p r o f i l e s  a t  n-^l and  a =2 we r e  r e q u i r e d  t o  
s t a r t  t h e  s o l u t i o n .  T h e s e  w e r e  g e n e r a t e d  i n  MK001L ( l a m i n a r )  
o r  MK004 ( t u r b u l e n t )  - s e e  F i g  5 . 5 .  D i s t a n c e  a l o n g  t h e  
a b c i s s a  was u s e d  a s  a c r i t e r i o n  f o r  l a m i n a r  o r  t u r b u l e n t  
f l o w .  V a r i o u s  s t a b i l i t y  t e c h n i q u e s , c r i t i c a l  P e y n o l d s  
n u m b e r s  a nd  s h a p e  f a c t o r s  h a v e  b e e n  s u g g e s t e d  ( C e b e c i  1 9 7 4 ) .  
H o w e v e r , t h e s e  a r e  o f t e n  l i m i t e d ,  and  n o t  s u f f i c i e n t l y  a c c u 
r a t e  , e . g .  c r i t i c a l  R e y n o l d s  number  i s  f o r  f l a t  p l a t e  f l o w  
w i t h  z e r o  p r e s s u r e  g r a d i e n t , and  s p a n s  a l a r g e  r a n g e  
( 3 , 5  x 1 0 5 t o  1 0 G) .

I f  e=0 , t h e  s o l u t i o n  i s  l a m i n a r , and f r o m  a g i v e n  £ s ’ a t i o n ,  
e >0 and  t h e  p r o g r a m  ,ie e n t e r e d  t h e  t r a n s i t i o n  and h e n c e  t u r 
b u l e n t  s o l u t i o n s .

The l a m i n a r  p r o f i l e  was g e n e r a t e d  f rom an e q u a t i o n  g i v e n  
by  Cr imson  ( 1971)  : -

f.  -/ ( y / i )  -  f t y )    [ 5 . 7 . 1 ]CO

I f  a f o u r t h  o r d e r  p o l y n o m i a l  i s  u s e d ,  a p r e s s u r e  g r a d i e n t  
may b e  i n c l u d e d  : -

|  = A 0 + AJ y + A2 z/? + A g F '  +   [ 5 . 7 . 2 ]
OO

A p r e s s u r e  g r a d i e n t  r e l a t e d  s h a p e  f a c t o r  was i n t r o d u c e d  : -
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F i g  5 , 5  laminar i np u t  p r o f i l e

The t u r b u l e n t  p r o f i l e  was g e n e r a t e d  u s i n g  Van D r i e s t ' s  
m i x i n g  l e n g t h  t h e o r y .  One d i f f i c u l t y  h e r e  was t h a t  t h e  
e d g e  o f  t h e  b o u n d a r y  l a y e r  was o v e r - e s t i m a t e d ,  and  p r e s 
s u r e  g r a d i e n t  was *iot i n c l u d e d .  However ,  t h e  piogranimc 
w ou l d  o b t a i n  t h e  c o r r e c t  p r o f i l e  a t  n=6 a f t e r  some i t e r a 
t i o n .  I n  d e v e l o p i n g  t h i s  s u b r o u t i n e ,  i t  was f o u n d  t h a t  
t h e  r e s u l t s  w e r e  s i g n i f i c a n t l y  i m p r o v e d  i f  t h e  u n e q u a l , 
e x p o n e n t i a l  t y p e  n g r i d  was u s e d .  See  F i g  5 . 6  f o r  e q u a l  
s t e p  l e n g t h ,  and  F i g  5 . 7  f o r  e x p o n e n t i a l  g r i d ,  u s i n g  t h e  
w e l l  known s e m i - l o g  p l o t .  F i g  5 . 7  i s  r e p r o d u c e d  on s i m p l e  
n o n - d i m e n s i o n a l i s e d  a x e s  i n  P ig  5 . 8 .  i h e  d a s h e d  l i n e s  on 

F i g  5 . 7  a r e  f o r

u =  y

and u = 5,  757 l o g  i /  + 5 , 24

[ 5 . 7 . 5 ]

[ 5 . 7 . 6 ]



iurve for equation 
(5 6)

steps too short

C u r v e  for  e q n  

15.7 5)

F i g  5 . 6  : t u r b u l e n t  p r o e i l e  g e n e r a t e d  w i t h

EDUAL STEP LENGTH

PLOT OF U* V5 LOG T

Line for  e qn  
(5 7 61

C u r v e  for  e q n  
(5 7 5)

4 «.
C $

F | G  5.7 : TUR BULENT P R O F ILE  GENERATED WITH 
UNEGUAL STEP LENGTH



o

y

CO

o

n
l lcr
GC
LD

CJ

r->

---H

F i g  5 . 8  : t u r b u l e n t  p r o f i l e  generated w it h  uneoual  s t e p  length
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E q u a t i o n  [ 3 . 3 . 3 3 ] ,  w i t h  v., = 0 ,  s i m p l i f i e d  t o  t h a t  d e r i v e d
b y  Van D r i e s t  (1956)

<i?*+ 2c?y +
—  + = -------------------------------------------- ■ 1 •~ +• -    [ 5 . 7 . 7 ]
u y 1 + / I  + 4K2y 2[1 -  exp  (-zy IA ) ] ?

by i n t e g r a t i n g  t h i s  e x p r e s s i o n , u ^ + = ^ i +f ( y +) .  T h i s  was 
p e r f o r m e d  n u m e r i c a l l y  i n  s u b r o u t i n e  MK004. u . + ha d  t o  be 
c o n v e r t e d  t o  u / u ^ ,  i e .  was r e q u i r e d .  was e s t i m a t e d
i n  s u b r o u t i n e  TAUF f rom t l ie  s i m p l i f i e d  e q u a t i o n

o f  -    t 5 . 7 . 8 ]

I n  b o t h  l a m i n a r  and  t u r b u l e n t  p r o f i l e  g e n e r a t o r s ,  i t  was 
n e c e s s a r y  t o  c o n v e r t  u / u e (=f  ’ ) t o  4>' , and  t o  c a l c u l a t e  4 
a n d  <j>" .  The e d ge  o f  t h e  b o u n d a r y  l a y e r  was t a k e n  t o  be  
w h e r e  <J> ' < 0 , 0 0 0 1 .

To o b t a i n  6* and 6 ,  t h e  p r o f i l e  h a d  t o  be i n t e g r a t e d .
T h i s  was done by u s i n g  t h e  t r a p e z o i d a l  r u l e , w h i c h  was 
c o n s i d e r e d  s u f f i c i e n t l y  a c c u r a t e  b e c a u s e  t h e  s t e p  l e n g t h  
was so  s m a l l .  N o t e  t h a t  t h e  e x p e r i m e n t a l  p r o f i l e s  wer e  
i n t e g r a t e d  i n  a s i m i l a r  m a n n e r , and  f o r  a v e r y  c o a r s e  g r i d  
(2 0  p o i n t s  compar ed  w i t h  100 f o r  t h e  c o m p u t e r  p rogramme)  
t h e  d i f f e r e n c e  i n  0 when u s i n g  S i m p s o n ' s r u l e  was 1 %. A 
t y p i c a l  e q u a t i o n  a p p e a r s  i n  Ap p en d i x  F I .

As t h e  i n j e c t i o n  i n c r e a s e d , t h e  s h e a r  s t r e s s  a t  t h e  w a l l  
t e n d s  t o  z e r o ,  o r  e ven  a n e g a t i v e  v a l u e . However ,  r e v e r s e  
f l o w  i s  n o t  t h o u g h t  t o  o c c u r . The programme was n o t  
d e s i g n e d  t o  h a n d l e  t h e s e  p o s s i b i l i t i e s .  I f  <j>" was o b t a i n e d  
f rom $ u s i n g  Newtons  D i v i d e d  D i f f e r e n c e  t e c h n i q u e  a t  t h e  
w a l l ,  n e g a t i v e  s h e a r  was i n d i c a t e d  a t  v a l u e s  o f  F s 0 , 0 0 5 .  
T h i s  i s  i n  a c c o r d a n c e  wi ‘"h e x p e r i m e n t , b u t  r e s u l t e d  i n
d i f f i c u l t i e s  when c a l c u l a t i n g  w * , an d  h e n c e  a l s o  i> 4 and^  0/ 0/
p . The programme was w r i t t e n  f o r  a c o n t i n u o u s  v e l o c i t y
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p r o f i l e  an d  t h e  c o n d i t i o n  o f  n o - s l i p  a t  t h e  w a l l .  No t e  t o o  
t h a t  t h e  d e r i v a t i o n  o f  A ' was f o r  v e r y  s m a l l  i n j e c t i o n  r a t e s , 
and  ty + = 1 1 , 8  was  t h e  v a l u e  f o r  unb lown f l a t  p l a t e  f l o w .

By u s i n g  a r e a s o n a b l y  l a r g e  i n i t i a l  n s t e p  ( 0 , 0 6  co mp ar e d  
w i t h  v a l u e s  as  l ow a s  0 , 0 0 1  s u g g e s t e d  by C e b e c i  ( 1 9 7 0 a ) ,  
and  c a l c u l a t i n g  <j>" f rom  <p ' ,  t h e  programme r e m a i n e d  s t a b l e  

up t o  v a l u e s  o f  F = 0 , 0 1 7 .

2 X

1

F ig 5 .8  : u - v e l o c i t y  p r o f i l e  n e a r  t h e  w a l l

The n umb er s  shown in  Fi g 5 . 9  d e n o t e  n g r i d  p o i n t s .  II 2
i s  c u t s i d e  t h e  p o i n t  o f  i n f l e x i o n ,  t h e  programme woul d  
e f f e c t i v e l y  *,e v n a w a r e  o f  t h i s  b e h a v i o u r .  w o u l d  be
p r e d i c t e d  t o  be  t h e  d a s h e d  l i n e  ( d e p e n d i n g  on t h e  f i n i t e  
d i f f e r e n c e  e q u a t i o n ) .  t h i s  v a l u e  i s  i n c o r r e c t , b u t  a l l o w s  
r e a l  v a l u e s  o f  u / , v y , p+ e t c .  t o  be c a l c u l a t e d .  A l t h o u g h  
t h e s e  e r r o r s  a r c  l a r g e ,  t h e  e l f e c t  o f  t h i s  on t h e  c o m p l e t e  
s o l u t i o n  o f  [ 5 . 4 . 1 3 ]  a p p e a r e d  t o  be  v e r y  s m a l l .
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B e c a u s e  t h i s  t e c h n i q u e  p r o d u c e d  r e s u l t s  wh i c h  a p p e a r e d  
v e r y  p r o m i s i n g ,  t h e  l o s s  o f  a c c u r a c y  i n  My * » and  h e nc e  
m e a n i n g l e s s  o » f o r  i n j e c t e d  f l e w s ,  was c o n s i d e r e d  u n i m p o r 
t a n t  i n  t h e  p r e s e n t  p h a s e  o f  r e s e a r c h .  As w i l l  be  p o i n t e d  
o u t  l a t e r  i n  C h a p t e r  7,  as  c h a r a c t e r i s t i c  v e l o c i t y  f o r
i n j e c t e d  b o u n d a r y  l a y e r s  may v - ' l l  r e q u i r e  r e c o n s i d e r a t i o n .

F o r  z e r o  p r e s s u r e  g r a d i e n t  f l a t  p l a t e  f l o w ,  a ^  p r e d i c t e d  
by  t h e  programme was v e r y  c l o s e  t o  t h a t  e x p e r i m e n t a l l y  
m e a s u r e d  a n d  f i t t e d  by [ 5 .  ” . 8 ] .

I
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C H A P T E R  6

EXPKRIHliNTAl APPARATUS AND PkOCEDURE

6 .1 I n t r o d u c t i o n

The o b j e c t  o f  t n e  e x p e r i m e n t s  was  t o  o b t a i n  a number  o f  
mean v e l o c i t y  p r o f i l e s  on a p o r o u s  p l a t e  p r e c e d e d  by a 
s o l i d  p l a t e ,  i e .  t o  s u b j e c t  a f u l l y  d e v e l o p e d  t u r b u l e n t  
p r o f i l e  t o  i n j e c t i o n .  The n e x t  s t e p  was t o  c o n s t r i c t  t h e  
l o w e r  p o r o u s  s u r f a c e ,  t o  a s c e r t a i n  w h e t h e r  t h i s  made a mea- 
s u r a b l e  d i f f e r e n c e  t o  t h e  p r o f i l e s .  To t h i s  end  an open  
c i r c u i t  w i n d  t u n n e l  w i t h  r e c t a n g u l a r  w o r k i n g  s e c t i o n  was 
d e s i g n e d .  T h r e e  d i f f e r e n t  g r a d e s  o f  p o r o u s  p l a t e  we r e

t e s t e d .

6 . 2 The Wind T u n n e l

6 . 2 . 1  G e n e r a l

The open  c i r c u i t  w i n d  t u n n e l  c o n s i s t e d  o f  a S i r r o c c o  c e n -  
t i i f u g a l  f a n  ( - e e  A p p e n d i x  B1 f o r  t h e  p e r f o r m a n c e  c u r v e ) .  
D r i v e  was p r o v i d e d  by  a S i em ens  A.C.  i n d u c t i o n  m o t o r  r a t e d  
a t  22 kW, t h r o u g h  t h r e e  F e n n e r  B t y p e  b e l t s .  t> i h a n g i n g  
p u l l e y s ,  t h e  r o t a t i o n a l  s p e e d  o f  t h e  f a n  c o u l d  be  v a r i e d ,  
r e s u l t i n g  i n  d i f f e r e n t  f lo w r a t e s  and  p r e s s u r e s .  A f l ow  
dU-mper a t  t h e  f a n  i n l e t  c o u l d  be  u s e d  t o  v a r y  t h e  f low 
r a t e ,  a s  c o u l d  a b y - p a s s  a t  t h e  b e g i n n i n g  o f  t h e  t u n n e l .  
T h i s  b y - p a s s  was o n l y  u s e d  a t  s t a r t - u p  ( m i n i m i z e  s t a r t i n g  
l o a d ) , b e c a u s e  a p ower  s p e c t r u m  m e a s u r e d  i n  t h e  w o r k i n g  
s e c t i o n  p r o d u c e d  two a d d i t i o n a l  s p i k e s  when t h e  t r a p  door  

was n o t  f u l l y  c l o s e d  ( s e e  6 . 4 ) .

The d u c t s  l o a d i n g  t o  t h e  Work ing  S e c t i o n  w e r e  made up o f  
a d i f f u s e r ,  s e t t l i n g  chamber  a nd  c o n t r a c t i o n .  S c r e e n s  an 
honeycom b s t r a i g h t e n e d  t h e  f l o w  and d e c r e a s e d  t h e  t u r b u -  

l e n c e  i n t e n s i t y .



F i g  6 , 1  : general  v i e w  of wi nd  t unnel  showing
( 1 )  THE SETTLING CHAMBER, (2)  CONTRACTION,
( 3 )  ENTRY TO WORKING SECTION, ( 4)  REAR OF 
INSTRUMENT PANEL ( 5 )  BETZ MANOMETER

6 2 . 2  The w o r k i n g  s e c t i o n

A r e c t a n g u l a r  w o r k i n g  s e c t i o n  209 x 496 mm was b u i l t .  The 
s i d e  w a l l s  we r e  made o f  p e r s p e x ,  t h e  r o o f  and  s o l i d  f l o o r  
s e c t i o n s  o f  a l u m i n i u m .  A b o u n d a r y  l a y e r  b l e e d  was i n s t a l l e d  
i n  t h e  f l o o r  i n  t h e  e n t r y  s e c t i o n .  The p l a t e  p r e c e d i n g  t h e  
p o r o u s  s e c t i o n  was 800 mm l o n g ,  t h e  l e a d i n g  e dg e  m i l l e d  t o  
4 5 ° .  Th i s  c o n f i g u r a t i o n  c o u l d  be a l t e r e d  s u c h  t h a t  t h e  
i n i t i a l  s o l i d  p l a t e  was 150 mm l o n g .  h e o r e t  i c a l l y  a l a m i 
n a r  b o u n d a r y  l a y e r  would r e a c h  t h e  p o r o u s  p l a t e ,  b u t  t e s t s  
w e r e  n o t  done  w i t h  t h e  s h o r t  p l a t e  i n s t a l l e d .

A t r a v e r s i n g  r i g  (Di.‘ a t y p e  55H01) was m ou n te d  on s l i d e s .
The p r o b e  c o u l d  be  l o w e r e d  t h r o u g h  a s l i t  i n  t h e  r o o f  o f  
t h e  w o r k i n g  s e c t i o n .  The d i s t a n c e  o f  t h e  p r o b e  f rom t h e  
w a l l  was m e a s u r e d  w i t h  a M i t u t o y o  D i a l  Gauge.  T h i s  e n t i r e  
r i g  was m oun ted  on a s e p a r a t e  f rame wh i c h  was i s o l a t e d  f rom 
t h e  t u n n e l  t o  p r e v e n t  v i b r a t i o n  b e i n g  t r a n s m i t t e d  t o  t h e  
p r o b e .  The t r a v e r s i n g  r i p  a l l o w e d  4 d e g r e e s  o f  f r ee do m.



F i g  6 . 2  shows t h e  w o r k i n g  s e c t i o n  and t h e  t r a v e r s i n g  r i g . 
I n  t h e  n e x t  p h o t o g r a p h , F i g  6 . 3 ,  a c l o s e - u p  o f  t h e  w o r k i n g  
s e c t i o n  i n t e r i o r  i s  g i v e n .  In t h i s  f i g u r e  t h e  h o t  w i r e  
p r o b e  c an  be  s e e n  mounted  ab ov e  t h e  p o r o u s  p l a t e .  Not e  
t h a t  t h e  s h o r t  p l a t e  c o n f i g u r a t i o n  i s  d e p i c t e d .

F i g  6 .2  : t h e  w o r k i n g  s e c t i o n  and t h e  t r a v e r s i n g  r i g  :
(A) DIAL GAUGE, ( B ) DISA TRAVERSING MECHANISM, 
( C ) PROBE HOLDER, (D) HOT WIRE PROBE,
(E) POROUS PLATE

F i g  6 , 1  : i n s i d e  of the working s e c t i o n  : ( a ) entry  to
WORKING SECTION, ( B) PROBE HOLDER, (C) HOT WIRE 
PROBE, (D) SHORT LEADING PLATE, (E) POROUS PLATE
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6 . 2 . 3  T r a n s p i r a t i o n  f low s u p p l y

The t r a n s p i r a t i o n  o r  s e c o n d a r y  f l o w  was drawn f rom t h e  l a b 
o r a t o r y  c o m p r e s s e d  a i r  s u p p l y .  An I n g e r s o l l - R a n d  c o m p r e s s o r  
f e d  two r e c e i v e r s , f rom  w h i c h  a 50 mm i . d .  p i p e  d u c t e d  t h e  
a i r  t o  a p r e s s u r e  r e g u l a t o r  ( N o r g r e n  t y p e  AG20) . The f low 
r a t e  was m e a s u r e d  w i t h  an o r i f i c e  p l a t e ,  p r e c e d e d  by  an 
e n t r y  l e n g t h  o f  30 d i a m e t e r s .  The o r i f i c e  p l a t e  was c a l i 
b r a t e d  a c c o r d i n g  t o  B r i t i s h  S t a n d a r d s  1042.  A f i b r e - t y p e  
f i l t e r ,  s u p p l i e d  by V o k c s , was  p l a c e d  i n  t h e  p l enum chamber  
b e l o w  t h e  p o r o u s  p l a t e .  The f i l t e r  r emoved p a r t i c l e s  down 
t o  5 m i c r o n s , as  w e l l  as  g r e a s e .  The f r o n t  c o v e r  o f  t h e  
p l e n u m  c hamb er  h a d  t o  be  r emo ved  when c h a n g i n g  p o r o u s  p l a t e s .  
The h e i g h t  o f  t h e  p o r o u s  p l a t e  was a d j u s t e d  w i t h  s c r e w s  i n 
s i d e  t h e  c h a m b e r .  The p l a t e s  w e r e  made o f  s i n t e r e d  b r o n z e  
by  S i n t e r e d  P r o d u c t s  L t d .  o f  N o t t i n g h a m ,  E n g l a n d .  Each 
p l a t e  was 6 , 3 5  mm t h i c k .  The f r o n t  and r e a r  e dge s  wer e  
m i l l e d  t o  4 5 ° .  Gr a de s  E ( h i g h l y  p o r o u s )  C and A w e r e  t e s t e d .

F i g 6 , 4  :
THE WORKING SECTION 
AND THE PLENUM CHAMBER 
SHOWN WITH ITS FRONT 
COVER IN PLACE



-

lD

»—I
I—o

o
o

LU
LU

LU

H-

UJ CD

ULU

a

LTx
U.
u_ <£
Q



u

o
UJ
LU
ir
o
</)

LU

LUXLU

LUO

LU

o

CL

in
u_
Ll

Ll



CO£KUJu

CK

LULU

U _

o
co

t—o
LU
CO

O
1— 4

2U
q:

LU 
■ LU LU

U_
o

LU

LU
LU

(Nl
z
I— I

CD
C O

— T  C L



6 . 3  H o t - w i r e  A n e m o m e t r y

V e l o c i t y  t r a v e r s e s  we r e  o b t a i n e d  u s i n g  a D i s a  t y p e  55D01 
c o n s t a n t  t e m p e r a t u r e  a n e m o m e t e r . A s i n g l e  s e n s o r ,  g o l d -  
p l a t e d  w i r e  p r o b e  ( D i s a  t y p e  5 5 1 J l )  was i n s e r t e d  i n  a p r o b e  
h o l d e r  w i t h  a p r o t e c t i o n  p i n  a t t a c h e d .  By a d j u s t i n g  t h i s  
p i n ,  i t  was p o s s i b l e  t o  t o u c h  t h e  p i n  on t h e  w o r k i n g  s e c 
t i o n  f l o o r , and  t r e a t  t h a t  as  t h e  f i r s t  p o i n t  o f  t r a v e r s e .  
By r e a d i n g  t h e  d i a l  g au ge  a t  t h a t  p o i n t ,  t h e  h e i g h t  above  
t h e  p l a c e  was d e t e r m i n e c ,  a nd  s u b s e q u e n t  i n c r e a s e s  i n  d i s 
t a n c e  f rom t h e  f l o o r  known t o  0 , 0 1  mm.

The p r o b e  h o l d e r  was h e l d  by t h e  D i s a  t r a v e r s i n g  m echan i s m.  
Th i s  r i g  h a d  a r a n g e  o f  100 mm, a n d  was o p e r a t e d  m a n u a l l y  
t h r o u g h  a p i n i o n  d r i v e ,  f o r  s l i p l e s s  t r a v e r s i n g .  F o r  
i n c r e a s e d  a c c u r a c y ,  t h e  d i a l  g a u ge  was m o u n t e d  above  t h e  
r i g .

A p a r t  f rom mean v e l o c i t y ,  t h e  t u r b u l e n c e  i n t e n s i t y  and  
o r  s p e c t r u m  o f  t h e  U o r k i n g  S e c t i o n  m a i n s t r e a m  was mea

s u r e d .  F or  t h i s ,  t h e  p r o b e  was m o u n t e d  a t  a  x - s t a t i o n ,  i n  
t h e  c e n e r e  o f  t h e  Working S e c t i o n .  B ec a u s e  t h e  anemomet er  
o u t p u t  i s  n o n - l i n e a r ,  i t  r e q u i r e d  p r o c e s s i n g .  T h i s  was 
done  w i t h  a Type o5D10 L i n e a r i s e r . The l i n e a r i s e d  t u r b u 
l e n t  s i g n a l  was^ i n t e g r a t e d  on a Type 5 5D35 R.M.S.  V o l t m e t e r ,  
w h i c h  gave  / u ' 2 . T h i s  u n i t ,  a l s o  made by D i s a ,  h a d  a v o l t 
a ge  r a n g e  o f  0 -  300V. The i n t e g r a t o r  t i m e  c o n s t a n t  c o u l d  
b e  s e t  t o  0 , 3 ,  1 ,  3,  10 and  30 s e c o n d s .

Ihe  c a l i b r a t i o n  of  t h e  p r o b e s  i s  d i s c u s s e d  i n  A p p e n d i x  C3.

To o b t a i n  t h e  mean v e l o c i t y  i n  t h e  b o u n d a r y  l a y e r ,  a s i m p l e  
R.C.  c i r c u i t  was i n c l u d e d  i n  t h e  c i r c u i t .

A D o r i c  t y p e  DS100 d i g i t a l  v o l t m e t e r  was u s e d  t o  m e a s u r e  
t h e  o u t p u t  f rom t h e  a nemo met e r .



6 . 4  The E n e r g y  S p e c t r u m

T u r b u l e n t  f l o w  i s  s o  i r r e g u l a r  t h a t  e a r l y  i n v e s t i g a t o r s  gave  
up h o p e  o f  c a p t u r i n g  t h e  f l o w  i n  u n i v e r s a l  e x p r e s s i o n s .  I n  
i t s  v e r y  r a n d o m n e s s  l i e s  t h e  o p p o r t u n i t y  o f  u s i n g  s t a t i s t i 
c a l  m e t h o d s  t o  c h a r a c t e r i s e  t h e  m o t i o n .  Thus t h e  t i m e  b a s e d  
mean v e l o c i t y  and  t h i c k n e s s  c o u l d  b e  d e f i n e d .  The h o t  w i r e  
a n e mo me t e r  w i t h  i t s  h i g h  f r e q u e n c y  r e s p o n s e , and o s c i l l o 
s c o p e s  t o  r e c o r d  t h e  o u t p u t , made more  s o p h i s t i c a t e d  i n v e s t i 
g a t i o n s  p o s s i b l e .  Thus  t h e  c o r r e l a t i o n  f u n c t i o n  and  e n e r g y  
s p e c t r u m  a r e  s u i t a b l e  means  o f  p r e s e n t i n g  d a t a .

Ej  O )  i s  d e f i n e d  s u c h  t h a t  i s  t h e  c o n t r i b u t i o n  t o
u ' 2 o f  t h e  f r e q u e n c i e s  i n  t h e  b a n d  « t o  n + dn.

= f ^ E j M d n    [ 6 . 4 . 1 ]

As t h e  f r e q u e n c y  i n c r e a s e s , E1 (n)  d e c r e a s e s  r a p i d l y  b e c a u s e  
o f  t h e  e n e i g y  d i s s i p a t i o n  b y  v i s c o u s  a c t i o n .

I
I

E^(n) \
\

\
\
\
\
\

l o g n

F ig 6 , 7  : sketch  of an energy spectrum  for
TURBULENT FLOW
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From F i g  6 . 7 ,  Z 2 (n)  i s  c 1 ' l y  g r e a t e s t  a t  low f r e q u e n c i e s .  
The e n e r g y  c r e a t i n g  t h e  r t i c e s  i s  drawn f rom t h e  m a i n 
s t r e a m ,  and  e v e n t u a l l y  v. s s i p a t c d  t h r o u g h  t h e  a c t i o n  o f  

v i s c o s i t y .

O b t a i n i n g  a p l o t  o f  E2 (n)  v s  n r e q u i r e d  t h e  t u r b u l e n t  o s c i l 
l a t i o n s  t o  b e  r e p r e s e n t e d  by  a F o u r i e r  s e r i e s , e . g .

f ' (n)  = A q + A^cos^— + A ^cos-j- + .............

a n d  t h e n  p l o t t i n g  v s  n .  E q u i p m e n t  e m p l o y i n g  a b a n d  p a s s  
f i l t e r  c o u l d  be  u s e d  t o  g e n e r a t e  t h e  s p e c t r u m .  F o r  t h i s  
w o r k ,  a H e w l e t t - P a c k a r d  S p e c t r u m  A n a l y s e r ,  mode l  3580A,  
was u s e d  i n  c o n j u n c t i o n  w i t h  t h e  l i n e a r i s e d  o u t p u t  f rom 
t h e  s i n g l e  s e n s o r  p r o b e .

T h i s  u n i t  p r o d u c e d  a d i s p l a y  on a s c r e e n ,  b u t  a g r a p h i c a l  
o u t p u t  was o b t a i n e d  as  w e l l .  The r - c o - o r d i n a t e  s i g n a l  
( f r e q u e n c y )  was c o n v e r t e d  by a H e w l e t t - P a c k a r d  Log V o l t 

m e t e r / C o n v e r t e r ,  t y p e  7562 .  Thus a l o g - l c g  p l o t  was p r o 
d u c e d  d i r e c t l y  on a R i k c n  D u n s h i  X-Y R e c o r d e r .

6 . 5  E x p e r i m e n t a l  P r o c e d u r e

I t  was f o u n d  t h a t  t h e  a ne mo me te r  ( i n  p a r t i c u l a r ,  t h e  
l i n e a r i s e r )  was p r o n e  t o  d r i f t  w i t h  t e m p e r a t u r e .  B e f o r e  
an e x p e r i m e n t  c o u l d  be  s t a r t e d ,  t h e  l i n e a r i s e r  was a l l o w e d  
a warm-up  p e r i o d  o f  two h o u r s  ( s u g g e s t e d  by m a n u f a c t i r e r ) . 
A l i n e a r i s e d  c a l i b r a t i o n  c u r v e  was o b t a i n e d ,  and t h e  h o t  
w i r e  t r a n s d u c e r  t r a n s f e r r e d  t o  t h e  w o r k i n g  s e c t i o n .  11 
was e s s e n t i a l  t h a t  t h e  anemo met e r  was n o t  s w i t c h e d  o f f  
b e t w e e n  c a l i b r a t i o n  and  t e s t .

At  t h e  s t a r t  o f  a t e s t , v a l v e  VI ( s e e  F i g  6 . 6 )  was o p e n e d ,  
and  t h e  d e s i r e d  t r a n s p i r a t i o n  f l o w  s e t .

A f t e r  o p e n i n g  t h e  b y - p a s s ,  t h e  f a n  was s t a r t e d .  Once r u n 
n i n g ,  t h e  t r a p  d o o r  was c l o s e d , and t h e  b a f f l e  a t  t h e  f a n  
i n l e t  s e t  f o r  t h e  r e q u i r e d  a i r  v e l o c i t y  i n  t h e  w o r k i n g

E l



s e c t i o n . T h i s  was c h e c k e d  w i t h  a p i t o t  t u b e  i n  t h e  e n t r y  
l e n g t h . The f r e e  s t r e a m  t e m p e r a t u r e  was  m o n i t o r e d ,  and  
o n c e  s t e a d y  i t  was a s sumed  t h a t  t h e  w i n d  t u n n e l  had 
r e a c h e d  o p e r a t i n g  c o n d i t i o n s .  Ten t o  f i f t e e n  m i n u t e s  was 
u s u a l l y  r e q u i r e d  f o r  s t e a d y  s t a t e  t o  b e  a t t a i n e d .

The h o t  w i r e  t r a n s d u c e r  was t h e n  p o s i t i o n e d  a t  XI ,  y - 1 , 
a n d  t h e  a n em om et e r  s w i t c h e d  o n .  The a n em ome te r  o u t p u t  
r e q u i r e d  a b o u t  two m i n u t e s  t o  s e t t l e , d u r i n g  wh ic h  t i m e  
t h e  p a r a m e t e r s  r e q u i r e d  f o r  m e a s u r i n g  t h e  s e c o n d a r y  f l o w  
r a t e  w er e  n o t e d .  T h e s e  wer e  : p r e s s u r e  d r op  a c r o s s  t h e  
o r i f i c e  p l a t e ,  and  t h e  u p s t r e a m  s t a t i c  p r e s s u r e  and t e m 
p e r a t u r e ,  Lh , p j  and  t ^  r e s p e c t i v e l y .

VLIN  was t e a d  on t h e  DVM, and y on t h e  d i a l  g a u g e ,  and  
t h e n  t h e  h o t  w i r e  was moved t o  t h e  n e x t  y p o i n t .  T h i s  was 
c o n t i n u e d  t o  t h e  end  o f  t h e  v e l o c i t y  t r a v e r s e . F i n a l l y  
t h e  c e n t r e  l i n e  v e l o c i t y  was m e a s u r e d ,  w h i c h  was a s sumed  
t o  be  t h e  l o c a l  , a nd  t h e  f r e e  s t r e a m  t e m p e r a t u r e , t 2 .

The t r a v e r s i n g  r i g  was s h i f t e d  t o  X2, and t h e  t r a n s d u c e r  
was t r a v e r s e d  t o  y = l . The e n t i r e  o p e r a t i o n  was r e p e a t e d .  
V e l o c i t y  p r o f i l e s  were  m e a s u r e d  a t  X I ,  X2, X3 and X4.

S p e c i a l  c a r e  was t a k e n  t o  s e a l  t h e  p l e n u m  c h a m b e r . P r e s t i k  
was u s e d  a t  t h e  p o r o u s  p l a t e  e d g e s ,  t o  e n s u r e  t h a t  t h e  s e c 
o n d a r y  f lo w d i d  p a s s  t h r o u g h  t h e  p o r o u s  p l a t e ,  and n o t  form 
j e t s  a t  t h e  e d g e s . T h i s  was more  i m p o r t a n t  when t e s t i n g  
t h e  A g r a d e  p l a t e ,  w h i c h  h a d  v e r y  low p o r o s i t y .

TABLE 6 . 1  : x - c o - o r d i n a t e  p o s i t i o n s

P o s i t i o n  d e n o t e d D i s t a n c e  f rom
by : - l e a d i n g  e d g e  (mm)

XI 780
X2 856
X3 945
X4 1045



PRESENTATION AND DISCUSSION OF RESULTS

7 . 1  I n t r o d u c t i o n

T h i s  c h a p t e r  i s  d i v i d e d  i n t o  t h r e e  mai n  s e c t i o n s  : t h e  
p r o v i n g  o f  t h e  t u n n e l ,  t h e  e x p e r i m e n t a l  r e s u l t s  and  t h e  
c o m p u t e r  r u n s .

A s p a n w i s e  v e l o c i t y  t r a v e r s e  i s  p r e s e n t e d ,  and  some d i f f i 
c u l t i e s  w i t h  r e g a r d  ~o t h e  t u n n e l  a r e  d i s c u s s e d .  In  t h e  
f i r s t  p a r t , t u r b u l e n c e  i n t e n s i t y  and  t h e  s p e c t r u m  a n a l y s i s  
a r e  g i v e n .

S e c o n d l y ,  t h e  v e l o c i t y  t r a v e r s e s  a r e  shown i n  t h e  p o p u l a r  
n o n - d i m e n s i o n a l  f o r m ,  u / u  , v s  y / Q . Gr a ph s  c o n t a i n i n g  
i n f o r m a t i o n  more c o m p a c t l y  a r e  g i v e n  t o  i l l u s t r a t e  t r e n d s  
when t h e  l o w e r  p o r o u s  s u r f a c e  was p a r t i a l l y  b l o c k e d .  The 
b i l o g  p l o t t i n g  t e c h n i q u e  o f  B l a c k  and S a r n e c k i  (1959)  i s  
u s e d  t o  show t h e  d e v e l o p m e n t  o f  t h e  p r o f i l e  w i t h  i n j e c 
t i o n  r a t i o ,  and  a l s o  t o  compare  t h e  p r e s e n t  r e s u l t s  w i t h  
t h o s e  o f  M i c k l e y  and D a v i s  ( 1 9 5 6 ) .  The p o s s i b i l i t y  o f  a 
new t w o - p a r a m e t e r  f a m i l y  o f  c u r v e s  i s  d i s c u s s e d ,  wh i c h
a p p e a r  t o  be  i n d e p e n d e n t  o f  u * and  F.w

P l o t s  o b t a i n e d  f rom t h e  c o m p u t e r  r u n s  a r e  i n c l u d e d  i n  t h e  
t h i r d  s e c t i o n .  Co mpar i ng  t h e s e  r e s u l t s  w i t h  e x p e r i m e n t a l  
wor k  p r o v e d  more p r o b l e m a t i c  t h a n  was e x p e c t e d .  F o r  low 
i n j e c t i o n  r a t i o , i t  was p o s s i b l e  t o  compar e  one  o f  t h e  
p r o f i l e s  w i t h  t h a t  o f  M i c k l e y  and  D av i s  ( 1 9 5 9 ) .

0



7 . 2  I n i t i a l  T e s t s

7 . 2 . 1  T r a n s v e r s e  v e l o c i t y  p r o f i l e

The t r a n s v e r s e  v e l o c i t y  p r o f i l e  was m e a s u r e d  t o  e n s u r e  
t h a t  two d i m e n s i o n a l  f l o w  was a p p r o x i m a t e d  a t  t h e  c e n t r e  
l i n e .  The t r a n s d u c e r  was f i x e d  a t  a p a r t i c u l a r  v a l u e  o f  
y an d  x .  The t r a v e r s i n g  r i g  was moved a c r o s s  t h e  t u n n e l > 
t a k i n g  r e a d i n g s  a t  v a r i o u s  i n t e r v a l s .  One o f  t h e s e  p r o 
f i l e s  i s  r e p r o d u c e d  i n  F ig  7 . 2 .

A

leading

A '

F i g  7 , 1  : d e f i n i t i o n  o f  a x e s  : t h e  x - a x i s  l i e s  on t h e
CENTRE-LINE OF THE WORKING SECTION, COINCIDING 
WITH THE FLOOR, Y WAS NORMAL TO THE FLOOR,
AND Z TRANVERSELY COINCIDENT WITH THE FLOOR. 
THE VELOCITY COMPONENTS ARE INDICATED BY a ,  
v AND w RESPECTIVELY
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F ig 7 ,2  : t r a n s v e r s e  v e l o c i t y  p r o f i l e

IN 
C

M
.H
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' Ihe s t a n d a r d  d e v i a t i o n  o f  t h e  t r a n s v e r s e  p r o f i l e  i s  
s  = 0 , 0 4 8  m / s ,  w h i c h  i s  w i t h i n  t h e  e x p e c t e d  a c c u r a c y  o f  
t h e  a n e m o m e t e r .  The w i n d  t u n n e l  t h u "  p r o d u c e d  e s s e n t i a l l y  
two d i m e n s i o n a l  f l o w  i n  t h e  Working S e c t i o n .  A l l  p r o f i l e s  
w e r e  m e a s u r e d  on t h e  c e n t r e  l i n e ,  i e .  a t  z = 0 .

7 - 2 . 2  1u r b u l e n c e  a nd  t u r b u l e n c e  i n t e n s i t y

I h e  t u r b u l e n t  f l u c t u a t i o n s  w e r e  o b s e r v e d  by c o n n e c t i n g  t h e  
o u t p u t  o f  t h e  l i n e a r i s e r  t o  a T e k t r o n i x  o s c i l l o s c o p e .  T h i s  
o u t p u t  was  r e c o r d e d  a n d  i s  p r e s e n t e d  i n  F i g s  7 . 3  t o  7 . 5 .
The f i r s t  two t r a c e s  show t h a t  t h e  f l u c t u a t i o n s  w e r e  low i n  
t h e  m a i n - s t r e a m .  The t r a c e  d e p i c t e d  i n  F i g  7 . 5  was o b t a i n e d  
b y  p l a c i n g  t h e  p r o b e  1 mm f rom t h e  w o r k i n g  s e c t i o n  f l o o r .
I t  s h o u l d  be n o t e d  t h a t  t h e  s i n g l e  w i r e  s e n s o r  n e c e s s a r i l y  
r e g i s t e r e d  u ’ , v '  and  a s m a l l  p e r c e n t a g e  o f  w ' .  The p r o b e  
was p l a c e d  n o r m a l  t o  t h e  f l o w  f o r  a l l  t e s t s .  C o n s i d e r a t i o n  
o f  t h e  r e s u l t s  o f  K l c b a n o f f ,  r e p r o d u c e d  in  S c h l i c h t i n g  
( 1 9 6 8 ) ,  showed u ’ , v '  and  v '  a l l  i n c r e a s e d  n e a r  t h e  w a l l .

F i g s  7 . 3  and 7 . 4  gave  an i n d i c a t i o n  o f  t h e  a u t o c o r r e l a t i o n ,  
b e c a u s e  t h e  two s u p e r i m p o s e d  t r a c e s  w e r e  t a k e n  a t  t i m e  t  
an d  t  + t . T h i s  was n o t  q u a n t i f i e d .

i »

F ig 7 . 3  :
TWO TRACES FOR 
hV--16 m / s ,  PROBE 
AT CENTRE LINE
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F ig 7 . a :
TWO TRACES FOR 
%co=12m/.', PROBE 
AT CENTRE LINE

■ , X

"  T

F i g  7 , 5  :
SINGLE TRACE FOR 
I/co=16 m / s j  PROBE 
1 mm ABOVE SOLID 
WALL

A s e r i e s  o f  t e s t s  w e re  p e r f o r m e d  t o  a s c e r t a i n  t h e  t u r b u l e n c e  
i n t e n s i t y  o f  t h e  wi nd  t u n i e l . By d e f i n i t i o n ,

T -  / l / S C I T 2 + r r2 + ZP-2) / ^    [ 7 . 2 . 1 3

For i s o t r o p i c  f l o w  ( p r o d u c e d  i n  wind  t u n n e l s  b e h i n d  a g r i d  
o r  s c r e e n )  u ' 2 = v ' 7 = w ’ ’ , so f o r  wi nd  t u n n e l s  t h i s  e q u a 
t i o n  becomes  ( S c h l i c h t i n g  1968)

T = 7u ' V v    [ 7 . 2 . 2 ]



The t r a n s d u c e r  was s u b j e c t  t o  u ’ and  u B e c a u s e  u ' was 
p a r a l l e l  t o  t h e  s e n s o r  w i r e ,  t h i s  c o n t r i b u t i o n  s h o u l d  h ave  
b e e n  s m a l l .  I f  V 72 > 
t u r b u l e n c e  i n t e n s i t y

TT2 + V 7 2 , t h e n  d e f i n e  a w i n d  t u n n e l

= S l r ' 2/ Un [ 7 . 2 . 3 ]

I he  r e s u l t s  o f  a number  o f  r u n s  a t  d i f f e r e n t  v e l o c i t i e s  
a r e  g i v e n  i n  T a b l e  7 . 1 .  The i n t e g r a t o r  t i m e  c o n s t a n t  was 
10 s e c .  The p r o b e  was p o s i t i o n e d  a t  z  = 800 mm, y = ’ 1 2 , 5  
mm, 3 = 0 .

TABLE 7 . 1

T e s t Veo ( v o l t s ) t ^Cm/ s ) ( v o l t s ) T \

A 3 , 1 9 0 1 5 , 3 59 0 , 8 9 1 0 , 5 9
B 2 , 5 5 8 1 2 , 3 3 5 0 , 6 4 0 0 , 5 3
C 2 , 1 9 1 1 0 , 5 7 9 0 , 5 0 4 0 , 4 9
D 1 , 8 3 5 8 , 8 7 6 0 , 4 5 7 0 , 5 3
E 1 , 3 9 2 6 , 7 5 6 0 , 3 6 8 0 ,  56

Um w ,s v a r i e d  by o p e n i n g  t h e  b y - p a s s .  C o n s i d e r i n g  F i g  7 . 6 ,  
i t  w o u l d  be  e x p e c t e d  t h a t  T would  h ave  b een  l o w e r  had a more 
s o p h i s t i c a t e d  met hod  f o r  d e c r e a s i n g  Ua b e e n  em pl o ye d .  In 
t h e  ma i n  t e s t ,  t h i s  was done  by c l o s i n g  t h e  f a n  i n t a k e  w i t h  
a b a f f l e  p l a t e .  The i n c r e a s e d  a n g l e  o f  t h e  t r a p  d o o r  may 
e x p l a i n  why T d r o p p e d  i n i t i a l l y ,  b u t  t h en  i n c r e a s e d  i n  t h e  
l a s t  two t e s t s .
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t rap d o o r

e d d i e s

FAN

F i g  7 , 6  : d e t a i l  o f  b y - p a s s ,  showing p o s s i b l e  e f f e c t s  
OF OPENING t h e  t r a p  door

7 . 2 . 3  The e n e r g y  s p e c t r u m

The e n e r g y  s p e c t r u m  was m e a s u r e d  i n  t e s t s  A t h r o u g h  E.
The r e s u l t s  a r e  r e p r o d u c e d  i n  F i g s  7 . 7 a  t o  7 . 7 e .  T h e se  
a r e  p l o t s  o f  l o g  £\  (n)  vs  l o g  n . The i n e r t i a l  s u b r a n g e  
was e s t a b l i s h e d  i e .  t h e  p o r t i o n  o f  t h e  c u r v e  w h i c h  i s  
f i t t e d  by t h e  - 5 / 3  l a w .  T h i s  i s  a r a n g e  i n  w h i c h  v o r t i c e s  
we r e  n e i t h e r  g e n e r a t e d  o r  d i s s i p a t e d .  I t  h a s  b e e n  p r o 
p o s e d  t h a t  t h e  l a r g e ,  low f r e q u e n c y  e d d i e s  a r e  f o r m e d  by 
d r a w i n g  e n e r g y  f rom  t h e  ma i n  s t r e a m , c r e a t i n g  t h e  t u r b u 
l e n t  s t r e s s e s .  B e c a u s e  o f  t h e  i n s t a b i l i t y  o f  t h e  f l o w ,  
s m a l l e r  and  s m a l l e r  e d d i e s  a p p e a r  u n t i l  t h e y  a r e  d i s s i 
p a t e d  as  h e a t  ( s e e  S c h l i c h t i n g , 1 9 6 8 ) .

T h e s e  p l o 1 show t h a t  a f u l l  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  
e n e r g y  o f  f l u c t u a t i o n  was p r e s e n t  i n  t h e  L u n n e l , t h r o u g h 
o u t  t h e  r a n g e  o f  f r e e  s t r e a m  v e l o c i t i e s  o f  i n t e r e s t .

I n  e a c h  s p e c t r u m  t h e  u t i a l , eddy g e n e r a t i n g  r e g i o n  can  
be  s e e n .  F u r t h e r m o i  c . t h e  f u n c t i o n  £  ̂(«)  « n 5/'3 f i t t e d  t h e  
d a t a  i n  t h e  i n e r t i a l  s u b r a n g e . N o i s e  f rom t h e  a nemomete r  
and a n a l y s e r  d i s g u i s e d  t h e  h i g h  f r e q u e n c y  r a n g e .
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F i g  7 . 7 b  t o  F ig  7 . 7e show an  e n e r g y  b u l g e  a t  h i g h  f r e q u e n c y .  
T h i s  o c c u r r e d  a t  a p p r o x i m a t e l y  6 and  10 Hz and i s  t h o u g h t  t o  
h a v e  b e e n  c a u s e d  by v o r t e x  s h e d d i n g  b e h i n d  t h e  t r a p  d o o r .  
T h i s  was d i s c u s s e d  i n  s e c t i o n  7 . 2 . 2  i n  r e l a t i o n  t o  F i g  7 . 6 ,  
an d  r e s u l t e d  i n  t h e  d i s c o n t i n u e d  u s e  o f  t h e  b y - p a s s  as  a 
m e t h od  o f  f l o w  c o n t r o l .

- 5 / 3  C u r v e

- 5 - 7  C u rv e

10U 1000 10000
n -----►

(Hz)

F ig 7 , 7 a  : t e s t  a
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7• 3  E x p e r i m e n t a l  Work

I n  e a c h  t e s t , t h e  p r o f i l e  a t  a s t a t i o n  j u s t  p r i o r  t o  t h e  
s t a r t  o f  t h e  p o r o u s  s e c t i o n  was m e a s u r e d .  T h i s  s t a t i o n  was 
d e n o t e d  XI .  The s h a p e  f a c t o r  f o r  t h e s e  p r o f i l e s  r a n g e d  
b e t w e e n  1 , 2 7  a nd  1 , 3 0 ,  w h i c h  i s  t h e  c o r r e c t  v a l u e  o f  H f o r  
t h e  u n b l o w n ,  z e r o  p r e s s u r e  g r a d i e n t  t u r b u l e n t  b o u n d a r y  
l a y e r .  Ihe  s i m p l e  B l a s i u s  p r o f i l e  was f ou n d  n o t  t o  f i t  t h e  
e x p e r i m e n t a l  d a t a .  T h e o r e t i c a l  c u r v e s  we r e  c o n s t r u c t e d  f rom 
T h o m p s o n ' s  two p a r a m e t e r  f a m i l y  ( Thompson , 1 9 6 5 ) .  N e a r  t h e  
w a l l  a g r e e m e n t  was n o t  a s  g o o d ,  b u t  i t  s h o u l d  be  b o r n e  i n  
mind t h a t  t h e  g i v e n  f a m i l i e s  h a d  t o  be  i n t e r p o l a t e d  t o  
o b t a i n  t h e  a p p r o x i m a t e  v a l u e  o f  z/ /0.  Two o f  t h e s e  p r o f i l e s  
a r e  g i v e n  i n  F i g s  7 . 8  and  7 . 9 .

The r e a s o n  f o r  t h i s  r e s u l t  i s  t h o u g h t  t o  be  a s  f o l l o w s .
The c o n t r a c t i o n  was i n  t h e  X Z - p l a n e ,  and  t h u s  t h e  t r a n s 
v e r s e  p r o f i l e  was e x c e p t i o n a l l y  f l a t . In t h e  Y Z - p l a n c ,  
t h e  t u n n e l  h e i g h t  r e m a i n e d  c o n s t a n t  f rom t h e  s t a r t  o f  t h e  
d i f f u s e r .  T h i s  r e s u l t e d  i n  a v e r y  t h i c k  b o u n d a r y  l a y e r  
a r r i v i n g  i n  t h e  e n t r y  s e c t i o n .  I t  was t h e r e f o r e  n o t  p o s s i 
b l e  t o  draw t h e  e n t i r e  b o u n d a r y  l a y e r  o f f  t h r o u g h  t h e  
b o u n d a r y  l a y e r  b l e e d .  A l m os t  d u c t  f lo w r e s u l t e d ,  r a t h e r  
t h a n  t h e  i d e a l  " f l a t  p l a t e  i n  a f r e e  s t r e a m " .  L a rg e  5 d i d  
h a v e  t h e  a d v a n t a g e  t h a t  t h e  y m e a s u r e m e n t  was l e s s  c r i t i c a l ,  
a n d  t h e  r a t e  ol  c h a n g e  o f  u w i t h  y was much s m a l l e r .  The 
d i s t u r b  . n e e  of  a t r a n s d u c e r  i n  t h e  s h e a r  l a y e r  was t h u s  
d e c r e a s e d .

I t  must  be  p o i n t e d  o u t  t h a t  numerous  i n v e s t i g a t o r s  u s e d  a 
p i t o t  t u b e  f o r  m e a s u r i n g  t h e  v e l o c i t y .  B ec a us e  t h i s  d e v i c e  
i s  l a r g e r  t h a n  t h e  m i n i a t u r e  h o t  w i r e  t r a n s d u c e r  u s e d  i n  
t h e  p r e s e n t  w o r k ,  t h e  d i s t u r b a n c e  t o  t h e  f lo w i n  t h e  r e g i o n  
o f  m e a s u r e m e n t  was n e c e s s a r i l y  g r e a t e r .  In  a d d i t i o n ,  i t  was 
f o u n d  t o  be  e s s e n t i a l  t h a t  t h e  p i t o t  t u b e  was e x p o s e d  t o  t h e  
c o r r e c t  s t a t i c  p r e s s u r e .  When a p i t o t  t u b e  was u s e d  i n  t h e  
t u n n e l  r u n n i n g  a t  a p r e s s u r e  s l i g h t l y  h i g h e r  t h a n  a t m o s p h e r i c , 
i n c o r r e c t  r e a d i n g s  were  o b t a i n e d . The same comments  woul d  
a p p l y  t o  a  p i t o t  r a k e .
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G r e a t  c a r e  was t a k e n  i n  m e a s u r i n g  t h e  p r o f i l e s  f o r  t h e  p r e 
s e n t  w o r k .  The h o t  w i r e  was r e - c a l i b r a t e d  f o r  e a c h  r u n .  A 
d i f f i c u l t y  a l w a y s  p r e s e n t  when u s i n g  h o t  w i r e s  i s  t h a t  t h e  
t r a n s d u c e r  i s  n o t  t o  b e  t r a v e r s e d  t o  y = 0 t o  d e t e r m i n e  t h a t  
p o i n t .  A s h i e l d  was a t t a c h e d  t o  t h e  p r o b e  h o l d e r  w i t h  a 
b r o k e n  p r o b e .  T h i s  p r o b e  was t r a v e r s e d  down u n t i l  i t  j u s t  
t o u c h e d  t h e  f l o o r ,  and  t h e  d i a l  gauge  r e a d i n g  n o t e d .  The 
c a l i b r a t e d  t r a n s d u c e r  was t h e n  p l a c e d  i n  t h e  h o l d e r .  S i n c e  
t h e  two t r a n s d u c e r s  w e r e  o f  e q u a l  l e n g t h ,  y was c a l c u l a t e d .

The r e s u l t s  wer e  p r o c e s s e d  on an  IBM 370 c o m p u t e r ,  wh ic h  
p r i n t e d  a nd  p l o t t e d  t h e  d a t a .

7 . 3 . 1  The e x p e r i m e n t a l  r e s u l t s

The b a s i c  d a t a  i s  g i v e n  i n  A p p e n d i x  E l .  The n o n - d i m e n s i o n -  
a l i z e d  p l o t s  f o r  a l l  t h e  t e s t s , a n d  b a s e l i n e  d a t a  f o r  each  
t e s t  a r e  g i v e n  i n  F i g  7 . 1 0 .  The v e l o c i t y  p r o f i l e s  a r e  
f o l l o w e d  by  g r a p h s  o f  s h a p e  f a c t o r ,  H vs  p h y s i c a l  x  f o r  t h e  
maximum m a i n  s t r e a m  v e l o c i t y  t e s t s ,  and  t h e  t e s t s  w i t h  
b l o c k a g e .  In  t h e s e  g r a p h s  t h e  c h a n g e  i n  p r o f i l e  c a u s e d  by 
b l o c k a g e  i s  i n d i c a t e d .

I n  t h e  t a b l e s  o f  F i g  7 . 1 0  t h e  h e a d i n g  i n c l u d e s  t h e  d a t e ,  
e . g .  t e s t  28S1 was r un  on t h e  2 8 t h  S e p t e m b e r ,  t h e  1 s t a n d s  
f o r  t h e  number  o f  t h e  t e s t .  The s e c o n d  p a r t  i n d i c a t e s  t h e  
g r a d e  o f  p o r o u s  p l a t e ,  t h e n  Fav  x 1 0 " 3 and f i n a l l y  t h e  
m a i n  s t r e a m  v e l o c i t y ,  i n  m / s .  R e_ was b a s e d  on t h e
d i s t a n c e  m e a s u r e d  from t h e  l e a d i n g  e d g e .  I h e s e  w e r e  XI = 
0 , 7 8 0 5  m, X2 = 0 , 8 5 6 5 ,  X3 = 0 , 9 4 5 5 ,  X4 = 1 , 0 4 5 5 .  XI was 
on t h e  s o l i d  p l a t e ,  X2 = 1.8,66®, X3 - 49,13% a nd  X4 =
83,36% a l o n g  t h e  p o r o u s  p l a t e .  F , , was b a s e d  on t h e  
i n l e t  v e l o c i t y .

I n  F i g  7 . 1 0 ,  t h e  s y mb o l s  u s e d  f o r  p l o t t i n g  a r e  A f o r  XI ,  
+ f o r  X2 , X f o r  X3 and O f o r  X4. The c o - o r d i n a t e s  u s e d  a r e  
u / u  , v s  y / 6 .  T h i s  i s  p r e f e r r e d  t o  y / 6 ,  b e c a u s e  6 i s  l e s s  
e a s y  t o  d e t e r m i n e .
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The f i r s t  f i v e  t e s t s  we r e  r u n  a t  maximum f r e e  s t r e a m  v e l o 
c i t y ,  w i t h  an E g r a d e  p l a t e  i n s t a l l e d .  R e s u l t s  a r e  shown 
i n  F i g  7 . 1 0 a  t o  e . In  a l l  t e s t s ,  t h e  i n c r e a s i n g  1l a m i n a r i -  
s a t  i o n ’ w i t !  x  i s  e v i d e n t ,  t h e  c u r v e s  c o i n c i d i n g  a t  a p p r o 
x i m a t e l y  y / 0  = 3 , 5-*5, t h i s  v a l u e  i n c r e a s i n g  w i t h  F.  Fo r  
h i g h  F , t h e  p r o f i l e s  a t  X3 and X4 t e n d e d  t o  be v e r y  s i m i l a r  
( s e e  F i g  7 . 1 0 c ) .

I n  t e s t  2 8 S 3 , t h e  p r o f i l e  a t  X3 showed a s t r a n g e  s t e p .  T h i s  
p r o f i l e  was o b t a i n e d  w i t h  p r o b e  N o . 4,  w h i c h  a p p e a r e d  t o  be 
f a u l t y , and  was n o t  u s e d  a g a i n .  A l t h o u g h  n o t  b r o k e n , t h e  
c a l i b r a t i o n  c u r v e  f o r  t h i s  p r o b e  c h a n g e d  d u r i n g  a  t e s t .  
P o s s i b l y  a p a r t i c l e  i n  t h e  s t r e a m  c o l l i d e d  w i t h  t h e  t r a n s 
d u c e r .

F i v e  t e s t s ,  v e r y  s i m i l a r  t o  t h e  a b o v e , we r e  p e r f o r m e d  on 
t h e  E g r a d e  p l a t e , b u t  a t  t h e  r e d u c e d  f r e e  s t r e a m  v e l o c i t y ;  
n = 1 3  m/ s  a t  t h e  Work ing  S e c t i o n  i n l e t .  Ver y  s i m i l a r  
r e s u l t s  t o  t l j  f i r s t  s e t  we r e  o b t a i n e d ,  b u t  r e s u l t s  we r e  
n o t  i d e n t i c a l .  T h i s  i n d i c a t e s  t h a t  t h e  p r o f i l e  was n o t  
o n l y  d e p e n d e n t  on F.  C l e a r l y  R e .. was d i f f e r e n t ,  b u t  p r o 
b a b l y  a l s o  t h e  e f f e c t i v e  r o u g h n e s s ,  k 4 . These  t e s t s  a r e  
shown i n  F i g  7 . l O f  t o  j .

T e s t s  0701 and  0601 were  a l s o  r u n  o v e r  t h e  u n b l o c k e d  E 
g r a d e  p l a t e ,  b u t  a t  VCL = 9 m / s ,  and t h e r e f o r e  a t  much 
l o w e r  Re  .

X

The n e x t  s e t  o f  t e s t s , 09N1 t o  11N2,  shown i n  F i g  7.10m t o  
q , were  a r e p e a t  o f  t h e  f i r s t  12 r u n s , b u t  on t h e  C g r a d e ,  
u n b l o c k e d  p l a t e . The r e s u l t s  we r e  v e r y  s i m i l a r , b u t  showed 
a s h i f t  w h i c h  was t h o u g h t  t o  h ave  r e s u l t e d  f rom t h e  c ha ng e  

i n  r o u g h n e s s  , k 4 .

F i n a l l y ,  a s a m p l e  t e s t  was p e r f o r m e d ,  u s i n g  t h e  A g r a d e  p l a t e .  
B e c a u s e  o f  t h e  low p o r o s i t y ,  and t h e  r e s u l t a n t  h i g h  p r e s s u r e  
d r o p , g r e a t  c a r e  was t a k e n  when s e a l i n g  t h e  p lenum c h am b er .  
Powder  m e t a l l u r g y  was u s e d  t o  make t h i s  p l a t e ,  w h e r e a s  t h e

<
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F I G  7 . 1 0 c  :  T E S T  2 8 S 2  E - 1 2 , 4 1 - 1 7

10.00

PLOT OF U/UE VS T/TTA
* *  x > -» /s .e -n . v  n

Ed

i

x

R
o'

X  » \ * * *
X  ♦

S t a t i o n  y ^ C m / s )  / ?.  i *  1 0 *  1 6 ( m m )  H f  x 10*

X I  1 9 , 6 4 2
X ?  1 9 , 8 0 4
X 3  2 0 , 3 0 5
X 4  2 1 , 0 9 1

8 ,  " 2 4  

9 , 0 9 5  
1 0 , 2  7 0  

1 1 , 7 8 0

4 4  4  3  

4 8 1 5
5 0 9 1

5 6 4 0

4 , 2 2
4 , 5 4

4 , 6 8

5 , 0 0

1 , 2 8

1 . 4 0  1 1 , 9 6 7

1 , 5 2  1 1 , 5 7 4
1 . 6 4  1 1 , 2 3 7

. J  1---------  ►— I- --------- 1----------- 4 -----------  1----------  ,       .
6 -00 ' - t o  2-00 3.00 8 .00  5.00 6.0(1 7 00 8 00

T / 7 T H

F IG  7 . l O d  : T E S T  3 0 5 2  E - 1 3 , 7 9 - 1 7

9 . JO 10.00
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P L O T  OF U/UE VS Y / T T R
HLN 28-9/9.12-15.5-17

S t a t i o n  ( m / s )  He  x  1 0 " 5 f  * 1 0 *

X

X I 1 8 , 6 9 6 8 , 0 4 0 4 0 6 1 3 , 9 4 1 , 2 8
X 2 1 8 , 3 8 5 8 , 6 5 5 4 4 5 6 4 , 4 1 1 , 4 3 1 5 , 8 2 8
X 3 1 8 , 4 4 9 9 , 5 8 6 4 7 1 3 4 , 6 5 1 , 6 5 1 5 , 5 5 6
X 4 1 8 , 6 3 1 1 0 , 7 1 0 5 6 8 2 5 , 5 5 1 . 7 1 1 5 , 5 1 2

t.oo 1.00 Z.Ol'  3 .00 1.00 s.oo 
r/TTfl 6.00  7.00 8. on 9 .0 0 10.00

F I G  7 . l O e  : T E S T  7 6 S 3  E - 1 7 , 0 - 1 7

PLOT OF U/UF VS T/T1A
*>i 03-10^,9-5.3-11

i!d

S l a t  i o n V . > / $ ) H *x  x  1 0 ' *
* 6 ____ 0  ( m m ) H f  x  1 0 *

X I 1 5 , 1 8 4 6 , 3 2 4 3 , 3 5 5 4 , 1 4 1 , 2 8
X 2 1 5 , 5 1 7 7 , 1 0 0 3 8  7 0 4 , 6 7 1 , 3 2 5 , 1 5 6
X 3 1 5 , 9 4 4 8 , 0 4 6 4 1 4 0 4  , 8 6 1 , 3 7 5 , 2 0 6

4l.00 * 1.00 + 00 ■ sToo ' iToo^^s.oo' * e V  ,!oo H
9 0 0  10 .00

F I G  7 . l O f  : T E S T  0 3 0 2  E - 6 , 4 3 - 1 3
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PLOT OF U / U E  VS T / T T f l
HW OH-10 /5 ,0 -9 .6 5 -1 3  •

e x  * *

S t a t i o n V _ ( m / s ) R e x  * 1 0 " 1 * 6 m m ) H F  x  1 0

X I 1 5 , 3 6 1 6 , 4 0 4 3 5 6 6 4 , 3 5 1 , 3 0 * , •

X 2 ' S . S 6 6 7 , 1 1 5 3 8 3 4 4 , 6 2 1 , 3 5 8 , 0 3 0

X 3 1 5 , 7 8 1 7 , 9 5 7 4 1 7 7 4  , 9 6 1 , 4 3 8 , 0 4 7

X 4 1 6 , 0 9 4 8 , 9 9 1 4 6 7 6 5 , 4 4 1 , 4 7 7 , 7 6 7

o n  s . «  H-00r /T T f lS’00
. o c  7 . o o  e . r o  a . o o  1 0 .0 0

F I G  7 . 1 0 g  : T E S T  0 4 0 2  E - 9 , 6 9 - 1 3

PLOT OF U/UE VS T/TTfl
w  o s - w n v i a .  •. 13

x » * x *
■V ♦ ♦ ♦

S t a t i o n U j m / s ) x  1 0  * * 9 0  ( m m ) « F  *  1 0

X I 1 5 , 2 4 2 6 , 4 3 6 3 6 0 8 4 , 3 8 1 , 2 9

X 2 1 5 , 1 8 8 7 , 0 0 9 3 9 2 4 4 . 8 0 1 , 3 6 9 , 9 7 6

X 3 1 5 , 5 5 0 7 , 9 0 7 4 3 5 8 5 , 7 1 1 . 4 7 9 , 7 7 5

X 4 1 6 , 1 8 8 9 , 0 9 3 4 , 6 5 3 5 , 3 5 1 , 5 4 9 , 2 0 4

4-----  (-
2 00 ' 3 .0 0  ti‘0U 7 ' 00 ‘ • ®  9 -0 0  10‘00

F I G  7 . 1 0 h  : T E S T  0 3 0 1  E - l l , 5 9 - 1 3

j  J i A
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PLOT OF U /U E  VS T / T T f l
**N U - l0 / l .y - i3 .0 - 1 3

1* t  *  <

* *  ^
♦  X »  * + X # *  4

X  ♦  A *

A
A *

t

.  ' x  
*

x  »

o

♦  X J
x  a  

♦ x *

S t a t i o n  0 ^ ( m / s )  / ? « ,  *  1 0 " s  f r g  0  ( m m )  W F  *  1 0 1

X I  I S , I S O  ( 1 4 3  3 4 9 7  4 , 2 4  1 , 2 9

X
X 2  I S , 2 3 2  7  

X 3  1 5 , 6 7 6  7  
X 4  1 5 , 8 9 6  8

0 0 7  3 8 2 S  

9 8 8  4 3 8 2  
9 0 9  4 6 8 6

4 , 6 4  1 , 3 8  1 1 , 0 2 9  

5 , 1 9  1 , 4 9  1 0 , 3 9 8  
5 , 5 0  1 , 5 7  1 0 , 3 1 7

•
T j . j o 1.03 2 .00  3 .00  H.iX 5 .00  6 .00  7.00 8 .00  9 .00  10.00

T / T T f l

F I G  7 . 1 0 1  : 0 4 0 1  E - l ? , 7 9 - 1 3

P L O T  OF U / U E  V S  T / T T f l
UN V4.3-13

ye

> -‘ / a *

X * * X *  f
X  ♦  * - #  A t  A

4
▲

A 4
A 4

f  x »  
*  »

*  ♦
X

+  X 4
' 4  -

S t a t i o n  t ^ f n / s )  7 ? i z  *  1 0 * s  7?0  6 ( n a n ) H F  x  1 0 *

X I 1 5 , 9 8 2  6 , 6 5 1  3 8 8 5  4 , 5 6 1 , 2 9

+X
o

5

X 2
X 3
X 4

1 5 , 9 6 3  7 , 2 5 8  3 9 6 9  
1 6 , 1 4 4  8 , 0 9 8  4 5 9 3  

1 6 , 3 6 4  9 , 0 4 9  5 0 5 8

4 , 6 9  1 , 3 9  1 1 , 5 2 7  

5 , 3 6  1 , 5 1  1 1 , 4 5 9  
5 , 8 4  1 , 5 9  1 1 , 1 8 3

0 .00  1.00 2.00 3 .0 ; 9.00 5 .CO
T / T T f l

6 .0 0 7.00 8.00 9.00 10.00

F I G  7 .  l O j  : T E S T  0 5 0 1  E - 1 4  . 1 3 - 1 3
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P L O T  OF U / U E  VS T / T T A
a w  7 -1 0 /1 ,1 -7 .1 -9 .8

6  ( r t m ) F x 10S t a t i o n  U _ ( m / s )  x  ' o ’

1,29
1 , 3 3

5 , 1 23 0 1  S 
3 0 0 0  
3 3 5 1  

3 5 7 9

4 , 5 9 3  
4  , 9 4 1  

5 , 4 6 9  
6 , 0 3 9

1 1 , 1 0 6
1 0 , 9 3 1
1 0 , 9 8 6
1 0 , 9 9 9

6 , 4 0 4

6 , 3 7 2
6 , 3 6 4

5 , 7 9
6 , 1 9

X 3
1 , 3 8

13.005.003.001.00i.OO
r / n A

F I G  7 . 1 0 k  : T E S T  0 7 0 i  E - 7 , 7 4 - 9

P L O T  OF U / U E  VS T / T T A
a w  8 -1 0 /1 .1 -1 0 .5 -8 .8

X
-+

A 4>>Z>
»^ -----

X*

*

S t a t i o n  I'  ( m / s ) Bê . x 10"

X I
X 2
X 3

XI

10 ,888
1 0 , 9 o 6
1 1 , 1 8 7
1 1 , 1 8 5

4 , 4 3 9
4 , 7 6 7

5 , 4 3 0
6 , 0 3 7

e
3020
3 1 3 4
3503
3 6 6 5

0(n

5
3 . 6 5
6 , 1 0
6 , 3 8

1 . 2 9
1 , 3 6
1 , 4 3
1 , 4 7

F x  1 0 ’

1 0 , 2 1 3
10 ,012

9 , 6 5 6

' t o o  t o o  2 00 3.00 H .O C ^ ^ S .O O  6.00 7.00 8.00 9.00 10.00

F I G  7 . 1 0 1  : T E S T  0 6 0 1  E - 1 2 , 0 3 - 9
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PLOT Of U/JE VS T/TTR

x *

y:
9 ( n u n )S t a t i o n  U „ ( m / s )  K e ^  *  1 0

1 , 2 9
1 . 3 6
1 , 4 3
1 , 4 6

4 , 3 63 6 6 6
3 6 6 7  

3 9  7 0  

4  3 0 0

6 , 5 6 4

7 , 1 2 8
7 . 9 1 5

8 . 9 1 5

1 6 , 1 6 0
1 6 , 0 2 7

1 6 , 1 4 3
1 6 , 5 2 8

7 , 5 5 0
7 , 3 1 0
7 , 0 7 9

X 2
X 3
X 4 5 , 2 6

3. JO.03

F I G  7 . 1 0 m  : T E S T  0 9 N 1  C - 7 , 0 7 - 1 7

PLOT OF U/UE. VS Y/TTA
* >  1 3 -1 1 /1 .S - -17

S t a t i o n 6 „ ( n / s ) R e x * l O ' 4 ^ 9 8  ( m m ) H r *  l o ’

X I 1 6 , 3 7 4 6 , 6 6 8 3 8  3 4 4 , 4 9 1 . 2 9 2

X 2 1 6 , 2 5 8 7 , 2 5 2 3 8 6 3 4 , 5 6 1 , 3 8 1 0 , 1 4 9

X 3 1 6 , 3 0 8 8 , 0 0 9 4 0 5 2 4 , 7 8 1 , 4 8 1 0 , 1 1 8

X 4 1 6 , 5 0 8 8 , 9 4 3 4 4 6 7 S . 2 2 1 , 5 5 9 , 9 9 5

03 i . 00 2 ,00  3.00 W.OO ^  ^ % 0 0  6.00 7.00 6.00 9.0C 10.00

F I G  7 t O n  : T E S T  1 0 N 1  C - 9 , 8 2 - 1 7

m
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P L O T  OF U / U E  V S  Y / T T A
KH !> '.Ur,,B. '),:0-l7

S t a t i o n  i / m ( m / s )  / ? e z  x  1 0  s 6 ( m m )  H FX 1 0 ’

X I 1 6 , 8 8 9 6 , 7 7 7 3 6 2 3 4 . 1 7 1 . 2 9 ■. 4 ?  '

X 2 1 6 , 9 6 5 7 , 4 4 5 3 6 1 5 4 , 1 6 1 , 4 1 1 1 , 9 6 6

X 3 1 7 , 4 5 1 8 , 4 7 7 4  3 9 6 4 , 9 0 1 , 5 3 1 1 , 5 1 8

X 4 1 7 , 7 4 9 9 , 5 2 4 5 0 6 0 5 , 5 5 1 , 6 1 1 1 , 3 8 1

v n o
13.00

F I G  7 . l O o  : T E S T  I O N ?  C - 1 2 , 0 2 -  1 7

PLOf OF U/UE 75 Y/TTA
»* :: . 4-0.t‘-'.3

F x 1 0 ’S t a t i o n  f 7 „ ( n / s )  F e ,  *  1 0  1 6 (nm)

X I 1 2 , 3 5 6 5 , 0 7 7 2 8 4 3 4 , 3 7 1 , 3 0

X 2 1 2 , 3 1 2 5 , 5 4 0 2 8 7 1 4 , 4 4 1 , 3 9 8 , 5 2 8

X 3 1 2 , 3 3 3 6 , 1 1 3 3 3 1 8 5 , 1 3 1 , 4 6 8 , 5 1 4

X 4 1 2 . 4 2 4 6 , 1 4 0 3 5 7 5 5 , 5 0 1 . 5 1 8 , 2 9 0

. 1 1  3 .0 0 4 .0 1  5 . n
r-  n o

f .  n ..1 0 6. «.1' n. i>

F I G  7 . l O p  : T E S T  U N I  C - 8 , 3 9 - 1 3

HRnM
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PLOT OF U/UE VS T/TTfl

S t a t i o n  x  1 0 " $ 6 (mm) F * 1 0 *

XI 1 3 , 2 5 9 5 , 4 0 4 3 0 8 8 4 , 4 6 1 . 2 9 -F t-./.

xz 1 3 , 1 1 5 5 , 8 5 1 2 8 6 6 4 , 2 0 1 . 4 2 1 1 , 5 9 0

X3 1 3 , 4 3 5 6 , 5 9 7 3 7 2 3 5 , 3 5 1 , 5 3 1 1 , 3 8 8

X4 1 3 , 4 6 9 7 , 2 8 7 3 , 8 2 7 5 , 4 9 1 , 6 2 1 1 , 2 8 5

00 2.00 3.00 1.00 S .00
T / T T f i

6 .00 7 .0 0 9 .0 0  1 0 .0 0

F I G  7 .  1 0 q  : T E S T  1 1 N 2  C - 1 2 , 2 2 - 1 3

PLOT OF U/UE VS f /TTA
•v. is : v i  i t .  . ’ )

S t a t i o n  U . C m / s )  P * r  *  1 0 " 6 ( m m )  H

v: i 'TI-

f «10*

XI 1 6 , 7 1 2 6 , 8 3 5 3 9 3 7 4 , 5 0 1 , 2 8

X2 1 6 , 6 4 5 7 , 4 4 9 3 8 9 3 4 , 4 8 1 , 3 3 7 , 6 9 0

X3 1 6 , 5 8 2 8 , 1 6 1 4 0 2  3 4 , 6 6 1 , 3 8 7 , 6 5 9

X4 1 6 , 5 0 3 8 , 9 5 8 4 4 8 7 5 . 2 4 1 , 4 5 7 , 6 3 5

F I G  7 . l O r  : T E S T  1 6 N 1  A - 7 , 5 5 - 1 7

)
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PLOT OP U/UE VS r/TTfl
RUN CJ n/1,M-B-i7E

-a—

S t a t i o n ( / . ( m / s ) f f e x  *  1 0 ' 5 8  ( m m ) H F  x  1 0

X I 1 6 , 6 8 6 6 , 9 3 9 4 3 3 8 4 , 8 8 1 , 2 8
X 2 1 6 , 6 4 7 7 , 5 7 8 4 2 0 9 4 , 7 6 1 , 3 3 7 , 3 2 9
X 3 1 6 , 9 4 2 8 , 4 9 8 4 7 1 3 5 , 2 4 1 , 4 2 7 , 2 0 1
X 4 1 7 , 3 5 6 9 , 6 1 5 5 0 9 1 5 , 5 4 1 . 4 8 7 , 0 8 7

0.00 1.00 2.00 3.00 t . c r   ̂  ̂ S .00 6.00 7.00 6.00 9 . 0  10.00

F I G  7 . 1 0 s  : T E S T  7 3 N 1  E - 7 , ? 7 - 1 7  S O X  B L O C K E D

PLOT OF U/UE VS Y/TTA
fu .  7 3 - n / s .e - e - i 7 t

a  4  3
> .  ?

A  *
A ♦

[ A *
A»

A).oo 1.00 2.00 3.00 H.00 5.00
T / T T f l

6.00 7.00 6.00

S t a t i c - ( / . ( m / s ) K t x  *  1 0 " * 6  ( m m ) H r  x  1 0 *

X I 1 6 , 6 1 2 6 , 8 6 6 4 2 2 2 4  , 8 0 1 , 3 0 *  '

X 2 1 6 , 6 5 0 7 , 5 2 8 4 3 1 3 4 , 9 1 1 , 4 0 1 2 . 0 7 2

X 3 1 7 , 1 8 0 8 , 5 7 0 5 1 3 0 5 , 6 6 1 , 5 6 1 1 , 7 5 8
X 4 1 7 , 4 0 2 9 , 5 6 6 5 4 2 8 5 . 9 3 1 , 6 6 1 1  , 6 6 5

9 .CO 10.00

F I G  7 .  l o t  : T E S T  ? 3 N ?  E - 1 2 , 0 - 1 7  S OX BL OCKED
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PLOT OF U/UE VS Y/TTA
RUN «-n/l.M B-17C

~j3

4
1..... I ,  . X

. .
A  ♦

A

A > 4
+  > 

► X 
X

X O

e
*

X

<

x  ❖ S t a t i o n  Vm ( . m / s )  B e  t X 1 0 - ' 1 ( m m ) H F *  1 0 '
♦ x  t

X I 1 5 . 5 7 8  6 , 3 7 4  3 S 6 1 , 3 6 1 , 2 7

• y
X 2 I S , 1 3 0  6 , 7 8 6  4 0 5 6 5 . 1 2 1 , 4 1 1 6 , 0 6 1

V X 3 I S . 4 0 4  7 , 6 2 1  4 5 7 0 5 , 6 7 1 , 6 3 1 5 , 6 4 5
* X 4 1 6 . 1 2 3  8 . 8 1 1  5 2 1 2  6 , 1 9 1 . 7 4 1 4 , 9 4 8

*

" • “ y / T T R 5 ' 00  6 - 0 0  7 - 00  8 - t”  9 .0 0  10 .00

F I G  7 .  l O u  : T E S T  2 4 N 1  E - 1 4  . 5  1 -  1 7 5 0 $  B L O C K E D

FuCT Of U Uc VS T FTA
. . 4 $ i n .

X o

-  X »

Ob' X ♦F * >

S t a t i o n  0 „ ( m / s )  / f » r  * 1 0 B^ 6  ( m m ) F * 10*
XI 1 6 . 5 3 3 6 , 7 4 9 3 8 2  S 4 , 4 2 1 , 2 9
X2 1 6 . 6 2 2 7 , 4 3 1 4 2 1 9 4 , 8 6 1 , 3 8 9 , 1 4 5
X 3 1 6 , 6 3 8 8 , 2 0 6 4 5 1 2 5 , 2 0 1 , 4 6 9 , 0 1 6
X4 1 7 , 0 7 7 9 , 2 9 8 5 1 8 3 5 , 8 3 1 , 5 3 8 , 8 4 2

‘ b o o l .o i i Z 00 3 .0 0 <1.00 S rij
v  r r -

6.00 7. CO o 00 3 "I)
-4n.r

F I G  7 . 1 0 v  : T E S T  2 8 N 1  E - 9 , 0 4 - 1 7  6 7 $  B L OCKE D
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PLOT OF U/UE V5 T/TTR
"X 2) ll'i.4 6 nt

" 4

S t a t i o n  U _ ( m / s ) 8  ( m m )

X I 1 6 , 5 9 0

1 6 , 5 9 8

1 7 , 1 3 1

1 7 , 4 9 3

6 , 8 1 9

7 , 4 7 8

8 , 5 1 7

9 , 5 8 2

3 8 9 2 4 , 4 6 1 , 2 8

1 , 4 0 1 1 , 8 6 9  

1 1 , 5 0 0  

1 1 , 2 0 4

X 3 5 0 1 5  

5 4 2  2

t.oo 2 .3 0 3 00 K 00 S . 00 6 00 7 00 8 XY / T T ,

F I G  7 . l O w  : T E S T  2 9 N 1  E - l l  , 7 7 - 1 7  6 7 %  B L O C K E D

PLOT OF U/UE VS r/TTA
■U- 1 0 'U ' l . 1 - * - i 7 l

A* * 7

S t a t i o n A . , x  1 0 " ' * 8 6 (mm) H r  * 1 0

XI 1 6 , 9 2 7 6 , 9 8 2 4 0 3 6 4 , 5 1 1 . 2 9
X2 1 7 , 1 0 6 7 , 7 2 2 4 4 6 9 4 , 9 6 1 , 3 6 8 , 4 1 8
X3 1 7 , 3 7 0 8 , 6 5 2 5 0 6 1 5 , 5 3 1 . 4 5 8 , 2 3 3
X4 1 7 , 7 4 2 9 , 6 7 8 5 4 4 0 5 , 8 2 1 , 5 1 8 , 0 6 0

; uc : ir j it t  i t  sI/TM ’.t:

F I G  7 .  l O x  : T E S T  3 0 N 1  E - G , 5 6 - 1 7  8 0 %  BL OCKED
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h an d  C g r a d e  p l a t e s  were  made by s i n t e r i n g  s p h e r i c a l  p a r 
t i c l e s .  i h e  s u r f a c e  o f  t h e  A g r a d e  p l a t e  was  t h e r e f o r e  
much s m o o t h e r ,  an d  t h e  i n j e c t i o n  p a t t e r n  was e x p e c t e d  t o  
b e  d i f f e r e n t  f r o m  t h a t  e x p e r i e n c e d  u s i n g  g r a d e s  E and C. 
(See  b i g  7 . 11  a n d  A p p e n d i x  B ) .

v e l o c i t y
p r o f i l e s

A g r a d e E g r a d e

_____ ____ _____ —

F ig 7 .11 v w PROFILES EXPECTED FOR A AND E 
GRADE PLATES

Pi o f i l cs  o b t a i n e d  f o r  t h e  A g r a d e  p l a t e  and  f o r  t e s t  28S1 
w e r e  v i r t u a l l y  i d e n t i c a l .  Note  t h a t  f o r  t h e  f o r m e r ,  F = 
0 , 0 0 7 5 5 ,  f o r  t h e  l a t t e r  = 0 , 0 0 7 5 8 .  The i n p u t  p r o f i l e s
w e r e  t h e  same as  w e l l .  I t  was c o n c l u d e d  t h a t  t h e  v e l o c i t y  
p r o f i l e  was m a i n l y  a f u n c t i o n  o f  i n j e c t i o n  r a t i o .

H a v i n g  c o m p i l e d  a s e t  o f  d a t a  f o r  t h e  u n b l o c k e d  p o r o u s  
p l a t e ,  a few t e s t s  w e r e  done  i n  w hi ch  t h e  l o w e r  p o r o u s  s u r 
f a c e  was p a r t i a l l y  s c a l e d  w i t h  m a s k i n g  t a p e .  The f i r s t  
t e s t s  w e r e  r u n  w i t h  50% b l o c k a g e ,  as  i s  shown i n  F i g  7 . 1 2 .

/

F ig 7 .1 2  ; sketch showing the PARTIALLY BLOCKED 
POROUS PLATE, 50% BLOCKED
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F i g  7 .1 3 d  : PLOT OF VS x  c0R u e  1 7 m / s ,  80? BLOCKED
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O
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Fig 7 , 1 3 c  : p l o t  o f  h vs ^ f o r  u 17 m / s , 671 BLOCKED



3 7 m / s ,  50% BLOCKED

C
M

.l



PLOT OF H v s  x  FOR u  = 17 m / s ,  UNBLOCKED



T e s t s  23N1 t o  24N1 wer e  r u n  a t  = 17 m / s , 50% b l o c k a g e  
o f  t h e  E g r a d e  p l a t e . See  F i g  7 . 1 0 s  t o  u .

W i t h  t h e  t a p e  c o v e r i n g  67% o f  t h e  p l a t e ,  a = 1 2 , 7  mm and 
h = 6 , 3 5  mm, t e s t s  28N1 and  29N1 w e r e  p e r f o r m e d .  T h e se  
p r o f i l e s  a r e  p r e s e n t e d  i n  F i g  7 . lOv a n d  w.

Two t e s t s  w e r e  r u n  w i t h  a = 1 2 , 7  mm, b = 3 , 1 8  mm; t h i s  
r e s u l t e d  i n  80% b l o c k a g e .  F i g  7 . lOx a n d  y a r e  t h e  p r o 
f i l e s  f o r  t h e s e  t e s t s .

The e f f e c t  o f  b l o c k a g e  i s  shown i n  F i g  7 . 1 3 .  T h i s  p l o t  
o f  s h a p e  f a c t o r ,  H vs  z - s t a t i o n , was t h o u g h t  t o  p r e s e n t  
t h e  c h a n g e  i n  a more s u c c i n c t  way t h a n  t h e  u s u a l  v e l o c i t  - 
p r o f i l e  o f  F i g  7 . 1 0 .  The i n j e c t i o n  i - l i o ,  F,  became a 
v e r y  a v e r a g e  p a r a m e t e r .  The d e f i n i t i o n  j f  F now becomes

„ ^ t r a n s  ,
F = A TT f o r  P c o n s t a n t    [ 7 . 3 . 1 ]

u p p e r  »

Where Q t r a n s  w a s  t h e  t r a n s p i r a t i o n  f l o w  r a t e  a n d  AUp p e r  
t h e  a r e a  o f  p o r o u s  p l a t e  e x p o s e d  t o  t h e  m a i n  s t r e a m .

... :

F i g  / , 1 4  : d i s t r i b u t i o n  of  vu wi th  z  for the p a r t i a l l y
BLOCKED POROUS PLATE, 7 'D THE SPREAD OF 
THE FLOW IN THE POROUS MEDIUM WITH y



By c o n s i d e r i n g  F ig  7 . 1 3 ,  i t  i s  s e e n  t h a t  t h e  c u r v e s  do n o t  
i n c r e a s e  w i t h  F as  t h e y  do f o r  t h e  u n b l o c k e d  p l a t e .  The 
p r o f i l e  i s  d e v e l o p i n g  f o r  an a p p a r e n t l y  h i g h e r  F . M e a r l y
v was a l t e r n a t e l y  a b o ve  and be l ow t h e  a v e r a g e  t r a n s p i r a t i o n

w
v e l o c i t y .  t he  a v e r a g e  momentum i n  t h e  ^ - d i r e c t i o n  mus t  
r e m a i n  t h e  same as  fo r  t h e  u n b l o c k e d  p o r o u s  p l a t e ,  h o w e v e r ,  
some o f  t h e  i n j e c t e d  f low p e n e t r a t e s  deeper '  i n t o  t h e  s h e a r  
l a y e r .  t h u s  i t  i s  c o n c l u d e d  t h a t  w i t h  t h e  same t r a n s p i r a 
t i o n  f l o w  r a t e , b l o c k a g e  r e s u l t s  in  an a p p a r e n t  i n c r e a s e  i n  
F and ’ I f  t h e  S t a n t o n  number  i s  e x p e c t e d  t o  be  a f u n c 
t i o n  o f  ( s e e  M of f a t  and  Kays ,  1968)  , a d e c r e a s e d  h e a t  t r a n s f e r  
c o e f f .  wou l d  become p o s : i b l c  w i t h  b l o c k a g e . * I n t u i t i v e l y ,  
t h e  o p p o s i t e  may be expe  t o d ,  h o w e v e r ,  o n l y  e x p e r i m e n t  i s  
e x p e c t e d  t o  r e s o l v e  t h e  m a t t e r .

I t  w ou l d  t h e r e f o r e  a p p e a r  t h a t  t h e  b l o c k a g e  c a u s e d  by 
s t r e n g t h e n i n g  r i b s  below t h e  p o r o u s  s u r f a c e ,  c o u l d  r e c u l f  
in  i m p ro ve d  pci  f o m a m  e .

7 . 3 . 2  1 he b i l O f  l a - p l o t t i n g  t e c h n i q u e

f h i s  me t ho d  for  d e t e r m i n i n g  , f rom t h e  v e l o c i t y  p r o f i l e  was 
d i s c u s s e d  i n  C h a p t e r  , s e c t i o n  3,  a t  some l e n g t h .  I t  was 
d e v e l o p e d  by Black  and S a r n e c i i  ( 1 9 5 8 ) ,  and y i e l d e d  an e f f e c 
t i v e  i m a g i n a r y  s h e a r  v c l o  i t y  a t  t h e  w a l l .  1 h i s  was m e r e l y  
a t e c h n i q u e , and d i d  n t i m p l y  r e v e r s e  f l o w ,  as  may be 
e n c o u n t e r e d  f o r  f lo ws  in an a ' v e r s e  p r e s s u r e  g r a d i e n t .  ■he 
r e s u l t s  a r e  g i v e n  i n  I ig ” . l f n  t o  c., F i g  " . 1 6  and F ig  7 . 1 7 .
These  g r a p h s  a r c  p r o s  n t e d  b e c a u s e  ( L) F ig  .15 showed t he  
t r e n d  i n  t h e  p r o f i l e s  f o r  in r c a s i n g  /•’, and ( i i )  t h e  g r a p h s  
a l l o w e d  an i n t e r e s t i n g  c o m p a r i s o n  o f  t h e  p r e s e n t  r e s u l t s  
w i t h  t h o s e  o f  Mick l e y  and Da\ i s  ( 1 9 5 6 ) .

F ig  7 . 1 5 a  t o  c a r e  g r a p h s  o f  n / z ^ - y  ,.8 vs  Y . f o r  t h e  b a s i c  
d a t a  o f  M i c k l c y  and h a v i s  ( 1 9 5 6 ) ,  and t h e  p r e s e n t  wor k .
F i g  7 . 1 5 a  i s  f o r  u - 17 m / s ,  E g r a d e .  T h i s  g r a p h  a l s o  
shows t h e  l i m i t i n g  c u r v e s ,  r e .  f o r  u / u c -  0 and u/ iw 88 1, 
i e .  t h e  edge  o f  t h e  b o u n d a r y  l a y e r .  P l o t s  shown i n

* s e e  Addendum f o r  f u r t h e r  e x p l a n a t i o n .
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F i g  7 . 1 5 b  a r e  f o r  Um = 13 m/ s  (a )  and  l/ro e 9 m/ s  (v)  , b o t h  
s e t s  on t h e  E g r a d e  p l a t e .  R e s u l t s  o b t a i n e d  f o r  Um -  17 m/ s  
( o ) , Fro = 13 m/ s  (x)  on t h e  C g r a d e  p l a t e ,  and  f o r  t h e  s i n g l e  
r u n  u s i n g  t h e  A g r a d e  p l a t e  (Vm = 17 m/ s  (V)) a r e  p l o t t e d  on 

F i g  7 . 1 5 c .

By f i t t i n g  a  s t r a i g h t  l i n e  t o  t h e  e x p e r i m e n t a l  p o i n t s  o f  a 
r u n  ( i n  t h e  b i l o g  r e g i o n ) ,  u.: c o u l d  be  c a l c u l a t e d  f rom t h e  
s l o p e  and o r d i n a t e  i n t e r c e p t  o f  t h a t  l i n e  ( s e e  e q u a t i o n s  
3 . 3 . 2 1  t o  3 . 3 . 2 3 ) .  I f  t h i s  l i n e  d i d  n o t  p a s s  t h r o u g h  t h e  
l i m i t i n g  l i n e  o f  u / u  , = 0 ,  u .̂ w ou l d  be  i m a g i n a r y .  T h i s  was 
t h e  c a s e  f o r  a l l  v a l u e s  o f  F i S .  The u n c e r t a i n t y  i n  f i t t i n g  
t h e  s t r a i g h t  l i n e  c a n  be  s e e n  f rom t h e  s c a t t e r  o f  t h e  p o i n t s .  
Two e x a m p l e s  a r e  shown i n  t h e  n o n - d i m e n s i o n a l  p l o t  o f  u/u^.  
v s  l o g  y . u T/ v  i n  F i g  7 . 1 6 .  A g a i n  c o m p a r a b l e  r e s u l t s  o f  
M i c k l c y  a n d  D a v i s  ( 1956)  a r e  i n c l u d e d .  The l i n e s  r e p r e s e n t  
t h e  p r o f i l e s  p r e d i c t e d  by t h e  b i l c g  l aw.

B e c a u s e  i t  was o f  i m p o r t a n c e  t o  know d t i / d x ,  i t  was t h o u g h t  
u s e f u l  t o  show t h a t  t h e  b i l o g  t e c h n i q u e  c o u l d  p r e d i c t  t h i s  
d e r i v a t i v e ,  b u t  g ave  no i n d i c a t i o n  o f  t h e  o r i g i n  o f  t h e  
b o u n d a r y  l a y e r .  F i g  7 . 1 7  shows a t y p i c a l  ex am pl e  f o r  F = 
0 , 0 0 7 1 .  The s l o p e  was c a l c u l a t e d  a t  a p o i n t ,  nd a s t r a i g h t  
l i n e  w i t h  t h a t  g r a d i e n t  drawn t h r o u g h  t h e  > r . Good a g r e e 
m en t  was a g a i n  o b t a i n e d  w i t h  t h e  r e s u l t  r ; _ k l e y  and D a v i s  
( 1 9 5 6 ) .

I t  i s  f e l t  t h a t  a s  t h i s  m e th o d  y i e l d e d  i m a g i n a r y  s h e a r ,  i t  
i s  o n l y  u s e f u l  a s  a p l o t t i n g  t e c h n i q u e ,  and i s  i n a d e q u a t e  
f o r  e s t i m a t i n g  <?f . The g r a p h s  d i d  a l l o w  c o m p a r i s o n  o f  t h e  
p r e s e n t  work  w i t h  t h a t  o f  o t h e r  r e s e a r c h e r s .

7 . 3 . 3  A tw o-pa i

The t w o - p a r a m e t e r  f a m i l y  o f  c u r v e s  o f  Thompson (1965)  was 
u s e d  t o  c o n s t r u c t  t h e  mean v e l o c i t y  p r o f i l e  a h e a d  o f  t h e  
p o r o u s  w a l l .  McQuaid (1967)  s u g g e s t e d  a f a m i l y  o f  c u r v e s  
f o r  t h e  t r a n s p i r e d  b o u n d a r y  l a y e r .  i b i s  s e t  o f  c u r v e s



9 2

p r e d i c t e d  t h e  v e l o c i t y  p r o f i l e  and t h e  s k i n  f r i c t i o n .  
I n t e r m i t t e n c y  was i n c l u d e d  i n  t h e  f o r m u l a t i o n  (by t h e  
t e r m  <5r, , s e e  cqn .  [ 3.  3.  30] )  . T h i s  a u t h o r  showed t h a t  u / i /^  
was a f u n c t i o n  o f  y / 6  , ,  , v u /E/ro, w h i c h  was t r a n s 
f o r m e d  t u  e q n . [ 3 . 3 . 2 9 ] ,  T h i s  was a f u n c t i o n  o f  y / 6 , H,

A c r o s s - p l o t  o f  t h e  p r e s e n t  r e s u l t s  was a t t e m p t e d ,  and  i s  
shown i n  F i g  7 . 1 8 .  T h e se  v a l u e s  w e r e  o b t a i n e d  f rom t h e  
v e l o c i t y  p r o f i l e s  ( F i g  7 . 1 0 )  by k e e p i n g  u / Ua) c o n s t a n t ,  and 
r e a d i n g  y/Q f o r  t h e  v a r i o u s  x  s t a t i o n s  ( e f f e c t i v e ! ^  Rex , o r  
j?eQ) . I t  was t h o u g h t  t h a t  f o r  " i n s t r u c t i n  ' mean v e l o c i t y  
p r o f i l e s , i t  w ^ u l d  b e  more v.sr u t o  h a ve  u / u  as  one o f  
t h e  a x e s .  Thus  y / Q  was ) ^ o t  c o n s t a n t ,  and  t h e  v a l u e  o f  u / u  , 
r e a d  f rom F i g  ^ . 1 0 .  T h e se  v a l u e s  we r e  p l o t t e d ,  and  a number  
o f  p o i n t s  f rom t h e  e x p e r i m e n t a l  wor k  o f  M i c k l e y  and  D av i s  
( 1956)  and  McQuaid 1,1967)  a d d e d .  A s e r i e s  o f  c u r v e s  wer e  
o b t a i n e d ,  a p p a r e n t l y  i n d e p e n d e n t  o f  v , / ,  and a r e  p r e 
s e n t e d  a s  F i g  7 . 1 9  a t o  d .

T h i s  r e s u l t  may b e  s t a t e d  : ’

a  -  a ( * 6 ,  % / V

u / V "  « f ( y / Q ,  H)

L 7 . 3 . 2 J

[ 7 . 3 . 3 ]

\  l i m i t a t i o n  o f  t h i s  f a m i l y  i s  t h a t  c i s  n o t  a c c o u n t e d  f o r . 
McQuaid (1967)  p r e s e n t e d  a s k i n  f r i c t i o n  l a w ,  f o r  up
t o  0 , 0 1 0  :

Of  " * 8 ' i 7 . 3 . 4 ]

T h e s e  c u r v e s  were  a s sumed t o  h o l d  f o r  a p o r o u s  w a l l , c o n 
t i n u o u s  f rom x  = 0 .  I t  was t h o u g h t  t h a t  t h e  v a l u e s  o f  o ,  
w o u l d  be  v e r y  d i f f e r e n t  f o r  d i s c o n t i n u o u s  i n j e c t i o n .  How
e v e r ,  i t  mus t  a g a i n  be e m p h a s i s e d  t h a t  o n l y  d i r e c t  m e a s u r e 
ment  o f  wou l d  g i v e  r e l i a b l e  v a l u e s  o f  c T h i s  would  b e  
n e c e ’ s .vv i n  e a c h  i n d i v i d u a l  t e s t , f o r  i t s  p a r t i c u l a r  i n p u t  
p r o f  •- , t o ro us  p l a t e  c o n f i g u r a t i o n , s u r f a c e  r o u g h n e s s , 
p r e s s u i e  g r a d i e n t ,  e t c .
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7.4 Computer  Pr ogramme Re s u l t s

As d i s c u s s e d  p r e v i o u s l y ,  t h e  p rogramme r e q u i r e d  two i n i t i a l  
p r o f i l e s  t o  s t a r t  t h e  s o l u t i o n .  T h e s e  c o u l d  be  e i t h e r  l a m i 
n a r  o r  t u r b u l e n t , b u t  w i t h  v = 0 .  S t a r t i n g  t h e  s o l u t i o n  
w i t h  t r a n s p i r a t i o n  f rom t h e  b o u n d a r y  l a y e r  o r i g i n  was t h e r e 
f o r e  n o t  p o s s i b l e .  By i n s t a l l i n g  a t r i p  w i r e , i t  i s  p o s s i b l  
t o  o b t a i n  a t u r b u l e n t  p r o f i l e  f o r  v e r y  low v a l u e s  o f  Rex  
e x p e r i m e n t a l l y .  H o w e v e r , t h e  e q u a t i o n  u s e d  t o  g e n e r a t e  t h e  
t u r b u l e n t  p r o f i l e  was  v a l i d  f o r  # ^ ^ > 5 x 1 0 ^ .  Thus i t  was n o t  
p o s s i b l e  t o  s i m u l a t e  e x p e r i m e n t a l  c o n d i t i o n s  v e r y  e f f e c t i v e l

The b o u n d a r y  l a y e r  t h i c k n e s s  was o v e r - e s t i m a t e d  b e c a u s e  t h e  
e q u a t i o n  u s e d  was v a l i d  o n l y  t o  z/ 4 = ID '1 ( d e p e n d i n g  on Rey
n o l d s  n u m b e r ) . T h i s  i s  i l l u s t r a t e d  b e l o w i n  F i g  7 . 2 0 .

2 0 -

F i n  7 , 2 0  : d e t a i l  o r  s e m i - log f-lot  of turbulent  p r o f i l e ,
SHOWING ERRONEOUS VALUE OF 6

C l e a r l y ,  i f  t h e  s t r a i g h t  l i n e  was u s e d ,  6 +=6 2 , i n s t e a d  o f  
f i t ,  o b t a i n e d  f rom e x p e r i m e n t a l  p o i n t s . I f  a wake l aw was 
n o t  u s e d  i n  t h i s  r e g i o n ,  a power  law would  p r o b a b l y  be  t h e  
e a s i e s t  m e th o d  o f  g e n e r a t i n g  z /  n e a r  t h e  edge o f  t h e  l a y e r .
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7 . 4 . 1  Main c om p u t e i  r uns

The r e s u l t s  o f  t h e  ma i n  c o m p u t e r  r u n s  a r e  shown g r a p h i c a l l y  
i n  F i g  7 . 2 1  a t o  j . See a l s o  A p p e n d i x  F 3 f o r  t a b u l a t e d  
v a l u e s  o f  , //,  e t c .

By g e n e r a t i n g  t h e  i n p u t  p r o f i l e s  on a f l a t  p l a t e , t h e  p r o 
gramme was a c l o s e  s i m u l a t i o n  o f  t h e  e x p e r i m e n t a l  w o r k . I t  
w a s , h o w e v e r , n o t  p o s s i b l e  t o  o b t a i n  t h e  i d e n t i c a l  i n p u t  p r o 
f i l e  t h a t  was m e a s u r e d  e x p e r i m e n t a l l y  w i t h o u t  e x t e n s i v e  r e 
p r og r a m m i n g  - t h e  Van D r i e s t  p r o f i l e  was u s e d  i n s t e a d .  
F u r t h e r m o r e , t h e  programme as  w r i t t e n  i s  f o r  t h e  ' f l a t  p l a t e  
i n  an i n f i n i t e  s t r e a m ' ,  w h e r e a s  a l m o s t  c h a n n e l  f lo w was 
o b t a i n e d  i n  t h e  t u n n e l , i e .  t h e  b o u n d a r y  l a y e r  g r o w t h  in  
t h e  t u n n e l  was l i m i t e d  t o  t h e  c e n t r e  l i n e  o f  t h e  t u n n e l .

E x a m i n a t i o n  o f  F i g  7 . 2 1  shows t h a t  t h e  p r o f i l e s  g e n e r a t e d  
a r e  v e r y  s i m i l a r  t o  t h o s e  d e p i c t e d  i n  F i g  7 . 1 0 .  The t r e n d s  
w i t h  x  and F we r e  i d e n t i c a l ,  i e .  i n c r e a s e d  ' l a m i n a r i s a t i o n ' 
w i t h  x  and F.

The v a l u e s  o f  c a p p e a r  t o  be  h i g h l y  e r r o n e o u s .  On t he  o t h e r
h a n d , t h e r e  i s  no e x p e r i m e n t a l  d a t a  f o r  t h e  s t e p  c h a n g e  i n
t r a n s p i r a t i o n  and s u r f a c e  r o u g h n e s s  w i t h  w h i c h  t h e s e  v a l u e s
c o u l d  b e  c o m p a r e d . I f  <j>" i s  o b t a i n e d  f rom 4>, n e g a t i v e

+ + J
r e s u l t s , and h e n c e  i m a g i n a r y  , p and v . . A l t h o u g h  t h i s
i s  p r e d i c t e d  by t h e  h i  l og  l a w , t h i s  i s  n o t  o f  much u s e , as
t h e  programme c a n n o t  s o l v e  t h e  e q u a t i o n s  f o r  i m a g i n a r y  s h e a r  
v e l o c i t y .  was t h e r e f o r e  o b t a i n e d  frum 4>' , and i t  i s
e x p e c t e d  t h a t  t h e  e r r o r  i n  does  n o t  a f f e c t  t h e  s o l u t i o n  
s i g n i f i c a n t l y  ( N o t e : - (J>" a f f e c t s  t h e  i n n e r  e d d y - v i s c o s i t y  
e q u a t i o n ) . C l e a r l y  t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n  which  
y i e l d s  s a t i s f a c t o r y  v a l u e s  o f  <? v f o r  t h e  unb lown  l a y e r  was 
i n a d e q u a t e  f o r  t h e  b lown b o u n d a r y  l a y e r .  By d e c r e a s i n g  t h e  
s t e p  s i z e  more  a c c u r a t e  r e s u l t s  would  be o b t a i n e d ,  b u t  t h i s  
w o u l d  i n c r e a s e  t h e  c o s t  o f  r u n n i n g  t h e  p rogramme s i g n i f i 
c a n t l y .  In  t h i s  w o r k ,  # = 0 , 0 6 5  was common, w h e r e a s  o t h e r  
i n v e s t i g a t o r s  h av e  r e p o r t e d  # = 0 , 0 0 1 ,  w i t h  300 s t e p s .



M
HK

IJ
00

1:
 

/M
E 

V5
 

r 
/

-  1 0 0  ~

o

g

m

on

CT

in

CJ

1'9'000 M02"

F i r  7 .2 1 a : t u r b u l e n t  p r o f i l e s  w i t h  i n c r e a s i n g
INJECTION, = 17 m/s ,  > -  0 ,0 0 1



wmk̂ m

-  101 -

o

o
- d

g
0D

c r

o

cr
LU

DU- 1

F ig 7,2.1b : INJECTED TURBULENT profi les  f o r
V -  17 m / s ,  f  = 0 , 0 0  2



c r
i—

co

m
o
o

x
X

02 ' on - 1

-  102  -

m r

08'0
—4— — -*■

0 9 '0  OTi'O
in  n

F i n  7 .2 .1c  : i n j e c t e d  turbulent  p r o f i l e s  for
V = 1 7  m / s , F = 0 , 0 0 3

B n *

- - o

8
r '

cr

8



103

O

8
o>

00

c r
8

CO cr
o  ►—-

o

LD
O
O

g
Dti’O00M02*1

F i g  7 . 2 ] d : i n j e c t e d  t u r b u l e n t  p r o f i l e s  f o r



- ]04  -

§

-- O

8

cr

cc

U-]

oo

CM

00 * 1

F i g  7 , 2 1 e : i n j e c t e d  t u r b u l e n t  p r o f i l e s  f o r
Z/ = 17 m / s ,  f  = 0 , 0 0 7

H I



105

8
- - O

a .

8
CT)

c:
8

co

CD
o

o

8

— p—

02 "0
™f
no' i oo’oP

F i g  7 .2 1 f : i n j e c t e d  t u r b u l e n t  p r o f i l e s  f o r



-  106  -

g

8
■ O

oo

c r
oo

c n cr
UJ

o
o

o
o

g

r-

03'008'000‘I 3n/n

F ig  7 .2 1 g : inJcCTED t u r b u l e n t  p r o f i l e s  f o r
[/ = 1 7  m / s , F = 0 , 0 1 0



107

O

o 
- o

o

cc

cr

cr
c

CM

o
I— I

o

02 "006 *0

F i g  7 , 2 ] h : i n j e c t e d  turbulent  p r o f i l e s  for
1/ = 17 m / s , Z- = 0 ,0 12



108

§

8
O

o

8
00

cx
o

c r
-Sv

UJ

ZD

LO

oo

n j

02'0

F ig 7 , 2 3 i : i n j e c t e d  turbulent  p r o f i l e s  for
U = 1 7  m / s , F = 0 , 0 1 5



M
H

K
IJ

01
7 

I 
/ 

JF 
Vxc

- 109

09 T 
K l/I I

F i r  7 , 2 1 j  : INJECTED TURBULENT PROFILES FOR
U = 1 7  m / s , F = 0 , 0 1 7



-  110  -

By u s i n g  t h e  a p p r o x i m a t e  .,1 4," as  d e s c r i b e d ,  t h e  p r o 
gramme was r e m a r k e d l y  s . ' a ,  s o l v i n g  f o r  i n j e c t i o n  r a t i o s  
up t o  F -  0 , 0 1 7 .  T he se  h i g h  i n j e c t i o n  r a t i o s  h a ve  n o t  b een  
r e p o r t e d  i n  t h e  l i t e r a t u r e ,  and  a r e  a p p r o a c h i n g ,  i f  n o t  
e x c e e d i n g ,  t h e  l i m i t  o f  t h e  b o u n d a r y  l a y e r  a n a l y s i s .

The c o n f i g u r a t i o n  and  c o n d i t i o n  o f  t h e  f l u i d  f o r  t h e  main  
c o m p u t e r  r u n s  a r e  r e p o r t e d  i n  T a b l e  7 . 2 .  F i g  7 . 22  shows 
t h e  eddy v i s c o s i t y  d i s t r i b u t i o n  a c r o s s  t h e  b o u n d a r y  l a y e r .

TABLE 7 . 2  : Key t o  x - S t a t i o n s  u s e d  i n  Main Runs

S t a t i o n x  (m) S x 1 0 " fle , x l O £ M o t
symbol tz

0 , 7 9 0
d u / d x

3 2 , 4 1 6 7 , 274 0 P
10 0 , 8 2 5 2 , 5 2 3 7 ,5 9 6 1 U
20 0 , 8 7 5 2 , 6 7 6 8 , 0 5 6 2 XTR =
30 0 , 9 2 5 2 , 8 2 9 8 , 5 1 6 3 IY =
40 0 , 9 7 5 2 , 9 8 2 0 , 9 7 7 4 K
50 1 ,02 5 3 , 1 3 5 9 , 4 3 7 5 H
60 1 , 0 7 5 3 , 2 88 9 , 8 9 8 6 DX =

100
1 , 0 2 5
0 , 0 6 5
0 , 0 0 5

7 . 4 . 2  Some a d d i t i o n a l  r u n s

A r u n  w i t h  i n j e c t i o n  and p r e s s u r e  g r a d i e n t  was p e r f o r m e d  ■ 
t h e  r e s  I t s  p r e s e n t e d  i n  F i g  7 . 2 3 .  MHKIJ003 was t h e  com
p a r a b l e  r un  w i t h  d u^/ d x  = 0  ' / s , and c o n s i d e r i n g  t h e  s h a p  
f a c t o r s  a t  t h e  same x s t a t i o n s  show t h e  d i f f e r e n c e  ve r y
c l e a r l y ,  e . g .  S t a t i o n  60 : // = 1 , 4 5 .  / / ,  . , = 1 , 3 6 .

o  ( t u / c x ^ l y j
6 g rew a t  a much s l o w e r  r a t e  ( 3 2 , 4  mm and 2 5 ,7  mm r c s p e c
t i v e l y ) , w h i c h  i s  a s  e x p e c t e d .

MHKL0NG3 an d  MHKL0NG5 wer e  r u n s  i n  w h i c h  an u n i n t e r r u p t e d  
p o r o u s  p l a t e  was s i m u l a t e d .  The p o r o u s  p l a t e  s t a r t e d  a t  
x  = 0 , 3 1 2  m. 1 h i s  was i m p ro v e d  i n  MHKTEST3, wh i ch  i s  com
p a r e d  w i M\ t h e  M i c k l e y  an d  D a v i s  r e s u l t s  f o r  t h e i r  r un  

C - 3 - 50.  See  F i g  7 . 2 6 .

■ *
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TABLE 7 . 3 :  C o m p a r i s o n  T a b l e

MHKTEST 3 STATION 60
MICKLEY AND 

STATI
DAVIS C 
ON H

- 3 - 5 0  j

6 (mm) 0 (mm) H HeQ 6 0 (mm) B

2687 2 5 , 8 7 2 , 9 4 1 , 5 0 2830 2 2 , 8 6 2 , 8 5 1 , 4 6

T h i s  i s  f o r  t h e  f i n a l  s t a t i o n  o f  r u n  MHKTEST3, and was 
s t i l l  somewhat  b e l o w  t h a t  o f  t h e  M i c k l e y  and D av i s  e x p e r i 
m e n t .  6 was a g a i n  h i g h ,  and  h e n c e  a l s o  0.  I he  p r o f i l e s  
co mp ar e  w e l l ,  and  i t  i s  e x p e c t e d  t h a t  i f  Ra* w e r e  more  a c c u -  
r a t e l y  m a t c h e d ,  t h e  c o r r e s p o n d e n c e  w ou l d  be  e v e n  b e t t e r .

The programme was t h u s  shown t o  p r o d u c e  r e s u l t s  wh ich  com 
p a r e d  w e l l  w i t h  e x p e r i m e n t .  Q u a l i f y i n g  t h e  programme more 
e x t e n s i v e l y  w o u l d  r e q u i r e  many more  r u n s , i h a n g i n g  _hc f r e e  
s t r e a m  c o n d i t i o n s  and  i n j e c t i o n  r a t i o ,  and f i n d i n g  s i m i l a r  
e x p e r i m e n t a l  p r o f i l e s .  Note  t h a t  t h e  c o m p u t e r  was u s i n g  
l o c a l  ( J o h a n n e s b u r g )  d e n s i t y  f o r  a i r , wh i ch  was why ReQ was 
l o w e r  t h a n  t h a t  o f  M i c k l e y  and  D a v i s  g i v e n  i n  T a b l e  7 . 3 ,  

f o r  s i m i l a r  v a l u e s  o f  8 and

To a l l o w  s m a l l e r  s t e p  l e n g t h s  t o  b e  u s e d ,  a t h i n n e r  b o u n d a r y  
l a y e r  was n e c e s s a r y .  F o r  t h i s  r e a s o n  t h e  m a i n  r u n s  we r e  p e r 
f o rmed  f rom z = 0 , 7 9 0  m, i e .  f u l l y  t u r b u l e n t  f l o w ,  b u t  6=23 mm, 
w h e r e a s  t h e  e x p e r i m e n t  p r o d u c e d  6 - 4 5mm. The l a t t e r  would  
r e q u i r e  a much c o a r s e r  g r i d ,  and  h e n c e  l o s s  o f  a c c u r a c y .  I t  
was t h e r e f o r e  n o t  p o s s i b l e  t o  c omp ar e  t h e  main  r u n s  w i t h  t h e  
e x p e r i m e n t a l  r e s u l t s .  However ,  t h e  t r e n d  o f  t h e  ' t r a n s i t i o n '  
r e g i o n  f rom i m p e r m e a b l e  w a l l  t o  i n j e c t e d  f lo w o b t a i n e d  e x p e r i  
m e n t a l l y  was c l e a r l y  r e f l e c t e d  by t h e  c o m p u t e r  r e s u l t s .

S k i n  f r i c t i o n  r e s u l t s  we r e  t h o u g h t  t o  be  i n  e r r o r  by o r d e r s  o f  
m a g n i t u d e .  As p r e s e n t e d ,  t h e  programme c a l c u l a t e d  <t>" f rom a 
s e c o n d  o r d e r  f i t ,  w h i c h  was v e r y  s a t i s f a c t o r y  f o r  t h e  unb l own  
p r o f i l e .  I f  F i g  5 . 9  i s  a c o r r e c t  r e p r e s e n t a t i o n  o f  u ,  t h e n  
a l i n e a r  f i t  w i t h  v e r y  s m a l l  s t e p  l e n g t h  a t  t h e  w a l l  wo ul d  

p r o d u c e  b e t t e r  r e s u l t s .

-

M
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C O N C L U S I O N S

8. .1 lix p c r i montal  F c a l urt s.

A two d i m e n s i o n a l , open c i r c u i t  wind t unn e l  was d e s i g n e d ,  
b u i l t  and c o m m i s s i o n e d . A f r e e  s tream v e l o c i t y  o f  21 m/s  
co ul d  be oht l ined in t he  working s e c t i o n .  Io s i m u l a t e  the  
c o n d i t i o n s  do r ih e d  on page ", a t u r b u l e n t  boundary l a y e r  
was produced on a f l a t  p l a t e ,  h i c h  was i n t e r s p e r s e d  wi th  a 
porous  p l a t e .  the bound a r\ 1 o'er thus  e n c o u n t e r e d  i n j e c t i o n ,  
which was i n t r o d u c e d  through the porous  p l a t e .

Us ing  tlii hot  • i r  anoiromc-t ■'i , a t r a n s v e r s e  v e l o c i t y  p r o f i l e  
was o b t a i n e d ,  and shm • d that  the f low was two d i m e n s i o n a l .
I be t u r b u l e n c e  i n t e n s i t y  t is h - t t e r  t h a n  C », wh i ch  i s  l e s s  
t h a n  t h e  e x p e c t e d  1e v e 1 for t h i s  t y p e  o f  t u n n e l  ( r e f .  S c h l i c h  
t i n g ,  1V6 8 ) . lea t i red  e n e r g y  pe t r a  a t  a number  o f  f r e e  
s t r e a m  v e l o c i t i e s  compared  fax r u r r b l y  w i t h  a c c e p t e d  t h e o r e t i 
c a l  p r e d i c t i o n s  and e x p r i i m e n t  i l  d a t a .

V e l o c i t y  p r o f i l e s  on th«' smooth f l a t  p l a t r  were a s c c r t a  i led 
and shown to  f o l l o w  the p r o f i l e s  n red i  tv 1 by the  Thompso;.  
two par i e t e r  f a m i l y  o f  c u i .

1o f u r t h e r  q u a l i f y  t he  p cvf o iwunc o  o f  t h e  t u n n e l , p r o f i l e s  
w i tii in)  vc t inn wove p l o t t e d  on the hi l og  a vs s u g g e s t e d  by 
Bl ack and S i r n e c k  1 , t o g e t h e r  Lth e x p e r i m e n t a l  data  o f  
Mick l e y  and Davis  (1 ‘15f') . I h i s  a l l o w e d  d i r e c t  compari son  
w i t h  o t h e r  a ut hor s  w o r k , and a l s o  showed the  development  o f  
the pi o f  l i e  w i t h  i n c r e n s  inj m i e c t i o n .  hui i hermore , the  
need f o r  nccu ra t e  thin f r i c t i o n  in for.,tat ion was h i g h l i g h t e d .

■t* i

i



8 . 2 Velocit}' Prof iles and Gen ral Experimental Results

V e l o c i t y  p r o f i l e s  wer e  m oa c u r e d  f o r  a r a n g e  o f  f r e e  s t r e a m  
v e l o c i t i e s  and i n j e c t i o n  r a t i o  . By u s i n g  d i i i e r e n t  g r a d e s  
o f  p o r o u s  p l a t e ,  t h e  r o u g h n e s s  o f  t h e  w a l l  was a l s o  v a r i e d .
A s e t  o f  d a t a  f o r  t h e  t u r b u l e n t  b o u n d a r y  l a y e r  w i t h  u n i f o r m  
i n j e c t i o n  was e s t a b l i s h e d .  By p a r t i a l l y  b l o c k i n g  t h e  l o we r  
s u r f a c e  o f  t h e  p o r o u s  p l a t e ,  v e l o c i t y  p r o f i l e s  w i t h  non -  
u n i f o r m  i n j e c t i o n  w e r e  a s c e r t a i n e d ,  and compared  w i t h  t h e  

i n i t i a l  s e t  o f  r e s u l t s .

The e x p e r i m e n t a l  r e s u l t s  g a t h e r e d  i n  t h e  r e g i o n  i n  wh ich  t h e  
f low e n c o u n t e r ' d  t h e  a b r u p t  change  i n  i n j e c t i o n  and  r o u g h n e s s  
showed t h a t  t h e  a v e r a g e  ve loc  t t y  in t h e  s h e a r  l a y e r  d e c r e a s e d  
w i t h  i n c r e a s i n g  . r . The s h a p e  p a r a m e t e r  H can be u s e d  t o  q u a n 
t i f y  t h i c h a n g e  in momentum. P l o t t i n g  H \ ' x  showed t h  i t  a 
i n c r e a s e d  r a p i d !  > w i t h  , r , w i t h  a d e c r e a s e  in s l o p e  f o r  l a r g e r  
r .  I t  a l s o  c h c  »d t h a t  in t a s " d  w i t h  i n j e c t i o n  r a t i o .
Con s i d e  ? a t  ion. o f  t h e  r e s u l t s  ' ‘ Mick l e y  and Dav i s  c o n i i r m s  
t h i s  r e s u l t , and i n d i c a t e s  t h a t  H may a s y m p t o t e  t o  a c o n s t a n t  

v a l u e  f o r  a f i x e d  i n j e c t  ion r a t i o .

When t h e  r e s u l t s  f o r  t h e  p a r t i  i l l v  b l o c k e d  p o r o u s  p l a t e  ' e r e  
compared  w i t h  t h e  i n i t i a l  s e t  o f  d a t a ,  i t  was f o u n d  t h a t  H was 
h i g h e t  f o r  a p a r t i c u l a r  r  s t a t i o n  a t  t h e  same a v e r a g e  i n j e c t i o n  
r a t i o .  As i s  e x p l a i n e d  in t h e  Addendum t h 1 r e s u l t  coul  1 i n d i  
c a t e  a l ower  w a l l  t e m p e r a t u r e  in  t h e  c a s e  o f  a h e a t e d  s t r e a m  
and c o l d  a i r  i n j e c t i o n  ( a s s u m i n g  c o n s t a n t  h e a t  t r a n s f e r ) . 1 h i s
would  be a v e r y  d e s i i  a b l e  r  s' s u i t  1 o r  t h e  a p p l i c a t i o n s  d i  ̂ c u s s  e l  
on p ag e  I ,  howevei  , t h i s  c n o n l y  be c o n f i r m e d  w i t h  e x t e n s i v e  
a d d i t i o n a l  oxpei  i mv n 1 a t i o n .

To t h e  a u t h o r 1 know 1< ! g e , t h e  .e t e s t s  c o n s t  i t u t e d  o r i g i n a l  

work f o r  t h e  f o l l o w  r e a s o n s  :

i )  The t u r b u l e n t  b o u n d a r y  l a y  r  o n c o u n t e r e d  a s t e p  c h a n g e  
i n  s u r f a c e  r o u g h n e s s  and i n j e c t i o n  r a t i o ,  an i n t e n d  1 
f e a t u r e  o f  t h e  t e s t  r i g .  P r e v i o u s  i n v e s t i g a t o r s  had 
c o n s i d e r e d  t h e  f u l l y  d e v e l o p e d  t u r b u l e n t  h ou n d a i y  
l a y e r  w i t h  u n i f o r m  i n j e c t i o n .



i i )  P a r t i a l  b l o c k a g e  o f  t h e  p o r o u s  p l a t e ,  t h u s  a l t e r i n g  the  
i n j e c t i o n  p r o f i l e , c o n s t i t u t e d  a f u r t h e r  c o n t r o l l e d  p a r a 
m e t e r .  T h i s  f e a t u r e  s i m u l a t e d  t h e  a t t a c h m e n t  o f  t h e  
p o r o u s  m a t r i x  t o  a r i g i d  b a s e  , wh i c h  wou ld  t h u s  e n a b l e  
t h e s e  m a t e r i a l s  t o  he u s e d  f o r  e f f u s i o n  c o o l i n g  i n  

h i g h l y  s t r e s s e d  m a t e r i a l s .

A t e c h n i q u e  f o r  p r e d i c t i n g  t h e  t u r b u l e n t  b o u n d a r y  l a y e r  v e l o 
c i t y  p r o f i l e  w i t h  i n j e c t i o n  was d e v e l o p e d .  A two p a r a m e t e r  
f a m i l y  o f  c u r v e s  was p r e s e n t e d , w h i c h  was i n d e p e n d e n t  o * 
i n j e c t i o n  r a t i o .  The r e s u l t s  o f  M i c k l e y  and Dav i s  as  w e l l  
as  McQuaid were  add ed  t o  t h e s e  p l o t s ,  and  i n d i c a t e  t h e  e x i s 
t e n c e  o f  a c o r r e l a t i o n  e q u a t i o n  o v e r  a s i g n i l l e a n t  r a n g  o f  
i n j e c t i o n  r a t i o s .  I t  was t h o u g h t  t h a t  more e x p e r i m e n t a l  d a t a  
was r e q u i r e d  b e f o r e  a c o r r e l a t i o n  e q u a t i o n  c o u l d  con i i d - n t  ly 

be  d e d u c e d .

The l o w e s t  p o i n t  i s  H = 1 , 3 ,  w h i c h  i s  t h e  v a l u e  f o r  t h e  u n 
i n j e c t e d  t u r b u l e n t  b o u n d a r y  l a y e r .  As t h e  ' a y e r  e n c o u n t e r e d  
i n j e c t i o n ,  t h e  v a l u e  o f  t h e  s h a p e  p a r a m e t e r  i n c r e a s e d ,  w h i l e  
u / u  d e c r e a s e d  f o r  a f i x e d  v l u e  o f  y / 0 . I b i s  t r e n d  c o n t i n u e d  
u n t i l  t h e  v a l u e  a t  XI was r e a c h e d  which  was v e r y  c l o s e  t o  t h e  
r e s u l t s  o f  Mick l e y  and D a v i s ,  whose t e s t s  were  done i n  t h e  
' f u l l y  d e v e l o p e d  t u r b u l e n t  b o u n d a r y  l a y e r ’ .

The momentum e q u a t i o n s  wer e  s o l v e d  n u m e r i c ' . l y ,  and t h e  e l o  
c i t y  p r o f i l e s  t h u s  g e n e r a t e d  were  p l o t t e d , r e f l e c t i n g  t h e  
t r e n d s  d e t e r m i n e d  e x p e r i m e n t a l l y ,  i e .  t h e  I c r e a s e  ot  \ l o c i t )  
in t h e  s hoa t  l ay  i wi t  I h u t  c d i n j e c t  i or r a t i o  and <11 taint ,  
a l o n g  t h e  p l a t e .  To q u a l i f y  ’ he programme,  v a r i o u s  t e s t  r u n s  
w er e  p e r f o r m e d .  f i r s t l y ,  t h e  l a m i n a r  p r o f i l e  g e n e r a t e d  was 
compared  w i t h  a n a l y t i c a l  r e s u l t s  g i v e n  in  S c h l i c h t i n g .  
a t u r b u l e n t  p r o f i l e  was p l o t t e d  on semi  log ax es  and compared  
w i t h  e s t a b l i s h e d  e x p e r i m e n t a l  and e m p i r i c a l  d a t a .  V a r i o u s  
t e s t  c a s e s  we i e i n v e s t i g a t e d ,  in which He ̂  was v a r i e d  wi t h  
and w i t h o u t  p r e s s u r e  g r a d i e n t ,  and  a l s o  one i n  which  t h e  com
p u t e r  s o l u t i o n  was a l l o w e d  t o  march i n t o  t h e  t r a n s i t i o n  r e g i o n

p H
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F i n a l l y , r u n s  w i t h  i n j e c t i o n  xsere p e r f o r m e d .  One o f  t h e s e  
was compared  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o f  M i c k l e y  and 
D a v i s .  In a l l  t h e s e  c o m p a r i s o n s ,  c o r r e l a t i o n  was e x c e l l e n t ,  
and t h e  programme was c o n s i d e r e d  t o  y i e l d  a c c u r a t e  v e l o . i t y  

p r o f i l e s .

The programme was r u n  f o r  a r a n g e  o f  i n j e c t i o n  r a t i o s  of F - 
0 , 0 1 7 .  This was t h e  h i g h e s t  r a t i o  i n v e s t i g a t e d  e x p e r i m e n t a l l y ,  
and was t h o u g h t  t o  he a t  t h e  l i m i t  o f  t h e  a s s u m p t i o n  o f  t h e  
a n a l y s i s .  It. s h o u l d  b -  n o t e d  t h a t  F = 0 , 0 1  7 i s  s i g n i f i c a n t l y  
h i g h e i  t h a n  any i n j e c t i o n  r a t i  > e n c o u n t e r e d  i n  t h e  l i t e r a t u r e  
s u r v e y ,  b o t h  i n  e x p e r i m e n t a l  o r  n u m e r i c a l  v ->rk. I he programme 
r e m a i n e d  e x c e p t i o n a l l y  s t a b l e ,  even  a t  h i g h  v a l u e s  ol 7.



- 118 -

C H A P T E R  9

SUGGESTlONS FOR FURTHER WORK

1 .  M o d i f i c a t i o n s  t o  t h e  w i n d  t u n n e l , w h i c h  w o u l d  r e s u l t

i n  a  t h i n  b o u n d a r y  l a y e r  a r r i v i n g  i n  t h e  e n t r y  s e c t i o n ,  

a l l o w i n g  g r e a t e r  c o n t r o l .

M e a s u r e m e n t  o f  t h e  l o c a l  s k i n  f r i c t i o n  b y  d i r e c t  m e a n s ,  

s o  t h a t  t h i s  m a t t e r  may be  c l e a r e d  up s a t i s f a c t o r i l y .  
I n i t i a l l y ,  t h e  e f f e c t  o f  s u r f a c e  r o u g h n e s s  w i t h  t r a n s 
p i r a t i o n  w o u l d  h a v e  t o  b e  d e t e r m i n e d .  I f  a f l o a t i n g  
e l e m e n t  b a l a n c e  was u s e d ,  t h e  e l e m e n t  mus t  be  made o f  
p o r o u s  m a t e r i a l  w i t h  t h e  same r o u g h n e s s  as  t h e  p l a t e ;  

and  w i t h  i n j e c t i o n  a t  i t s  s u r f a c e .

3. To e s t a b l i s h  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  o f  
s t e p  c h a n g e ,  d i s t r i b u t e d  i n j e c t i o n ,  w i t h  and w i t h o u t  
b l o c k a g e ,  t e s t s  m u s t  b e  done w i t h  a h e a t e d  m a i n s t r e a m ,  
T h i s  l a t t e r  p r o v i s i o n  i s  i n t e n d e d  t o  o b v i a t e  t h e  
i n v e r t e d  t e m p e r a t u r e  p r o f i l e  w h i c h  r e s u l t s  from h e a t -  
i n g  t h e  t r a n s p i r a t i o n  f l o w .  The i n v e r t e d  t e m p e r a t u r e  
p r o f i l e  a c t s  a s  a t u r b u l e n c e  i n h i b i t o r ,  t h u s  a f l e e t 

i n g  t h e  h e a t  t r a n s f e r  m e c h a n i s m .

The c o m p u t e r  p rogramme r e q u i r e s  an i m pr ove d  f i n i t e  
d i f f e r e n c e  t e c h n i q u e  f o r  o b t a i n i n g  t h e  s e c o n d  d c r i v a -  
t i v e ,  e s p e c i a l l y  a t  t h e  w a l l .  From t h i s ,  more 
r e a l i s t i c  v a l u e s  o f  of  may be  e x p e c t e d .  A more 
s o p h i s t i c a t e d  t u r b u l e n c e  t r a n s p o r t  e q u a t i o n  w i l l  be  
n e c e s s a r y  t o  a c c o u n t  f o r  s u r f a c e  r o u g h n e s s .

5. A l t e r a t i o n s  t o  t h e  programme c o u l d  b e  d e s i g n e d  t o  
a l l o w  f o r  e n c l o s e d  f l o w ,  and f o r  more  c o m p l i c a t e d  

p r e s s u r e  g r a d i e n t  s i t u a t i o n s .

P H

■
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6 . By i n c l u d i n g  t h e  E n e r g y  E q u a t i o n ,  t h e  h e a t  t r a n s f e r
t o  t h e  p l a t e  c o u l d  b e  c a l c u l a t e d .

7 . A d e e p e r  u n d e r s t a n d i n g  o f  t h e  f l o w  i n  t h e  p o r o u s
m a t r i x  s h o u l d  be  o b t a i n e d ,  m a i n l y  f rom e x p e r i m e n t .  
The s p r e a d  o f  t h e  j e t ,  and  t h e  e x i t  v e l o c i t y  o f  t h e  
a i r  a t  t h e  e x p o s e d  s u r f a c e  s h o u l d  be  s t u d i e d .

8 . T u r b i n e  b l a d e s  i n  c a s c a d e  w i t h  p o r o u s  i n s e r t s  s h o u l d
b e  m a n u f a c t u r e d  and  t e s t s  on h e a t  t r a n s f e r  c h a r a c 
t e r i s t i c s  d on e .  T h e s e  c o u l d  be  c o mp a r e d  w i t h  t e s t s  
f o r  b l a d e s  w i t h  d i s c r e t e  h o l e  i n j e c t i o n .

F I



1 2 0

A P P E N D I X  A

A1 T r a n s f o r m a t i o n  o f  t h e  Momentum E q u a t i o n

F o r  c o n v e n i e n c e , t h e  c o n t i n u i t y  and  momentum e q u a t i o n s  o f  
s e c t i o n  4 . 2  a r e  r e s t a t e d  h e r e  : -

Numerous  t r a n s f o r m a t i o n s  e x i s t  f o r  e q u a t i o n  A 1 . 2 .  a p o p u l a r  
o ne  i s  t h e  t r a n s f o r m a t i o n  t o  t h e  Von M i s e s  p l a n e .  The e q u a 
t i o n  t a k e s  on t h e  form o f  an u n s t e a d y  h e a t - c o n d u c t i o n  e q u a 
t i o n .  The d i s a d v a n t a g e  i n  s o l v i n g  an e q u a t i o n  w hi ch  i s  
p s e u d o - e l l i p t i c  ( i e .  t h e  e n t i r e  f l o w - f i e l d  has  t o  be s o l v e d  
s i m u l t a n e o u s l y ) , i s  t h e  e x c e s s i v e  c o m p u t e r  t i m e  u s e d .  A 
t r a n s f o r m a t i o n  s i m i l a r  t o  t h e  F a l k n e r - S k a n  s o l u t i o n  c o u l d  
b e  u s e d  i n  a f i n i t e  d i f f e r e n c e  scheme t h a t  m a r c h e s  i n  t h e  
d i r e c t i o n  o f  p r e d o m i n a n t  f l o w .  I n  t h i s  w a y , c o n d i t i o n s  a t  
e a c h  s u c c e s s i v e  s t e p  c o u l d  b e  s e t  a s  r e q u i r e d ,  e . g .  s u r f a c e  
r o u g h n e s s , i n j e c t i o n  ( s t e a d y  o r  v a r y i n g  w i t h  x ) , and a l s o  

s t e p  l e n g t h .

F o l l o w i n g  t h e  t r e a t m e n t  o f  C e b e c i  and  S m i t h  ( 1 9 7 0 a ) , t h e  
L e v y - L e e s  t r a n s f o r m a t i o n  was u s e d .  T h i s  t  I t e d  i n  com
b i n i n g  two i n d e p e n d e n t  v a r i a b l e s , u and  , s h o r t e n e d  t h e  
a b s c i s s a  and  l e n g t h e n e d  t h e  o r d i n a t e .

The h e v y - L e e s  t r a n s f o r m a t i o n  f o r  f l a t - p l a t e ,  i n c o m p r e s 
s i b l e  f l o w  i s  : -

C o n t i n u i t y

Momentum

[ A l . l ]

C A1 . 2 ]

= p y u ^ i x ;  dr\ = f § | f [ A 1 . 3 ]

D e f i n e  a d i m e n s i o n l e s s  s t r e a m  f u n c t i o n ,  f

^ ( * , t / )  = ( 2 0  V ( £  ,n) [ A 1 . 4 ]

<v
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4> i s  t h e  s t r e a m  f u n c t i o n  w h i c h  s a t i s f i e s  t h e  c o n t i n u i t y  
e q u a t i o n  : -

6^ Sib_  = Pu ; J  = _ PV   [ A 1 . 5 ]

S u b s t i t u t i n g  A 1 .5 i n t o  A 1 . 2 ,  f o r  U and  p c o n s t a n t  :

^  (1 * CA1.63

W i t h  e + = e / v

Hence :

From A1 . 5  ( s e e  C e b e c i  and S m i t h , 1970a)

^  ” Pl,“ e ( 6c * I r a n 3 )
} ................ C M . 8 ]

6t/ ( 2 0  i 6n

From A1 .4

H -iC v s '' V2C
}   [ A 1 . 9 ]

I f  -  ( 2 o h -  ’

U s i n g  CA1.9]  and 3 - (2 f,) . (du x /  dT>) /  u ̂  , e q n . [ A 1 . 7] becomes

( ( 1  + e + ) / " ) '  + / / "  + 6 ( 1  -  ; ' 2 )  = ( 2 C ) C / ' f f '  -  / " | | ]

.................  [ A l . 1 0 ]

w h e r e  t h e  p r i m e  d e n o t e s  u / 6n , and f  = 6/ / 6n = n / k  .

The l e f t  h a n d  s i d e  o f  [ A l . 1 0 ]  w i l l  be  r e c o g n i s e d  a s  t h e  
s o l u t i o n  o b t a i n e d  by  F a l k n c r  and Skan  (1931)  f o i  t h e  l a m i n a r  
b o u n d a r y  l a y e r  w i t h  u , ( z )  a c r 1,1 ( i e .  t h e  p o t e n t i a l  f ; t . v  was



'
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p r o p o r t i o n a l  t o  a p o w e r  o f  t h e  l e n g t h  m e a s u r e d  f rom t h e  

s t a g n a t i o n  p o i n t ) .

Now i n t r o d u c e  a t r a n s l a t e d  s t r e a m  f u n c t i o n ,  <J>. ( T h i s  was 
done  t o  i m p r o v e  t h e  n u m e r i c a l  c o m p u t a t i o n . )

r

<t> + T]
4#' + 1

<$>"

CA1.11]

S u b s t i t u t e  [ A l . l l ]  i n t o  [ A 1 . 1 0 ] : -

[ ( i  + e +) <t>"3 ' + (* + n)4» - + 2)

2CC (<t>' + 1)64) ' /6C - *"6t /dC] [ A 1 . 1 2 ]

T h i s  e q u a t i o n  was  a l s o  g i v e n  as  

i n  n a t  C = C

[ 4 . 6 . 1 ] ,  an d  i s  an o . d . e

’n

A2 The F i n i t e  D i f f e r e n c e  A p p r o x i m a t i o n s

C o n s i d e r  a f u n c t i o n  /  a t  g r i d  p o i n t s  i - 2 ,  i - 1 , i ,  . . .  e t c . ,
a n d  l e t  t h e  d i s t a n c e  b e t w e e n  t h e s e  p o i n t s  be  U p  and

h ,

AX i . , A X i

h3
A X < * i

" 4

A X ; .  2,

o - - o -
i - 2 i - 1

- O
i

-o -
i+1

O
i + 2

F i g  A2.1  : s ke tc h  of  g r i d  p o i n t s ,  showing nomenclature

U s i n g  T a y l o r ' s  s e r i e s  t o  e x p r e s s

/ U i M ) -  / C x p  » * * 0 ( , 3 n  CA2.
* f " 1 

21
1 ]

s
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f ( . x + 0 ( % 2 ' ) . . . [ A 2 . 2 ]

By d o i n g  t h e  f o l l o w i n g  m a n i p u l a t i o n  : CA2.1]  x
[ A 2 . 2 ]  x h ^ 2 o b t a i n  :

r e p  -  + 0 ( , , 2 )

[ A . 2 . 3 ]

T h i s  e q u a t i o n  was w r i t t e n  f o r  h,  f  h , wh i ch  c r e a t e s  some 
d i f f i c u l t y  i n  e x p r e s s i n g  t h e  o r d e r  o f  e r r o r .  I n  [ A 2 . 3 ]  i t  
i s  a p p r o x i m a t e l y  and  i f  h ^ = h , 0 { h 7) .

E l i m i n a t i n g  / '  f rom [ A 2 . 1 ]  a nd  [ A 2 . 2 ]  :

r e p  -   [ A 2 ' 4 ]

T h i s  e q u a t i o n  h a s  an e r r o r  OCh.J o r  0 (k^') , i e . much l e s s  
a c c u r a t e  t h a n  [ A 2 . 3 ] .

E q u a t i o n s  d e r i v e d  i n  a s i m i l a r  manner  a r e  : -

r e ^ p  -  C A 2 ' 5 ]

r W - d  " • • • •  ^ 2 . 6 :

C o n s i d e r i n g  F i g  A2.1  a g a i n ,  and  u s i n g  e q n . f  5 . 3 . 3 ]

t - 3  

i - 2
h 1 = Aa;. - = h.  K1 i - i

h 2 ~ h x i  = h ' K [   [ A 2 . 7 ]

h 3 = + ] = h ' K’ ~

Where h i s  t h e  f i r s t  s t e p  o f  t h e  n g r i d .  

S u b s t i t u t i n g  [ A2 . 7 ]  i n t o  [ A 2 . 3 ]  and  [ A 2 . 4 ]

I
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- f ( x l - i )  _ ( 1 - V f J x i L  + . . f ( * i ± l ± -

I f ( x - i . - r )   ^ ( x i L  + — 2 f { x i +l ±
1 - - < - 3  h 2K2 t ~

  CA2.8]

h 2 K 2 t ~ 4 ( J + K ) h H ^ ' s
[ A 2 . 9 ]

( 1 + K)

Ea ch  t e r m  i n  t h e  l a s t  two e q u a t i o n s  c o u l d  be  d i v i d e d  i n t o  
t h r e e  p a r t s ,  n am e l y  /«, a c o n s t a n t  i n  % and  %, and  a co 
e f f i c i e n t  i n  i .  T h i s  f a c t  was u s e d  t o  s i m p l i f y  t h e  e q u a t i o n s  
The f i r s t  t e r m  o f  e q u a t i o n  [ A 2 . 8 ]  t h u s  becomes  :

v -
h K l ~ 3 ( 1 + K )

. .  , A2 [ A 2 . 1 0 ]

So A3 -  - % ' / % ( ] + % ) ,  and  a l l  o t h e r  c o e f f i c i e n t s  d e p e n d e n t  on 
% an d  X w e r e  c a l c u l a t e d  o n l y  o n c e ,  i e .  i n  s u b r o u t i n e  MK002.

B e c a u s e  t h e  x - s t a t i o n s  wer e  n o t  r e s t r a i n e d  as  t h e  n p o i n t s  
w e r e ,  c o e f f i c i e n t s  r e q u i r e d  f o r  d e r i v a t i v e s  in t h e  f , - d i r e c 

t i o n  w e r e  c a l c u l a t e d  a t  e a c h  new s t a t i o n .

The c o e f f i c i e n t s  t h a t  a p p e a r e d  i n  e q u a t i o n  [ 5 . 4 . 2 J ,  a r e  

l i s t e d  b e l o w  : -

A “ T r n k x r l*  “ 0

B = - U j J L U i . L i  =

_K 2 . „ £ 1  
h ( l + K ) ' K1 K :

2K" 1 . = D2
D = F 7 T + ¥ 7 ‘ x 21 '

[ A 2 . 1 1 ]

-2X'S 1 _
F = “ F — F t  "

F = 2K FI
h* ( 1 + K ) '  K z i  ~ F t
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XI

X2 =

X2 =

X4 =

25

2 2 6 2 
h 2 ( l +K)  ' K2i

- 2 K 5 1 .

h 2 ( 1 +K) * K2'1

2K2 1
Ji* (1+K)  • 221

- 2 2  2 .
H J ’ K2'1'

[ A 2 . l l ]

_ 22  2 
Zb “ w r n T j ' K 2'

C o e f f i c i e n t s  s t a r t i n g  w i t h  2 w e r e  n o t  s p l i t  up i n t o  two
p a r t s . T h i s  had  b e e n  done i n i t i a l l y ,  i n  a d i f f e r e n t  f orm,
and i s  t h e  r e a s o n  f o r  r e a l  G1, H I ,  I I ,  J l ,  K1 b e i n g
d e f i n e d  i n  s u b r o u t i n e  MK002.

The s t r e a m w i s e  d e r i v a t i v e s  w e r e  c a l c u l a t e d  as  f o l l o w s  : -

  C A 2 .1 2 ]

  C A 2 .1 3 ]-  LK - 2 , i  1

T h e s e  e q u a t i o n s  w e r e  o b t a i n e d  i n  a v i n n e r  v e r y  s i m i l a r  t o  
t h e  d e r i v a t i o n  o f  [ A 2 . 3 ] .  They w e r e  b ac k w a r d  d i f f e r e n c e  
e q u a t i o n s , and t h e  s t e p  l e n g t h  r e m a i n e d  v a r i a b l e .

AS. . , A § n

n - 2 n - 1
— O

n

F i g  A2.2 : s k e t c h  o f  c  g r i d  p o i n t s

L )
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A £ „ . 3 < A C n  V ' " A ^ 3 ; ^ n - r ^ n

+ i ^ n - l  + 2Af;n ) f ( £ n ^ [ A 2 . 1 4 ]

Thus 

I  - AIlL
+ S T ?

M - ( h Z n - 1  t  M 21)
AEr-J-ACn

[ A 2 . 1 5 ]

=  (h'.- n - l  + ZASn)
AS»(ASn_,  + 6 V

To c a l c u l a t e  N e w t o n ' s  D i v i d e d  D i f f e r e n c e  m e t h od  was 
u s e d .  The f o l l o w i n g  e q u a t i o n  was d e r i v e d  ( s e e  M i l n c - T h o m s o n , 
j 933)  , f rom a s e c o n d  o r d ^ r  f i t  - -

* 3 " n.
 ̂2 ' $ 2  ' ~4> 3 '

-  np ng - n g ) . . . .  [ A 2 . 1 6 ]
n l  -  n 3

From C h a p t e r  S-, <) 2 and  *„ w e r e  t o  be  d e t e r m i n e d  f rom b o u n d a r y  
c o n d i t i o n s . An e q u a t i o n  was g i v e n  f o r  tj>. , b u t  4)2 s t i l l  r e 
m a i n e d  t o  be  c a l c u l a t e d .  From e q n . ( 4 . 6 . 3 ] ,  one  o f  t h e  b o u n d 

a r y  c o n d i t i o n s  i s

' = - 1 CA2.17]

U s i n g  a v e r y  s i m p l e  f i n i t e  d i f f e r e n c e  c q u a t i o .

- i
V

*2 ~ -ft!
n2 -  n j

CA2.18]

:. -  K n 2 n p

[ A 2 . 1 81  d i d  n o t  g i v e  v e r y  s a t i s f a c t o r y  r e s u l t s ,  b u t  by u s i n g  
t h e  d i v i d e d  d i f f e r e n c e  t e c h n i q u e ,  t h e  f o l l o w i n g  r e l a t i o n s h i p  

was d e r i v e d  : -

t  * * * (K + 2) + . . . .  [ A 2 . 1 9 ]
( K  + l ) 7



The unb lo wn  p r o f i l e  was c h e c k e d ,  an d  [ A2 . 1 9 ]  was f o u n d  to  
a g r e e  t o  6 f i g u r e s .  A f t e r  t h e  e x p e r i e n c e  g a i n e d  w i t h  c a l c u 
l a t i n g  § f r om a s e c o n d  o r d e r  f i t „ i t  was f e l t  t h a t  t h e  
p l o t  o f  O vs  n s h o u l d  be  r e c o n s i d e r e d  when i n j e c t e d ,  and 
a b e t t e r  f i t  d e v e l o p e d  f o r  t h i s  c u r v e . A l t h o u g h  n o t  t e s t e d ,  
i t  was t h o u g h t  t h a t  a 4 t h  o r d e r  f i t  w o u l d  oe an i m p r o v e m e n t .

E x c e p t  a t  t h e  b o u n d a r i e s , c e n t r a l  d i f f e r e n c e  e q u a t i o n s  were  
u s e d  t h r o u g h o u t . N o t e  t h a t  t h e s e  e q u a t i o n s  we r e  d e r i v e d  t o  
a l l o w  c a l c u l a t i o n  o f  a f u n c t i o n  a t  i , and n o t  mid-way b e t w e e n  
i - 1  and  i + 1 , w h i c h  woul d  h av e  o c c u r r e d  had  t h e  f u n c t i o n  b een  
c a l c u l a t e d  f rom a s t a n d a r d  c e n t r a l  d i f f e r e n c e  e q u a t i o n  f o r  
e q u a l  s t e p  l e n g t h .

The e q u a t i o n s  d e r i v e d  were  r e l a t i v e l y  s i m p l e ,  b u t  p r o d u c e d  a 
b a n d e d  m a t r i x  w i t h  5 c o l u m n s . More compl ex  e q u a t i o n s , wh ich  
become p o s s i b l e  f o r  e q u a l  s t e p  l e n g t h , wou l d  h ave  r e s u l t e d  
i n  mo ; e  co l umn s  i n  t h e  b a n d e d  m a t r i x . T h i s  wou l d  r e q u i r e  
more  c o r e  s t o r a g e  a nd  more c a l c u l a t i o n s ,  w i t h  r e l a t e d  r o u n d 
o f f  e r r o r s , when s o l v i n g  [/?]{(&) = { B } . Fo r  g e n e r a t i n g  t h e  
i n i t i a l  t u r b u l e n t  p r o f i l e , i t  was f o u n d  t h a t  t h e  u n e q u a l  
s t e p  l e n g t h  i m p r o v e d  t h e  a c c u r a c y  s i g n i f i c a n t l y .  B ec a us e  
6 u / 6 y  was much l o w e r  f o r  l a m i n a r  p r o f i l e s ,  e q u a l  s t e p s  wer e  
more  s u i t a b l e  f o r  t h e s e  c a l c u l a t i o n s . T h i s  c o u l d  be  
o b t a i n e d  by s e t t i n g  K = 1.

A3 Flow in P o r o u s  Media

One o f  t h e  i m p o r t a n t  a s p e c t s  o f  u s i n g  p o r o u s  m a t e r i a l s  i n  
t r a n s p i r a t i o n  c o o l i n g ,  i s  t h e  n e e d  f o r  s t r e n g t h e n i n g  t h e  
s t r u c t u r e . As a l r e a d y  s u g g e s t e d , t l  i s  c o u l d  be  done  by 
a t t a c h i n g  t h e  p o r o u s  m a t r i x  t o  a r i g i d  b a s e  w i t h  m e t e r i n g  
h o l e s  o r  s l o t s .
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y
V

t r ansp i ra t io n

F i5  A 3 J ' viixi rs V w S ^ r Rt r a s A

I n  t h e  p a s t , a l l  r e s u l t s  f o r  p r e s s u r e  d r o p  t h r o u g h  t h e  
m a t r i x  h a v e  b e e n  o b t a i n e d  f o r  t h e  u n r e s t r i c t e d  c a s e ,  i e ,  
a o n e - d i m e n s i o n a l  f l o w  s i t u a t i o n .  I h e  a v e r a g e  v e l o c i t y  
a t  any y v a l u e  i n  t h e  p o r o u s  m a t e r i a l  was c o n s t a n t . The 
p r e s s u r e  d r o p  was f o u n d  t o  be  p r o p o r t i o n a l  t o  t h e  s u p e r 
f i c i a l  v e l o c i t y ,  f o r  t h e  s o - c a l l e d  l a m i n a r  r e g i o n ,
and  t o  f o r  t h e  ' t u r b u l e n t ' r e g i o n .  T h i s  was f o u n d
e x p e r i m e n t a l l y , and i s  u s e f u l  i f  i s  c o n s t a n t .

The c o n f i g u r a t i o n  shown i n  F i g  A3.1 was e x p e c t e d  t o  b e h a v e
v e r y  d i f f e r e n t l y .  B e c a u s e  t h e  j e t  i s  s p r e a d i n g  a t h e
m a t r i x ,  t h e  v e l o c i t y  i s  c h a n g i n g ,  and  h e n c e  a l s o  Ap. To 
d e s i g n  a p o r o u s  c o v e r  f o r  t r a n s p i r a t i o n  c o o l i n g ,  i t  i s  
n e c e s s a r y  t o  know : ( i )  t h e  s p r e a d  o f  t h e  j e t .  w i t h  y , and
f rom t h a t ,  t h e  d i s t a n c e  b e t w e e n  m e t e r i n g  s l o t s  o r  h o l e s  t o  
e n s u r e  a s u i t a b l e  i n s u l a t i n g  l a y e r  o f  c o o l  a i r  on t h e  u p p e r  
s u r f a c e  o f  t h e  p o r o u s  m a t e r i a l ,  and ( i i )  ’ he  p r e s s u i e  d i o p  
f o r  t h e  t w o - d i m e n s i o n a l  f low s i t u a t  i on

Two a p p r o a c h e s  t o  t h e  p r o b l e m  a r e  p o s s i b l e .  The m i c r o 
s c o p i c ,  a n a l y t i c  a p p r o a c h ,  o r  t h e  m a c r o s c o p i c  a p p r o a c h ,

d i s c u s s e d  i n  A p p e n d i x  A4.

B e c a u s e  a p o r o u s  m a t r i x  i s  made up o f  r a n d o m l y  s i n t e r e d  
p a r t i c l e s  w i t h  s i z e s  s p a n n i n g  a g i v e n  t o l e r a n c e ,  i t  i s  n o t  
m e a n i n g f u l  t o  c o n s i d e r  t h e  f l o w  a t  a p o i n t .  F o l l o w i n g



S l a t t e r y  ( 19 72 )  t h e  momentum e q u a t i o n  was vo l ume  a v e r a g e d ,  
i n  much t h e  same way t h a t  t u r b u l e n t  f l o w s  w e r e  a v e r a g e d  on 

a . t i m e  b a s e .

Two t h e o r e m s ,  d e v e l o p e d  by  S l a t t e r y  ( 19 72)  , w e r e  u s e d ,  as  
w e r e  t h e  R e y n o l d s  r u l e s  o f  a v e r a g e s .  The t h e o r e m s  w e r e  f o r  
t h e  vo l ume  a v e r a g e  o f  g r a d i e n t , and  o f  t h e  d i v e r g e n c e ,  o f  a 
s e c o n d  o r d e r  t e n s o r  o r  a s p a t i a l  v e c t o r  f i e l d ,  c a l l e d  B.

n j  = 1  /  siBdV = VB + ^  f  B . n d S    CA3.1]
-  y ̂  -  -  y g y  -

BTvB = ̂  /  d i v M  = d i vB + /  B.ndS ................  ( A 3 . 2 ]
v f  “  s w

w h e r e  Vf  i s  t h e  v o l u m e ,  Sy t h e  s u r f a c e  a r e a .

F i g  A3,2 : t h e  p o r o u s  m e d i u m ,  s h o w i n g  v o l u m e  V f ,  a n d  t h e
ENCLOSING SURFACE S , NOTE THAT S  MUST ENCLOSE 
SOLID AND FLUID.  S u COINCIDES WITH THE PORE 
WALLS. n IS THE NORMAL VECTOR,

m  ■ ■ ■ ■  im *
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The N a v i e r - S t o k e s  e q u a t i o n  f o r  t h e  s t e a d y  f lo w o f  an i n c o m 
p r e s s i b l e  n e w t o n i a n  f l u i d  may be  d e r i v e d  f rom C a u c h y ' s  f i r s t  
l aw o f  m o t i o n  ( a s s ume  no e x t e r n a l  f o r c e s  we r e  p r e s e n t )  :

. '  j v (v u ^ ) = - Vp + y d i v ( VtO   [A3.  3]

T a k i n g  t h e  l o c a l  vo l ume  a v e r a g e  o f  c q n . [ A 3 . 3 ]  : -

i  ^  p d i v ( u  'o)dV = ^ y p d V  + ^  | /̂ ydiv(Vy_)dl '  . . .  [ A 3 . 4 ]

N o t i n g  t h a t  (v v . n )  = 0 on t h e  w a l l ,  Sw , an d  i n t r o d u c i n g  
a q u a n t i t y  v ’ , r e p r e s e n t i n g  t h e  d e v i a t i o n  o f  t h e  l o c a l  
p o i n t  v e l o c i t y  f rom t h e  l o c a l  vo lume a v e r a g e  v e l o c i t y  : -

p = y + y ' . . . . . . .  [ A 3 . 5 )

N o t e  y = v £ '  = ®

E q u a t i o n  [ A 3 . 3 ]  become : -

p d i v ( u  y) = -Vp + y (V5y)  - p d i v ( y ^ 7 ' )  + -J7 I  pndS  [ A 3 . 6 ]

The i n t e r e s t i n g  f e a t u r e  o f  [ A 3 . 6 ]  was t h e  a d d i t i o n a l  t e r m ,  
-pdiv( iT' "y ' )  w h i ch  i s  v e r y  s i m i l a r  t o  t h e  R e y no l d s  s t r e s s  
t e r m  p r o d u c e d  i n  t h e  t i m e  b a s e d  a v e r a g i n g  p r o c e s s  u s e d  

f o r  t u r b u l e n t  f l o w s .

V a r i o u s  t e c h n i q u e s  h a v e  b e e n  s u g g e s t e d  t o  s i m p l i f y  [ A 3 . 6 ] ,
a n d  f o r  one  d i m e n s i o n a l  c r e e p  f l o w  ( i e .  d e l e t e  i n e r t i a l
t e r m s )  t h e  D a r c y  law can  be  d e r i v e d .  A n o t h e r  s i m p l i f i c a 
t i o n  f o r  two d i m e n s i o n a l ,  i n e r t i a l  f l o w , s u g g e s t e d  by 
W h i t a k e r  ( 1969)  , i n t r o d u c e d  a t o t a l  r e s i s t a n c e  t e n s o r  P.
The n i n e  t e r m s  i n  t h i s  t e n s o r  w o ul d  h a ve  t o  be  e v a l u a t e d  
e x p e r i m e n t a l l y ,  and  w er e  e x p e c t e d  t o  b e  p r o p o r t i o n a l  t o  y ,  
some l e n g t h  s c a l e  and t h e  p e r m e a b i l i t y  oi  t h e  p o r o u s  med i um.

1 y  y  i s  k n o w n  a s  t h e  d y a d i c  p r o d u c t ,  a n d  w a s  t r e a t e d  a s  
a  s e c o n d  o r d e r  t e n s o r .
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A t  t h e  p r e s e n t  s t a g e  i t  was f e l t  t h a t  t h e  a b o ve  l i n e  o f  
t h o u g h t  was n o t  w o r t h  p u r s u i n g  f u r t h e r  : t e c h n i q u e s  f o r  
d e t e r m i n i n g  B w e r e  n o t  known t o  t h e  a u t h o r .

A4 l e s t s  on t h e  P o r o u s  M a t r i x

At  t h e  p r e s -  t  : c a t e  o f  t h e  a r t , i t  was  f e l t  t h a t  a m a c r o 
s c o p i c  a p p r o a c h  c o u l d  b e  e x p e c t e d  t o  y i e l d  r e s u l t s  more 
q u i c k l y .  A p r e l i m i n a r y  i n v e s t i g a t i o n  was d o n e , s t a r t i n g  

w i t h  a d i m e n s i o n a l  a n a l y s i s .

II: Darcy

L

P o r o u s
m a t r i x I.- turbulent

F i g  A M  : sketch  of  porous  matri x  wi th  j e t  at
LOWER SURFACE

B e c a u s e  d e s i g n e r s  o f  t r a n s p i r a t i o n  c o o l e d  t u r b i n e  n o z z l e  
g u i d e  v a n e s  h a v e  a v e r y  l i m i t e d  p r e s s u r e  d i f f e r e n t i a l  t o  
work  w i t h ,  Ap was c o n s i d e r e d  t h e  m o s t  i m p o r t a n t  q u a n t i t y .

Hi A
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The v a r i a t i o n  o f  b w i t h  a ,  L a nd  V i s  r e q u i r e d  i f  a u n i 
f o rm c o l d  l a y e r  i s  t o  be  p r e s e n t  on t h e  o u t e i  s u r f a c e .

Ap = / ( L ,  a ,  D, b,  y, U, p) ................ CA4.1]

T y p i c a l l y ,  t h e  f o l l o w i n g  r e l a t i o n s h i p  was p r o d u c e d  : -

^ 7, = C « V U(§ ) V ( t ) U ( 5>*

B e c a u s e  3 l e n g t h  s c a l e s  w e r e  p r e s e n t ,  t h e s e  c o u l d  be  
i n t e r c h a n g e d  a t  w i l l .  The f i r s t  d i m e n s i o n l e s s  g r o u p  was 

p a r t i c u l a r l y  i n t e r e s t i n g

 C A 4 - 2 ]

A p / p y 2 i s  t h e  w e l l  known p r e s s u r e  d r o p  c o e f f i c i e n t  C .

D e f i n e  

'  1 =
Pp P *

c ' = C .Re,  2   [A4.  3]

Some t e s t s  w er e  p e r f o r m e d  on a m a t r i x  made o f  p l a s t i c  
s p h e r e s , D0 = 3 7 , 2  mm a bov e  an a x i s y m m e t r i c  j e t  f rom a 
80 mm p i p e .  The f low r a t e  was m e a s u r e d  w i t h  an o r i f i c e  
p l a t e , a nd  V was t h e  a v e r a g e  v e l o c i t y  i n  t h e  p i p e . A 
s t a t i c  p r e s s u r e  t a p p i n g  was p l a c e d  a t  t h e  j e t  o u t l e t .

A s t e a m  g e n e r a t o r  was p l a c e d  u p s t r e a m  i n  t h e  p i p e ,  and  
t h e  a i r  p a s s e d  o v e r  d r y  i c e ,  t h u s  p r o d u c i n g  a v i s i b l e  
f l o w  a t  t h e  p o r e  is m a t r i x  s u r f a c e .  (See  F i g  A 4 . 2 ) .
I t  was n o t  p o s s i b l e  t o  m e a s u r e  h w i t h  any r e l i a b i l i t y .

m i  ■ p i i



F i g  A^.2  : low v e l o c i t y  j e t ,  v = 2 , 7 2  m / s ,
EMERGING FROM MATRIX

I t  was o b s e r v e d  t h a t  a t  h i g h  v e l o c i t y , t h e  smoke f ormed 
a j e t  above  t h e  m a t r i x , w h e r e a s  a t  low v e l o c i t y , t h e  
smoke f i l t e r e d  s l o w l y  t h r o u g h  t h e  m a t r i x ,  and h ad  s p r e a d  
much m o r e . The c o n c l u s i o n  r e a c h e d  was t h a t  f o r  l a r g e  L , 
an i n i t i a l  ' t u r b u l e n t ' r e g i o n  e x i s t e d ,  c a u s i n g  a h i g h  
p r e s s u r e  d r o p . T h i s  c a u s e d  t h e  j e t  t o  s p r e a d , h e n c e  
s l o w i n g  down t o  t h e  l a m i n a r  R e y n o l d s  number  r a n g e .
C r e e p  f l o w  r e s u l t e d  i n  t h i s  r e g i o n  - t h e  l o s s  o f  i n e r t i a  
b e i n g  c l e a r l y  v i s i b l e  when t h e  smoke m e r e l y  f i l t e r e d  
t h r o u g h  t h e  l a s t  row o f  s p h e r e s .  The 3 s h o r t  l i n e s  on 
F i g  A4 . 5  d i v e r g e d  f rom t h e  s o l i d  l i n e  f o r  i n c r e a s i n g  
R e , .  T h i s  was t h o u g h t  t o  h ave  b e e n  c a u s e d  by t h e  s m a l l  
a d d i t i o n a l  p r e s s u r e  d r o p  t h r o u g h  t h e  ' D a r c y '  r e g i o n .
F i g  A4 .3  shows t u r b u l e n t  f l ow  e m e r g i n g  f rom t h e  p o r o u s  
m a t r i x .

w % m
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F lfi A *!,3 : TURBULENT JET : V = 6 , 5  m / s ,
emergi ng  from matri x

The f u l l  r e s u l t s  we r e  n o t  r e p o r t e d ,  b u t  two o f  t h e  
g r a p h s  p l o t t e d  a r e  p r e s e n t e d  i n  F i g s  A4.4  a n d  A4 . 5 .

T  ■ ... Z . .  #
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A P P E N D I X  B

B1 D e s i g n  o f  t h e  Win .1 Tun no 1,  Jj an and C o n t r a c t  1 on

S u b s o n i c  w in d  t u n n e l  d e s i g n  h as  become a w e l l  d oc u m e n t e d  
e x e r c i s e .  B a s i c  d e c i s i o n s  su ch  a s  w h e t h e r  t h e  t u n n e l  
s h o u l d  be  open o r  c l o s e d  c i r c u i t ,  and t y p e  o f  f a n  a r e  
v e r y  much c o s t  d e p e n d e n t .

The t u n n e l  b u i l t  f o r  t h i s  p r o j e c t  was t o  form p a r t  o f  an 
e x i s t i n g  u n i t . A f t e r  c e r t a i n  s e c t i o n s  h a d  b een  c o n s t r u c t e d ,  
i t  was f o u n d  *0  be  p r e f e r a b l e  t o  be  i n d e p e n d e n t  o f  o t h e r  
r e s e a r c h  p r ogrammes  , and a t u n n e l  was d e s i g n e d  a r o u n d  t h e  
p a r t s  a l r e a d y  b u i l t .  T h i s  was u n f o r t u n a t e , b e c a u s e  t h e  
t u n n e l  c o u l d  h a v e  b e e n  b e t t e r  d e s i g n e d .

The open  c i r c u i t  t u n n e l  c o n s i s t e d  o f  a c e n t r i f u g a l  f a n ,  
d i f f u s e r ,  s e t t l i n g  c h a m b e r , c o n t r a c t i o n ,  e n t r y  s e c t i o n ,  
w o r k i n g  s e c t i o n  and  an e x i t  d i f f u s e r .

M a t e r i a l s  u s e d  w e r e  wood s t r i p s  ( 10 0  mm w i d e ) ,  b a n d e d  t o  
3 mm t h i c k  m a s o n i t e ,  t h e  smoot h s i d e  o f  wh i ch  fo rmed  t h e  
i n s i d e  w a l l s  o f  t h e  t u n n e l . The e d g e s  w e r e  s u p p o r t e d  w i t h  
s l o t t e d  a n g l e  i r o n .  An o u t s i d e  company made t h e  s e t t l i n g  
c ha mb er  and  c o n t r a c t i o n  o f  m i l d  s t e e l  s h e e t . D e t a i l s  o f  
t h e  w o r k i n g  s e c t i o n  a p p e a r  i n  A p p e nd i x  B2. The e n t i r e  
t u n n e l  i s  s u p p o r t e d  a t  s h o u l d e r  h e i g h t  on wooden l e g s .

A c e n t r i f u g a l  f a n , somewhat  o v e r p o w e r e d  by a 22 kW s q u i r r e l  
c a g e  i n d u c t i o n  m o t o r ,  was made a v a i l a b l e  f o r  t h e  p r o j e c t .  
T h i s  u n i t  was u s e d  t o  b l ow a i r  down t h e  t u n n e l ,  r a t h e r  t h a n  
s u c k i n g  t h e  a i r  t h r o u g h  t h e  t u n n e l . I f  t h e  d u c t i n g  was 
a t t a c h e d  t o  t h e  f a n  i n l e t , i t  was e x p e c t e d  t h a t  s w i r l  due 
t o  t h e  r o t a t i o n  o f  t h e  f a n  would  be  t r a n s m i t t e d  b a c k  t o  t h e  
Working S e c t i o n . The r e mo v a l  o f  s u c h  a v o r t e x  may h a ve  
r e q u i r e d  s t r a i g h t  n e r  v a n e s ,  a c o m p l i c a t i o n  which  was t o  be  
a v o i d e d .  The p r o f i l e  a t  t h e  f a n  o u t l e t  was h i g h l y  n o n -
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u n i f o r m ,  b u t  t h i s  was t o  be  c o n t r o l l e d  w i t h  s c r e e n s . I n  
t h e  e v e n t ,  t h i s  p r o v e d  more d i f f i c u l t  t h a n  was e x p e c t e d .
The p r o f i l e  i n  t h e  e n t r y  s e c t i o n  was much i m p ro v ed  by t h e  
a d d i t i o n  o f  honeycomb i n  t h e  s e t t l i n g  c h am be r .  Alumi ni um 
h oneycomb,  50 mm t h i c k  w i t h  a c e l l  s i z e  o f  6 mm, was u s e d .

The c o n t r a c t i o n  h a d  an a r e a  r a t i o  o f  3 : 1 .  T h e o r e t i c a l l y  
t h i s  s h o u l d  h a v e  r e d u c e d  t h e  v e l o c i t y  f l u c t u a t i o n s  by  a 
n i n t h .  A p o t e n t i a l  f l o w  a n a l y s i s  ( s e e  C h e e r s , 1945)  was 
u s e d  t o  d e s i g n  t h e  c o n t r a c t i o n .  The e q u a t i o n s  w e r e  h a n d l e d  
on a H e w l e t t - P a c k a r d  9810 c a l c u l a t o r .  The s t r e a m l i n e  
d e n o t e d  a s  c o n t r a c t i o n  w a l l  was p l o t t e d  by t h e  c a l c u l a t o r  

( F i g  B 1 . 2 ) .

F i g  B I . I a : p l a n  v i e w  o f  t h e  wind
( a ) t h i f t t l i n g  chamb
TION, THE ENTRY SE
working s e c t i o n

L, SHOWING 
B) THE CONTRAC 
, ( d) THE



u n i f o r m ,  b u t  t h i s  was t o  be  c o n t r o l l e d  w i t h  i c r e e n s .  , n  
t h e  e v e n t , t h i s  p r o v e d  more d i f f i c u l t  t h a n  was e x p e c t e d .
The p r o f i l e  i n  t h e  e n t r y  s e c t i o n  was much i m pr ov ed  by t h e  
a d d i t i o n  o f  honeycomb i n  t h e  s e t t l i n g  ch amb er .  Alumi ni um 
h o n e y c o m b , 50 mm t h i c k  w i t h  a c e l l  s i z e  o f  6 mm, was u s l d.

The c o n t r a c t i o n  h ad  an a r e a  r a t i o  o f  3 : 1 .  T h e o r e t i c a l l y  
t h i s  s h o u l d  h a v e  r e d u c e d  t h e  v e l o c i t y  f l u c t u a t i o n s  by  a 
n i n t h .  A p o t e n t i a l  f l o w  a n a l y s i s  ( s e e  C h e e r s , 1945)  was 
u s e d  t o  d e s i g n  t h e  c o n t r a c t i o n .  The e q u a t i o n s  w er e  h a n d l e d  
on a H e w l e t t - P a c k a r d  9810  c a l c u l a t o r .  The s t r e a m l i n e  
d e n o t e d  us  c o n t r a c t i o n  w a l l  was p l o t t e d  by t h e  c a l c u l a t o r  
( F i g  B1 . 2 )  .

F ir B I . I a : p l a n  v i e w  o f  t h e  w i n d  t u n n e l ,  s h o w in g
( a ) THE SETTLING CHAMBER, ( b ) THE CONTRAC
T IO N ,  ( c )  THE ENTRY SECTION, ( d )  THE 
WORKING SECTION
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F ig B I . I b SIDE VIEW OF THE TUNNEL WITH ( A )  THE FAN 
U N IT ,  (R)  THE DIFFUSER,  ( c )  SETTLING CHAMBER 
AND CONTRACTION, AND (D)  THE COMPRESSED 
A IR  SUPPLY

Fi #
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F i g  B 1 . 2  : c o n to u r  o f  w i n d  t u n n e l  c o n t r a c t i o n
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B2 T h e  W o r k i n g  S e c t i o n

A w o r k i n g  s e c t i o n  p r o d u c i n g  two d i m e n s i o n a l  f l o w  w i t h  
He = 1 , 2  x 1 0 6 was r e q u i r e d .  The p l a t e  was t o  be  s o l i d ,  

i n t e r s p e r s e d  w i t h  a p o r o u s  s e c t i o n  t h r o u g h  w h i c h  a s e c o n 

d a r y  f l o w  c o u l d  be  i n t r o d u c e d .

The w o r k i n g  s e c t i o n  was made r e c t a n g u l a r ,  w i t h  d i m e n s i o n s  
0 , 4 9 6  x 0 , 2 0 9  m. At a f l o w r a t e  o f  1 , 5  m’ / s .  a v e l o c i t y  o f  
17 m / s  was e x p e c t e d  i n  t h e  j e t .  W i t h  t h e  1 m l o n g ,  p a r a U c  
d u c t  a h e a d  o f  t h e  w o r k i n g  s e c t i o n ,  v a r i o u s  p l a t e s  c o u l d  be 
a t t a c h e d  t o  t h e  l e a d i n g  p l a t e ,  a l l o w i n g  v a r i a t i o n  o f  
W i t h  a l e a d i n g  p l a t e  0 , 5  m l o n g ,  as  u s e d  i n  m os t  o f  t h e  
t e s t s  So -  1 , 2  x 1 0 s was a c h i e v e d  a t  t h e  e n d  o f  t h e  w o r k 
i n g  s e c t i o n ,  w h i c h  was 0 , 8 6 5  m l o n g .  A b o u n d a r y  l a y e r  b l e e d  

dr ew a i r  o f f  be lo w t h e  l e a d i n g  p l a t e .

The p l a t e s  and  t h e  r o o f  o f  t h e  w o r k i n g  s e c t i o n  we r e  made o f  
3 mm a l u m i n i u m  s h e e t .  P e r s p e x  ( 6 , 3 5  mm t h i c k )  was u s e d  f o r  
s i d e  w a l l s .  The p o r o u s  p l a t e s  h a d  d i m e n s i o n s  500 x .44 x 
6 , 3 5  mm. The p o r o u s  p l a t e  l e a d i n g  and t r a i l i n g  e d g e s  were 
m i l l e d  a t  4 5 ° ,  an d  was p u l l e d  up t o  t h e  a l u m i n i u m  p l a t e s  
w i t h  a d j u s t i n g  s c r e w s  i n s i d e  t h e  p l e n u m  c h a m b e r .  F i l t e r s  
w e r e  i n c o r p o r a t e d  i n  t h e  p l enum c h a m b e r s ,  t o  a v o i d  t h e  
s o w e r  p o r o u s  s u r f a c e  f rom b e c o m i n g  c l o g g e d  w i t h  d i r t  o r

g r e a s e .

An e x i t  d i f f u s e r  was a t t a c h e d  t o  t h e  end  o f  t h e  w o r k i n g  
s e c t i o n .  I t  was 1 m l o n g ,  an d  p r e v e n t e d  d own s t ream con i -  
t i o n s  f rom a f f e c t i n g  t h e  f l o w  i n  t h e  j e t .  T h i s  s e c t i o n  was 
on w h e e l s ,  and  c o u l d  b e  removed t o  a l l o w  work  i n s i d e  t h e  
w o r k i n g  s e c t i o n  when s e t t i n g  up t h e  h o t  w i r e  t r a n s d u c e r .

The p e r s p e x  s i d e s  were  a l s o  r e m o v a b l e .

R1 E n g i n e e r i n g  Drawi n g

F i g  B3 . 1  i s  a r e d u c t i o n  o f  t h e  a s s e m b l y  d r a w i n g  o f  t h e

W  V  i r t  (T S o r t
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A P P E N D I X  C

Cl C a l i b r a t i o n  o f  t h e  O r i f i c e  P l a t e

The o r i f i c e  p l a t e  was c a l i b r a t e d  a c c o r d i n g  t o  BS 1042

C2 C a l i b r a t i o n  o f  T h e r m o c o u p l e

C o p p e r - c o n s t a n t e n  t h e r m o c o u p l e s  we r e  u s e d .  The c a l i b r a t i o n  

c u r v e  i s  shown i n  F i g  C2 . 1  b e l o w .

V C IN m V 3
F ig C 2 . 1



C3 T h e  C a l i b r a t i o n  o f  t h e  H o t  W i r e s

The s i n g l e  s e n s o r  h o t  w i r e s  we r e  c a l i b r a t e d  u s i n g  t h e  D i s a  
c a l i b r a t i n g  r i g .  i b i s  u n i t  c o n s i s t e d  of  t he  n i s a  I t c s  >uic 
C o n t r o l  U n i t , t y p e  55 D 4 4 ,  t h e  P r e s s u r e  C o n v e r t e r ,  t y p e  
55 D 46 ,  and  t h e  n o z z l e  u n i t , t y p e  55 D 45.  A Van E s s e n  
m an o me te r  model  6750 was u s e d  t o  m e a s u r e  t h e  p r e s s u r e  d r o p  

a c r o s s  t h e  n o z z l e .

The a n emo me t e r  g a i n  was a d j u s t e d  u s i n g  a s q u a r e  wave g e n e 
r a t o r ,  and an o s c i l l o s c o p e  t o  s ee  when t h e  a m p l i f i e r  became 
u n s t a b l e .  The z e r o  f l o w  v o l t a g e  was d e t e r m i n e ^ ,  a f t e r  
a m p l i f i c a t i o n  by t h e  A u x i l l i a r y  Un i t  , as  was t h e  h o t  w i r e  
r e s i s t a n c e  a t  t h e  c a l i b r a t i n g  t e m p e r a t u r e .

Ea ch  h o t  w i r e  ( t h e r e  wer e  4) was c a l i b r a t e  1 u s i n g  t h e  a n e 
momet e r  and  t h e  a u x i l l i a r y  U n i t .

K i n g ' s  Law was u s e d  t o  d e s c r i b e  t h e  c a l i b r a t i o n  c u r v e s  : -

= y 2 + ..........  [ C 3 .13
o

To o b t a i n  B and n , t h e  d a t a  was p l o t t e d  on l o g - l o g  a x e s  

i n  t h e  f o l l o w i n g  form : -

C l e a r l y ,  i f  t h e  I h s  was p l o t t e d  a g a i n s t  l o g  U, t h e  s l o p e  
was n .  Note- t h a t  VQ ’ -  aV0 , wh er e  o < l . The v a l u e  o f  o 
was v a r i e d  t o  f i n d  t h e  v a l u e  wh i ch  gave  t h e  b e s t  s t i a i g h t  

l i n e  t h r o u g h  t h e  p o i n t s .

The l i n e a r i s e r  u s e d  t h e  f u n c t i o n

l o g { ( ~ , ) 2 - 1) = « l o g  Z/
o

V K( V2 -  Vo 2 ') Vn t C 3.  2 3

[ C3. 33

V = KBU -aU I C 3 . 4  3



t o  c o n v e r t  t h e  n o n - l i n e a r  anemomete r  o u t p u t  t o  a l i n e a r  
v o l t a g e ,  ' i ne  e x p o n e n t  was s e t  or  t h e  u n i t ,  and  t h e  h o t  
w i r e  was c a l i b r a t e d  w i t h  t h e  l i n e a r i s e r .

C4 T e m p e r a t u r e  C o r r e c t i o n  f o r  t h e  Anemometer  O u t p u t

The h e a t  l o s s  f rom a h o t - w i r e  i s  i n f l u e n c e d  by  t h e  a i r  
v e l o c i t y  and  by t h e  a i r  t e m p e r a t u r e .  The anemometer  o u t 
p u t  f o r  a s p e c i f i c  v e l o c i t y  mus t  be  c o r r e c t e d  i f  t h e  a i r  
t e m p e r a t u r e  i s  d i f f e r e n t  t o  t h e  c a l i b r a t i o n  t e m p e r a t u r e .  
T h i s  c o r r e c t i o n  was p e r f o r m e d  f rom t h e  f o l l o w i n g  c o n 

s i d e r a t i o n s  :

The h e a t  b a l a n c e  e q u a t i o n  f o r  a h o t  w i r e  i s  :~

—2 -  [T -  T) h........................................................................ ................ [ C4 . 1 3
Rw w

E = v o l t a g e  d r o p  a c r o s s  t h e  h o t  w i r e
ft = w o r k i n g  r e s i s t a n c e  o f  t h e  h o t  w i r e  

w
T = w o r k i n g  t e m p e r a t u r e  o f  t h e  h o t  w i r e  

w
T -  f l u i d  t e m p e r a t u r e  
h = h e a t  t r a n s f e r  c o e f f i c i e n t .

F o r  c o n s t a n t  h,  t h e  e x p r e s s i o n  f o r  t h e  c o r r e c t i o n  o f  t h e  

a n e mo me t e r  o u t p u t  f o r  a c h a n g e  i n  7'

v 2 B g 2 ( —I—i n ! .................................................................... .................  I C4 . 2 1
^ l T w -  T)

En = c o r r e c t e d  v o l t a g e
Tn = c a l i b r a t i o n  t e m p e r a t u r e

The  r e s i s t a n c e  o f  t h e  h o t  w i r e  c h a n g e s  w i t h  t cmpc i . i t  m e  

a c c o r d i n g  t o  :

R = J?M{1 + a ( r  - Ty ) }  .............. I C 4 . 3 ]

r  i s  t h e  r e s i s t a n c e  a t  t e m p e r a t u r e  T,  a i s  t h e  t h e r m a l  

r e s i s t a n c e  c o e f f i c i e n t  : -



a  = 0 , 0 0 3 6  1 / ° C [ 0 4 . 4 ]

E q u a t i o n  0 4 . 2  may b e  r e w r i t t e n  : -

V  -   C C 4 - 5 ]

R was  c a l c u l a t e d  f rom [ 0 4 . 3 ] ,  and t h e  c o r r e c t e d  anemometer  

r e a d i n g  f ro m [ 0 4 . 5 ] .

05 C o r r e c t i o n  f o r  P r o x i m i t y  o f  t h e  Wal l

I t  was  e x p e c t e d  t h a t  t h e  h e a t  l o s s  f rom t h e  h o t  w i r e  would 
i n c r e a s e  v e r y  n e a r  a w a l l  (i/<2mm) . V a r i o u s  a t t e m p t s  have  
b e e n  made t o  c o r r e c t  f o r  t h i s  a p p a r e n t  i n c r e a s e  i n  v e l o c i t y ,  

s e e  Dr yden  ( 1 9 3 6 ) .

The c h a n g e  i n  v o l t a g e  AV, can  be  c a l c u l a t e d  f rom

w h i c h  was g i v e n  by H o r s l e y  ( 1 9 7 5 ) .  The v a l u e  o f  a was 
e s t i m a t e d  t o  be  2 , 5 3  x 10“ 6 , f o r  y i r  rnn. n was  t h e  
e x p o n e n t  f o r  t h e  h o t  w i r e , d i s c u s  n 04 .
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A P P E N D I X  D

D1 The E x p e r i m e n t a l  R e s u l t s

P r e s e n t e d  h e r e  a r e  t h e  r e s u l t s  o f  t h e  v e l o c i t y  p r o f i l e s  
m e a s u r e d  i n  t h e  b o u n d a r y  l a y e r .  The v e l o c i t y  m e a s u r e m e n t s  
w e r e  c o r r e c t e d  f o r  t e m p e r a t u r e  and  t h e  p r o x i m i t y  o f  t h e  w a l l .

N o t e s  on e x p e r i m e n t a l  r e s u l t s

A p o ’ - r  l aw was f i t !  1 Lo t h e  i n p u t  p r o f i l e .  I t  was g i v e n  
i n  t h e  f i r s t  1 in» o f  p r i n t o u t .  ID was u / u  The c o e f f i c i e n t
o f  t h ; f i r s t  r i g h t  hand  t e r m  was t h e  i n v e r s e  o f  t h e  power  
c a l c u l a t e d .

A v i r t u a l  o r i g i n  f o r  t h e  f i r s t  p r o f i l e  was c a l c u l a t e d  f rom 

6 = 0 , 383aj/ t f0^V5   [ D l . l ]

Rex  was b a s e d  on t h i s  v i r t u a l  o r i g i n .  The d i f f e r e n c e  i n  x 
l e n g t h  b e t w e e n  s u b s e q u e n t  s t a t i o n s  was a d d e d  t o  t h e  f i r - "  
v a l u e .

The p r og ra mm e,  DP2 ,  p e r f o r m e d  t h e  i n t e g r a t i o n s  f o r  6* and  
0 ,  a nd  p l o t t e d  t h e  r e s u l t s . The g r a p h s  a r e  g i v e n  i n  
F i g  7 . 1 0 .
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A P P E N D I X  E

E l  A c c u r a c y  o f  E x p e r i m e n t a l  E q u ip m en t

T a b l e  E l . 1 l i s t s  t h e  e q u i p m e n t  u s e d ,  and t h e  e r r o r s  

i n v o l v e d .  *

TABLE E l . l

INSTRUMENT, MAKE & MODEL ACCURACY OR ERROR

C a mb r i d ge  p o t e n t i o m e t e r ,  
t y p e  4422 8

± 0 , 0 1  m i l l i v o l t

D o r i c  DVM, t y p e  DS-100 ± 0 , 0 0 1  v o l t

R i k e n  D e n s h i  X-Y R e c o r d e r ,  
t y p e  F - 3D

W i t h i n  ± 0,3%

P o s i t i o n i n g  o f  h o t - w i r e ± 0 , 5  mm

W a t e r  U - t u b e s 4 0 , 4  mm HaO

Van E s s e n  m a n o m e t e r , 
model  6750

± 0 , 0 0 2 "  H20

F o r t i n  b a r o m e t e r ± 0 , 0 0 1  mm Hg
1

D i s a  a n e m o m e t e r , t y p e  55D01 O u t p u t  r e a d  on DVM

D i s a  l i n e a r i s e r , t y p e  551)10 O u t p u t  r e a d  on DVM

D i s a  RMS v o l t m e t e r  
t y p e  55D35

O u t p u t  r e a d  on DVM

D i s a  A u x i l l i a r y  1 t , 
t y p e  S5D25

O u t p u t  r e a d  on DVM

H e w l e t t - P a c k a r d  S p e c t r u m  
a n a l y s e r , t y p e  3580 A

O u t p u t  p l o t t e d  by t h e  
X-Y r e c o r d e r



TABLE E l . l  ( c o n t . )

INSTRUMENT, MAKE & MODEL ACCURACY OR ERROR

H e w l e t t - P a c k a r d  Log V o l t m e t e r /  
C o n v e r t e r ,  t y p e  7562

O u t p u t  p l o t t e d  by t h e  
X-Y r e c o r d e r

T e k t r o n i x  o s c i l l o s c o p e  model  
w i t h  P o l a r o i d  c a m e r a

*

The v a l u e s  p r e s e n t e d  i n  T a b l e  E l . l  a r e  t h e  maximum e r r o r s  

e x p e c t e d .

When u s i n g  t h e  Van E s s e n  ma nom et e r  w i t h  t h e  n o z z l e  u n i t  
o f  t h e  h o t - w i r e  c a l i b r a t i o n  r i g ,  t h e  e r r o r  i n  v e l o c i t y

may be  e s t i m a t e d  f rom :

d V  = \ f d h  _ 5 £ )  
y 2 h p

Assumi ng  no e r r o r  i n  p ,

  [ E l . l ]

y ( m / s ) h ("HaO) % e r r o r

2 , 2 0 , 0 1 10

5 , 0 0 , 0 5 2

1 6 , 0 0 , 5 0 0 , 2

C l e a r l y ,  t h e  e x p e c t e d  e r r o r  a t  low v e l o c i t i e s  i s  v e r y  
l a r g e .  A l i n e a r  r e g r e s s i o n  a n a l y s i s  was u s e d  t o  f i t  a 
c u r v e  t o  t h e  c a l i b r a t i o n  v a l u e s ,  and  an e r r o r  o f  0 , 1  

m/ s  was t y p i c a l .

The e r r o r  i n  m e a s u r i n g  t h e  t r a n s p i r a t i o n  f lo w r a t e  was 
e s t i m a t e d  a s  f o l l o w s  ( u s i n g  an o r d i n a r y  w a t e r  manomet er )

B a s i c  e r r o r  f o r  o r i f i c e  p l a t e  : 2,3% (BS 1042)



'

mm

-  176

= y Ldh + + | ^ ]  + 2 |--    [ E l .  2]

= i [ 2 a 5 + + ( 0 , 0 1  + 0 , 0 0 4 ) ]  + 2 ^ r

iQ. = 2% + b a s i c  e r r o r

As v was d i r e c t l y  p r o p o r t i o n a l  t o  Q ,

dVw = 4 , 3 1  
w
_y

v

T h i s  c o u l d  be  e ven  g r e a t e r  i f  an e r r o r  h a d  been  made m  
c a l c u l a t i n g  t h e  s u r f a c e  a r e a  o f  t h e  p o r o u s  p l a t e ,  However ,  

h i n c r e a s e d ,  t h e  l a r g e  t e r m ,  d h / h ,  i n  E l . 2 d e c r e a s e d .as

I n  m e a s u r i n g  t h e  power  s p e c t r u m ,  t h e  e m p h a s i s  was on t h e  
s h a p e  o f  t h e  c u r v e , and  t h e  o c c u r r e n c e  o f  any p e a k s .  The 
e x a c t  f r e q u e n c y  and  power  o f  t h e s e  p e a k s  was n o t  r e q u i r e d  
t o  b e  known,  and t h e r e f o r e  an e r r o r  a n a l y s i s  was n o t  

a t t e m p t e d  f o r  t h e s e  m e a s u r e m e n t s .

The mai n  s t r e a m  v e l o c i t i e s  m e a s u r e d  w i t h  t h e  anemometer  
d i d  n o t  d r o p  be lo w S m / s ,  w h i c h  was w i t h i n  2% and c o n 

s i d e r e d  a c c e p t a b l e .
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A P P E N D I X

F l  Some D e t a i l s  P e r t a i n i n g  t o  t h e  P r o g r a m m e

F l . l  T h e  p r e s s u r e  g r a d i e n t  t c ; m

A p r e s s u r e  g r a d i e n t  w o u l d  c l e a r l y  a l t e r  t h e  m a i n  s t r e a m  

v e l o c i t y ,  a n d  t h e r e f o r e  u g , 3 a n d  p + . I t  w o u l d ,  h o w e v e r ,  

a l s o  a f f e c t  t h e  £ g r i d  s p a c i n g ,  e v e n  i f  c o n s t a n t  *  s p a c i n g  

w a s  u s e d  i n  t h e  p h y s i c a l  p l a n e .  As a p r e l i m i n a r y  t e s t ,  a 

c o n s t a n t  p r e s s u r e  g r a d i e n t  w a s  a s s u m e d .  I t  w a s  t h o u g h t  

t h a t  t h e  s m a l l  i n c r e a s e  i n  c a u s e d  b y  t h e  g r o w t h  o f  t h e

b o u n d a r y  l a y e r  i n  an  e n c l o s e d  f l o w  s i t u a t i o n  c o u l d  b e  

f i t t e d  w i t h  a  s t r a i g h t  l i n e .

T h e n  d u j d x  = o    [ F l . l ]

T h i s  c h a n g e s  t h e  s r - a x i s  t r a n s f o r m a t i o n  .

= F P / " ' U < 2  + u ec) ) d x  
o o

C F 1 . 2 ]

F o r  c o n d i t i o n  [ F l . l l

B -  1 -  ( ^ ) ’   [ F 1 - 33
u e

w h e r e  u e o  ~ 0 , 9 9  x V0

W i t h  i n j e c t i o n ,  a s s u m p t i o n  [ F l . l ]  p r o v e d  i n a d e q u a t e .

P I . 2 N u m e r i c a l  I n t e g r a t i o n

C e r t a i n  q u a n t i t i e s  w e r e  o b t a i n e d  b y  i n t e g r a t i n g .  6* was  

o b t a i n e d  a s  f o l l o w s .

6* = - ( - 2- i  ) h X]'»
P w ̂  0
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n

i

i -1

1

F ig F l . l  : s k e t c h  s h o v i n g  t r a p e z o i d a l  r u l e

n
I n t e g r a l  = I  (<j)l + x (n^ - x I . . . 1 - 1 * 4 ]

i ~Z

F2 I n i t i a l  C om p ut e r  Runs

A few t r i a l  r u n s  w e r e  a t t e m p t e d  w i t h o u t  t r a n s p i r a t i o n .  A 

l a m i n a r  p r o f i l e  was g e n e r a t e d  n e a r  t h e  p o i n t  o f  t r a n s i t i o n ,  
a s sumed t o  o c c u r  a t  R e x  = 3 , 2  x 10 . .-rom t h i s  p o x n t  
E4 j. o ,  and  t h e  programme m ar ched  i n t o  t h e  t r a n s i t i o n  
r e g i o n .  The r e s u l t  o b t a i n e d  i s  shown i n  Fig  F ? . l .  The 
u n i n j e c t e d  l a m i n a r  b o u n d a r y  l a y e r  w i t h  a s m a l l , l i n e a r  
p r e s s u r e  g r a d i e n t  {dul&x  = 1 0 1/ ' )  was a t t e m p t e d  n e x t .  The 
p r o f i l e s ,  shown i n  F i g  F 2 . 2 ,  v a r i e d  s l i g h t l y  f rom t h e  
f i r s t  p r o f i l e  i n  F i g  F 2 . 1 ( l a m i n a r ,  z e r o  p r e s s u r e  g r a d i e n t ) .  
F i n a l l y ,  a s e r i e s  o f  t u r b u l e n t  p r o f i l e s  we r e  g e n e r a t e d  by 
t h e  p r o g r a m m e , s t a r t i n g  a t  Rcx  = 3 , 24  x 1 0 5 w i t h  f u l l y  
t u r b u l e n t  p r o f i l e s .  V a l u e s  o f  c ^  w e r e  n o t  i n  s a t i s f a c t o r y  
a g r e e m e n t  w i t h  t h e o r y ,  t h u s  t h e  f o r w a r d  d i f f e r e n c e  e q u a 

t i o n  f o r  <}) " was a l t e r e d .b)
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TABLE F 2 . 1  R e s u l t s  o f  I n i t i a l  C o m p u t e r  R u n s

a (m) E x  10" A+ 1Se^xlO' : ^ 6 0 (mm) H
r

6 (mm) | ^ x l O 3

MH1(TRANS L - 0 - 1 0  i x t r ,i p  = 0 , 5 9 1  m)

0 , 5 8 8
0 , 5 9 7
0 , 6 0 6
0 , 6 1 5

1 , 0 5 7 8  
1 , 0 7 4 0  
1 , 0 9 0 2  
1 , 1 0 6 4

2 6 , 0
2 6 , 0
2 6 , 0
2 6 , 0

3 , 1 8 5
3 , 2 3 3
3 , 23 2
3 ,3 3 1

330
328
333
343

0 , 6 0 9
0 , 6 0 6
0 , 6 1 6
0 , 6 3 3

2 , 5 6
2 , 1 5
1 , 9 0
1 ,8 1

5 , 0 4  
5 , 08  
5 , 2 3  
5 , 6 3  |

1 , 41
2 ,3 5
4 , 1 8
4 , 4 6

MHKPUXIO L - 0 - 10

0 , 0 7 6
0 , 0 8 5
0 , 0 9 4
0 , 1 0 3

0 , 1 4 2 0
0 , 1 5 9 5
0 , 1 7 7 1
0 , 1 9 4 9

2 8 , 9 9
2 9 , 2 7
2 9 , 4 3
2 9 , 5 5

0 , 4 4 3
0 , 5 0 0
0 , 5 5 7
0 , 6 1 6

125
132
138
144

0 , 2 1 4
0 , 2 2 4
0 , 2 3 3
0 , 2 4 2

2 , 4 8
2 .4 7
2 . 4 7  
2 , 4 5

1 , 8 5
1 , 9 6
2 , 0 5
2 , 1 3

4 , 2 3
4,01
3 ,8 7
3 , 75

MHKFL0W1 T-0-■10

0 , 5 9 8
0 , 6 0 7
0 , 6 1 6
0 , 6 2 5

1 , 0 7 5 8  
1 , 0 9 2 0  
1 , 1 0 8 2  
1 , 1 2 4 4

2 6 , 0  
2 6 , 0  
2 6 , 0  
2 6 , 0

3 , 2 3 9
3 , ? 8 7
3 , 3 3 6
3 , 3 8 5

881 
89 3 
905 
916

1 , 6 2 7
1 , 6 4 9
1 , 6 7 0
1 , 69 1

1 . 41
1 . 41
1 . 41
1 . 41

1 8 , 2 0
1 8 , 7 0
19 , 21
1 9 , 3 5

5 ,06 
5 , 16  
5 ,15  
5 , 11

1



j l ,

1 8 0  -

PLOT OF y / 6  vs  u / u e

x = 0 ,588  0 , 59 7

O

0 , 6 0 6

MHKTRAN5

o  P t s  c a l c u l a t e d  
f rom e q u a t i o n  

(5 7. 4)

^  00 0.20 0.U0 0.60 0.80 1.00 1.20 1.U0

Fig F2.1 : l a m i n a r  p r o f i l e s  b e f o r e  a n d  d u r i n g  t r a n s i t i o n

1.60

PLOT OF y/6 VS u/ u

x = 0.076 0,085 0 . 0 94  0,103 m

MHKDUX10

O

CJ

o

o

o

o
I . S O1.40.00 0.20 0.40 0.60 0.90 1.00 1.20

F i g  F2.2 : l a m i n a r  p r o f i l e s  w i t h  p r e s s u r e  g r a d i e n t

w m
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P3 Res u l t s  o f  Main Comput er  Runs 

TABLE F 3 . 1

S t a t i o n A + %
CD

t  (mm) H 6 (mm) <2 * 10 3 
f

MHKIJ001 T- 1 - 1 7

3 2 6 , 0 0 1812 1 , 9 7 1 , 3 3 23 , 14 4 , 0 8 5
10 2 3 ,1 1 1894 2 ,06 1 , 3 4 2 5 , 0 1 5 , 1 2 0
20 2 3 , 0 3 2019 2 , 1 9 1 , 3 6 2 6 , 4 8 4 , 8 1 8
30 2 2 , 9 5 2139 2 , 3 2 1 , 3 8 2 7 , 2 3 4 , 5 6 0

40 2 2 , 8 9 2257 2 , 4 5 1 , 3 9 2 8 ,7 4 4 , 3 5 7
50 2 2 , 8 3 2372 2 , 5 8 1 , 3 9 2 9 , 4 7 4 , 1 9 0
60 2 2 , 7 8 2486 2 , 7 0 1 , 4 0 3 1 , 0 3 4 , 0 4 9

MHKIJ002 T- 2 - 1 7

3 2 6 , 0 0 1812 1 , 9 7 1 , 3 3 2 3 ,1 4 4 , 0 8 5
10 2 0 , 9 3 1910 2 , 0 7 1 , 3 4 2 5 , 0 1 6 , 0 5 4
20 2 0 , 7 6 206 5 2 ,2 4 1 , 3 7 2 6 , 4 8 5 , 5 8 0
30 2 0 , 5 9 2216 2 , 41 1 , 3 9 2 7 , 9 9 5 ,1 9 7
40 2 0 , 4 4 2364 2 , 5 7 1 , 4 1 28 , 74 4 , 8 9 6
50 20,31 2 509 2 , 72 1 ,4 2 3 0 , 3 0 4 , 6 4 8
60 2 0 , 1 9 2652 2 , 8 8 1 , 4 3 31 ,89 4 , 4 3 8

MHK1J003 T- 3 - 1 7

3 2 6 , 0 0 1811 1 ,97 1 , 3 3 2 3 , 5 3 4 ,088
1 0 1 9 , 1 5 1925 2 , 0 9 1 , 3 5 2 4 , 7 3 6 ,8 4  5
2 0 1 8 , 8 9 2109 2 , 2 9 1 , 3 8 2 6 , 9 2 6 , 2 2 9

30 1 8 , 6 4 2288 2 , 4 9 1 , 41 2 8 , 4 6 5 , 7 4 3

40 1 8 , 4 2 2465 2 , 6 8 1 , 4 3 2 9 , 2 2 5,361
50 18 , 22 2 639 2 , 8 7 1 , 44 3 0 . 8 0 5 , 0 4 6

60 1 8 ,0 5 2812 3 , 0 5 1 , 4 5 32 , 42 4 , 7 7 9

I



■ H M

-  1 8 3  -

S t a t i o n A + a ,  6 6 (mm) H 6 (mm) 0f Xl° 3

MHKIJ005 T - 5 - 1 7

3 2 6 , 0 0 1811 1 , 9 7 1 , 3 3 2 3 , 5 3 4 , 0 8 8
10 1 6 , 4 7 19 5 3 2 , 1 2 1 , 3 5 2 4 , 7 3 8 , 5 0 7

20 16 ,09 2189 2 , 3 8 1 , 4 0 26 ,92 7,652

30 15 , 72 2421 2 , 6 3 1 , 4 3 2 8 , 4 6 6 , 9 8 0

40 1 5 , 4 0 2653 2 , 8 8 1 , 4 6 30 , 04 6 , 4 4 b

50 1 5 , 1 1 2883 3 , 1 3 1 , 4 8 31 , 66 6 , 0 0 3

60 1 4 , 8 4 3114 3 , 3 8 1 , 5 0 3 3 , 3 3 5 ,6 26

MHKIJ007 T- 7 - 1 7

3 2 6 , 0 0 1811 1 , 9 7 1 , 3 3 2 3 , 2 5 4 , 0 91
10 14 , 38 1978 2 , 1 5 1 , 3 6 2 5 , 1 3 9 ,9 0 9
20 1 3 , 9 4 2260 2 , 4 5 1 , 4 1 2 7 , 3 7 8 , 8 9 7

30 13 , 52 2542 2 , 7 6 1 , 4 6 2 8 , 9 3 8 , 0 8 5
40 13 , 14 28 25 3 , 0 7 1 , 4 9 3 1 , 3 9 7 , 432
50 1 2 , 7 9 3109 3 , 38 1 , 5 2 3 3 , 0 8 6 , 8 8 6

60 1 2 , 4 7 3394 5 , 69 1 , 5 4 34 , 84 6 , 4 2 0

MHKIJ009 1 - 9 - 1 7

3 2 6 , 0 0 1811 1 , 9 7 1 , 3 3 2 3 , 2 5 4 , 091

10 12 ,8 1 2000 2 , 1 7 1 , 3 6 2 5 , 1 3 11 ,5 01

20 1 2 ,3 9 2322 2 , 5 2 1 , 42 2 7 , 3 7 1 0 , 3 9 0

30 11 ,94 2646 2 , 8 7 1 , 4 7 29 , 74 9 , 4  50

40 1 1 , 5 5 2975 3 , 2  3 1 , 5 1 3 2 , 2 7 8 , 6 8 3

50 1 1 , 1 8 3307 3 , 59 1 , 5 4 3 4 , 0 0 8 , 034

60 10 , 84 3643 3 , 9 6 1 ,57 36 , 77 7 , 47 6

MHKIJ010 ’I - 1 0 - 1 7

3 2 6 ,0 0 1811 1 , 9 7 1 , 3 3 2 3 , 1 5 4 , 0 9 5

10 1 1 , 9 7 2010 2 , 1 8 1 ,36 25 , 74 1 1 , 8 5 3

20 1 1 , 5 6 2353 2 , 5 6 1 , 4 3 2 8 , 0 3 1 0 , 7 27

30 1 1 , 1 1 2 700 2 , 9 3 1 , 4 8 2 9 , 6 3 9 ,7 6 1

40 1 0 , 7 0 3052 3 ,31 1 , 52 3 2 , 1 5 8 , 9 6 9
50 1 0 , 3 3 3409 3 , 7 0 1 , 5 6 34 , 82 8 , 2 9 8

60 9 , 9 8 3771 4 , 1 0 1 , 5 8 3 6 , 6 5 7 ,7 1 9



S t a t i o n A + 6 (mm) H 5 (mm) c y x l O 3

MU KUO 12 T- 1 2 - 1 7

3 2 6 , 0 0 1811 1 , 9 7 1 , 3 3 2 3 , 3 3 4 , 0 9 6

10 1 0 , 7 8 2029 2 , 2 0 1 , 3 6 2 5 , 2 3 1 3 , 2 7 9

20 1 0 , 4 2 2 403 2 , 6 1 1 , 4 3 2 8 , 2 5 1 2 , 1 4 2

30 9 , 9 8 2786 3 , 0 3 1 , 4 8 3 0 , 7 0 1 1 , 0 9 2

40 9 , 5 8 3177 3 , 4 5 1 , 5 3 3 3 , 3 0 1 0 , 2 1 6

50 9 , 2 2 3576 3 , 8 8 1 , 5 6 3 5 , 0 9 9 , 4 6 7

60 8 , 8 8 3982 4 , 3 2 1 , 6 0 3 7 , 9 6 8 , 8 1 7

MHKIJ015 1 - 1 5 - 1 7

3 2 6 , 0 0 1810 1 , 9 7 1 , 3 3 2 3 ,7 0 4 , 0 9 8

10 9 , 3 4 2051 2 , 2 3 1 , 3 5 2 5 , 6 2 1 5 , 4 1 9

20 9 , 0 7 2461 2 , 6 7 1 ,4 2 2 7 , 9 0 1 4 , 3 18

30 8 , 6 6 2886 3 , 1 3 1 , 4 7 31 , 18 1 3 , 1 5 5

40 8 , 2 9 3325 3,61 1 , 5 2 33 , 82 12 , 16 2

50 7 , 94 3776 4 , 1 0 1 , 5 6 3 6 , 6 3 11 , 30 1

60 7 ,6 1 4239
1

4 , 6 0 1 , 5 9 39 ,61 1 0 . 5 4 7

MHKIJ017 1r - 1 7 - 1 7

3 2 6 , 0 0 ] 810 1 , 9 7 1 ,33 23 , 22 4 , 1 0 0

10 9 , 2 7 2052 2 . 2 3 1 ,35 25 , 82 15 , 201

20 8 , 99 2464 2 ,68 1 , 42 28 , 12 1 4 , 1 0 5

30 8 , 5 9 2891 3, 14 1 , 4 7 3 0 , 5 6 1 2 , 9 5 7

40 8 ,2 1 3332 3 , 62 1 , 5 2 34 ,08 1 1 , 9 7 7

50 7 , 8 7 3785 4 , 11 1 , 5 6 36,91 1 1 , 1 2 9

60 7 , 54 4249 4 , 61 1 , 5 9 39 , 92 1 0 , 3 8 6

I



■
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TABLE F 3 . 2  T u r b u l e n t  S h e a r  L a y e r  w i t h  I n j e c t i o n  and
P r e s s u r e  G r a d i e n t

T e s t  r u n  MHKDUX003, dw/ da  -  1 0 % ,  F = 0 , 0 0 3 ,  XTR = 0 , 8 m

x  (m) Re xlOf 5 (mm) 0 (mm) /?e6 „ p^xlO'3 A + CyXlQ-

0 , 7 9 0 1 , 0 6 ? 22 ,05 1 , 7 8 2 406 1 , 3 1 3 , 4 9 2 6 , 5 5 3 , 842

0 , 8 2 5 1 , 1 3 2 2 2 , 32 1 , 8 0 2464 1 , 3 1 1 , 8 1 2 1 , 0 3 6 , 0 0 3

0 , 8 7 5 1 , 2 2 4 2 3 , 3 0 1 , 8 4 2578 ,33 1 , 8 9 2 1 , 0 0 5 , 584

0 , 9 2 5 1 , 3 2 0 2 3 , 6 3 1 , 8 8 2685 1 , 3 4 2 , 0 0 2 0 , 9 5 5 , 2 50

0 , 9 7 5 1 , 4 1 8 2 4 , 6 1 1 , 9 2 2788 1 , 3 5 2 , 0 9 2 0 , 9 3 4 , 97 9

1 , 0 2 5 1 , 5 1 8 24 ,91 1 , 9 5 2888 1 , 3 6 2 , 1 6 2 0 , 9 1 4 , 75 9

1 ,075 1 , 6 2 2 2 5 , 1 9 1 , 9 8 2986 1 , 3 6 2 , 2 1 2 0 , 9 1 4 , 5 7 3

TABLE F 3 . 3  Comput e r  r u n s  w i t h  XTR s m a l l ,  Um - 1 m / s ,  
---------------------------- d u / d x  = 0 %

a(m) Re xlCf5 
X

6 (mm) 0 ,  '
T

| H A* o ^ x l O 3

MHKL0NG3 T-2 XTR = 0 , 3 1 2  m

0 , 2 5 4 2 , 3 2 5 8 , 27 0 , 7 3 665 1 , 4 6 2 6 , 0 0 5,001

0 , 3 5 9 3 , 2 8 6 1 0 , 7 9 1,02 934 1 , 4 0 2 1 , 9 7 2 2 , 759

0 , 5 0 9 4 , 6 5 9 1 4 , 5 2 1 ,45 1328 1 , 4 3 2 1 , 2 3 15 , 222

0 , 6 5 9 6 ,032 1 8 , 0 8 1 , 92 1755 1 ,46 20 , 52 11 , 231

0 , 8 0 9 7 , 4 0 5 21 , 89 2 , 4 0 2200 1 , 4 7 1 9 , 9 4 8 , 9 7 8

0 , 9 5 9 8 , 7 7 8 26 , 02 2 , 89 2644 1 , 4 8 1 9 , 4 5 7 , 542

1 , 1 0 9 1 0 , 1 5 1 30 ,5 2 3 , 38 3095 6 , 5 5 0

MHKL0NG5 T-4  , 765-1 7 XTR = 0 , 3 1 2 m

0 , 2 5 4 3 , 3 25 8 , 27 0 , 7 3 665 1 , 4 6 2 6 , 0 0 5 , 001

0 , 3 5 9 3 , 2 8 6 1 0 , 8 0 1 , 01 925 1 , 3 5 20 , 72 3 1 , 7  35

0 , 5 0 9 4 , 6 5 9 1 4 , 5 3 1 , 4 3 1313 1 , 3 7 19 , 75 2 0 , 8 2 0

0 , 6 5 9 6 , 0 3 2 1 8 , 6 5 1 ,95 1786 1 , 4 2 1 8 , 7 8 1 4 , 9 8 0

0 , 8 0 9 7 , 4 0 5 2 3 , 2 6 2,51 2 300 1 , 4 5 17 , 97 1 1 , 6 8 5

0 , 9 5 9 8 , 7 78 27 , 64 3 , 10 2841 1 , 4 8 1 7 , 2 9 9 , 59 4

1 , 1 0 9 1 0 , 1 5 1 32 , 41 3,71 3398 1 , 4 9 1 6 , 7 0 8 , 1 56



186

F4 I n p u t  D a t a  f o x  t h e  Programme

NX, t h e  number  o f  £ (:c) s t a t i o n s ,  i n c l u d i n g  t h e  f i r s t  two

DX, t h e  £ s t e p  l e n g t h  A£, f o r  e q u a l  s t e p s  ( a s  n o t e d  b e f o r e , 
t h e s e  s t e p s  n e e d  n o t  be  e q u a l )

X ( l ) ,  t h e  v a l u e  o f  z  a t  t h e  f i r s t  £ s t a t i o n ,  i n  m

XTR, t h e  v a l u e  o f  x a t  t h e  s t a r t  o f  t h e  p o r c u s  s e c t i o n  f o r  
i n j e c t e d  f l o w

I Y,  t h e  number  o f  n g r i d  p o i n t s

K, t h e  r a t i o  o f  a d j a c e n t  n s t e p  l e n g t h s .  I f  K = 1 ,  e q u a l  
s t e p  l e n g t h  r e s u l t s

H, t h e  f i r s t  n s t e p  l e n g t h

UINF,  m a i n s t r e a m  v e l o c i t y , i n  m/s

VW, i n j e c t i o n  v e l o c i t y ,  i n  m/s

I J O B , 0 -  no p l o t  o u t p u t  y F o r  IJOB = 1,  vhe JCL
1 -  p l o t  v e l o c i t y  p r o f i l e  t o  s e t  up a n o t h e r  j o t

DUDX, a p r e s s u r e  g r a d i e n t  t e r m ,  i n  s 

PSTAT, s t a t i c  p r e s s u r e , i n  Pa 

I ,  t e m p e r a t u r e  o f  m a i n s t r e a m ,  i n  °C

*
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EQUIVALENT NOTATION USED IN PROGRAMME

ROMAN

A + AP UCL
UCL

a f
CF UE

d u e / d x DUDX V '  “ t
USTR

f ” FDD M + UP

h H UINF

H HI 2 vu
vw,  VW1

K K V1VP

P + PP X X

REX y Y

RD3TR y + YP

^ 6 RITA y / e YOTTA

u U y / t YODEL

GREEK

B BETA V MU

6 DEL V NU

6* DSTR C XI

E  + EP P RHO

C  . + EPI T j

n ETA <j> P

6 I T A ** PD

K KL 4>” PDI)

-
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rv î < i ' t  7 U S /  .1^0 r U KT R A*  H f xTt  u r r O DATC 7 1. 0 / 7 /  I t . .  0 0 . 4  I I’A wt£
utirsTf n o»* 11 iin*.;
r i (ins In inter:  nxm. < main) t .m i (t l i i s <;nuNT(f«v«i bl/t(UAk) <uH: hl (ni'm >

s u i M t r  m e r i c  w o i r - i  m i o i  vk  o t w - x  i  n o h a v  n . i» .>p w m  K a r , c s i » t  M r x u r F  n u a l c  n o a n s f  r r s *  m . a v < i >

- N AM u t* TO SOI v r  'Ml M M t N f  )H f ^ U A T l f ' K  I Ott
t NCO^MIi l  •.< | t t l . l  ,  l .XN |  NA^ OS T j  : . (X » NT tl KINO A i  V
L A Y r S  Kt OW , »  I TM SUCTI ON ON I N J . X i  I I  »N AT 1 Ml
» A L L  « A NO VUlKt-* OSAO V  n T .

AN r  n^Y -V I ‘.VOS | TV FORMULATION I .» USE J  c "*«? T N  
Mt YNOLOS STfiF V3

1 SN I SN 
I SN 
T SN 
I SN 
I SN 
I SN 
I SN 
I SN 
1 SN 
I SN 
1 SN 
I SN 
I SN

0 3 3.! r j ' ' 0 0 >■» 
o o : >0031 
0 0 3  r
0 0 3 0  
0 0 3  )
001  3 001 I
0 0  13
001  3
0 3 1  » 
0 0 1  5

R f  At  *S  K L . f A .  A l . n T  AMP . K P : . r w 4 , 4 | Z  
k- .  A i A" A | » l ( . .  • > ) , ! > (  >C, ,  1 1
PFAt  •  '  > < I CO > . '  1 A< I 0 0  ) . VO >f I ( 1 0 0  1 ,V. )T T A ( 1 0 0  >rf Ai • -« im a • i oo j • »‘3( a, i oo ) .ruo(« • 100 > .UV < I00 .*01 100 1
R e  At I n  ( I C O )
Rt At • ‘i » ( mO I . A I ( r 0  I
Pi  Al * X K , M , P  X , 1 A I . M U . R H O
Wt  A L • A OST P< A )
RF A L * '  Of L . f ni  v .  C F . U S T R . U I  .  J  t.O . U I NF . T A I . P P .  AP 
RF Al M  |M f . .  (HI 3X . T TA,  R X. i ' ' t  L . Rl  T A . P S f *  T 
PF Al T ,VW,  VWU . VR|  . VWP . FOU 
PC AL *A P t S I .  t  I ( S3

C t • C l  • r  I • r  1 ,  r . i . u t  • i l  , J 1  . k 1 • j 2 ,  K2 
A J . A 4 . A b e X b . X l T R . K T P

1 SN
1 SN 
1 SN 
I SN 
1 SN I SN 
I SN 
I SN 
I SN 
I SN 
I S N  
1 SN 
I SN 
I SN 
1 SN 
I SN

001 6 
001 7001 s 
0 0 1  a0333 
0 3 ?  I C0J2 
0 0 2 3  00?* 
0 0 2 *  3 0 36 
0 0 2 7  
0  0 . ' 4

0 0  33 
0 0 3 1

I S N 0CT2 
1 SN 0 C 3 3

PC Al * 4  A I .  HI
PCAl *0  > 1 , X2
D A T *
X T O * 2 . 2 0 7 0 0  
I V * 1 0 0  
NK = J
DXrC . 0 1 0 0  H = C. CF snc 
X ( 1 1 ■» 3 . ^ 0 0 0  
K = 1 .  OTOf'O 
U l N - =17  .CCOO 
DUOA~ C  . COOT=2r.one
P S T A T a b . C T O  
Ve 1 =0 .  1 . 'OJO 
K L » 0 . 4 0 0  
NC * 1 
1 C OU *0 UQBr* *C
I F  J 0 1 P = C  PLOT I S  S U P P t S S E D J 3 3 P = 1  ALLOWS PLOT

I SN 0 0  1 
i s n  o c :

c

1 03  0

V«U= VW1/ V ! N : 
U E O e U l N F * 3 . 9 0 3 0

I S N  0 0 1 6  
I S N 0 0 3 7

I S N  0 0 3 8

Wfi  ! r  FC 6 .  1 0 0 0  1 U l N r . D V D X . V * V  
FORMAT ( /  /  / /  / T l  0 .  • U l N ‘ = * . 0 1 3 .  S 

» . / / T  1 3 ,  • VW/U INF = • ,D1 1 . 6 )
T s T * 2 - l . I S P O
RMO* ( i ’ ST AT ♦ T SI J  .  6 0  0 ) •  9  . 8  09U 0 /  ( 2  1 7 .  1 D 0*  T )

M/S* , /  / T  10 , • W / D X  * •  , D 1 3 . C  , • 1 / S *

CALCUL ATE MU

M U a t ( I T - 2 7 S . 0 I / 2 S . 1 * 3 . 1 2 1 * 1 . 7 2 ^ ) * 1 . 0 0 - 5

V EL 2 . 2 CS E»T 7 6 ) MAIN O S / 3 6 3  FORTRAN H FXTENDED DATE

C
c CALCU. ATE TAU

I SN 0 0 3 9 T A U a T A U r | R M O . M U . X . D U D X . U E O . N C )

1 SN o o t o c «»  "TEf  A . O l  |  ) TAU. PHD, MU

I SN 0 3*1 91 I FORMAT < /  T 5 • • T A J * * » D 1 3 . 7 > ,  5 X , * R H 0 a *  , 0 1  3 .  6 .7 x ,  * MU : * . 0 1 3 . 6 )

f DEF I NE PARAMETERS FOR SUBROUTI NE LEOT1B
1 SN CO V 2

■c

n - i r - 4

! SN 0 0 1  3
c

DO 1 1 * 2 . NX
1 SN 0 0 4 4 X < 1 I a* ( I -1 ) *DX
1 SN OOi S 1 c o nt  f i u r
1 SN 0 0 4 6 DO ? 3 *) .NX
1 SN 0 7 . 7 X 1 ( J 1 - Mu* W ) 4 X (  J ) * (  < < 3  1 * DUDX/ 2  . 0 f >0*ULU)
1 SN 0 0 * 4 2 CC NT iNUf
1 SN 0 0 4 9 XI TP =**(,# o. f*].  % f  R •  ( < T P * O U D X / 2 . 0 * U e"O)

C OCNf BATf  f  T A P O I N T S
I SN © o CALL MAC 01 ( U . K . 1 V,  • 7 A)

c CALCUL AT*- CONSTANTS FOP MATRIX A
I SN c o s : CALL MKOO/ CM. XpAl  • U 1 • C 1 .  U 1 • F I • F I .  XI .  X2 ,  *3 .  * 4 .  AS ,  X6 )

I SN 00**2 c NC*1
1 m CO , 3 8 5 C* I i 4 / 0 0  3 ( 7  . n u u x  ,N« D. Uf  . - T A . N C . W . A P .  T AU. RMO. m u .  VAl  . L S T q . V . : - ,  Vw)
1 SN 0 0 3 * IF (« ( N C I  . I T .  0 . 0  33  >0 1 QU TU 13 30
1 SN 0 0  6 IF (NC . T O .  1 I GO TO 18
I SN 0 0 >8 GO r n  1 9
1 SN 0 0 3  9 18 FDD’ TAij*< 2 . 0 O 0 * X  I C f*t ) I ** 0 . 6  »3 / (  «HO*UE • • • F *  M’J )
1 SN OObO 19 CC NT INUf

1 SN 00 6 1 CALL MK004 ( * TA.TA I . P l  , MU, 1 M ' l . t ' . P D ,  1 V .DUOX . V •  .*jC . r o e . N O ^ L  . Uc . P P .
•  7.P , 7  1 .U' . Tl  , n s  r » . r o t  l. , 0 L l  >

I SN 0 0 6 2 CALL “ KCOSCf r - . l l i N .  r . 4 ,  I V . N C . E T A I
1 SN 0 0 6  3 If  ( f i r  . f  0 .  ? ) 6 0  TO e ?
1 SN 0 0 63 fi r  e»IC* 1
I SN CC6S TAU T Al)f'  ( RUN , M() « A ,  Dllf/X « »• 1.  N >
|  SN 0 3  6  7 f o t  t a u * n ' , u .  t< /  .  c -  x i < Nt i  ) / ( r  « »• >' * u :  *M II
1 3*1 0 0  6*1 GO TO 8 6
1 SN 0 0 6 3 3 0 0 0 COMT | N U ‘
1 SN 0 0 7 0 CALL MFC8I I  c i: ta , x , x i . n c * i t  . p  j  , P H  J . P . P D  . P D D . D U D x . d e l  . U r  . ' f t  s r  , /

# , H Z  " T l / . N  , I )
1 SN 0071 I f  ( NC . t o .  ?  1 GO TO HZ
1 SN 0 0 7  1 N C ' N C * I
I SN 0 0 7 4 t a u i  t a . p  ( P » m , u u  , x , n i n>x  .u« 0 • n c  )
1 SN 0 0 73 GO f 6  8 0
1 SN 0 0 7 6 8 2

C

CUNT i f i u r

C
c r. r  T UP 0 0  LOOP I N  X U l  RVCTIf  N

I SN 0 0 7 7 1 - * t V - A

1 SN CO 74 OR r!)
I SN 0 0  7V f#A 1 NX * |
1 SN CO iO v s NI Tf 0 * 0
I SN 0 0  11 f . L vNC* I

DATE 7 8 . 0 2 7 / 1 6 . 0 0 . 4 1

P m ! m



r v i L  ( 5 T * T  7 a ) HA IN o s / j a o  f o w i u a n  i< r x T ^ N ^ r d D Air 7 8 . 0 2 7 / 1  A . 00.*%

I
I SN
I SN 
» >N 
I VJ  
1 T'* ■ J 1 •- 
1 '
1 ">
I Sv 
I <''«
; h »; 
1 «.N 
I SN
I SN

0  0 ' . '  cot*0 0 -is00 'ft 00 1700 Mo : 
3

ov
OJ
OC'1^

I 5 N  0 1 0 0  
1 SN 0 10 1 
I S N  0 1 0 2  
1 SN 0 1 0 3  
I S N  0 1 0 5

I S N  0 1 0 6

I S N  0 1 0 7  
1 SN 0 1 0 8  
1 SN 0 I 09  
I S N  0 110 
1 SN 0 111 
1 SN o i l ?

1 SN 01 I 3

I  s n  o n *
1 s s  0 1 1 5

ISN 0117
I S N  O l i d

I SN
1SN 
I  S N  
I SN 
1 SN
I SN 
1 SN 
I SN

Oil o 
0 1 2 0  
0 1 2 1  
0  1 2  7 
0 1 2 3  012*
0 1 2 5
0 1 2 6

I 7 
C

9  I 
C
9 0

91 0

c
c
c
c

H ( N C . T O .  N XI I STOP
Nl  A > N r  -  X * V . r  
N.) 1 •.* “ Nt  A

) 3 , 4 , 5NLA I -2 
NLA -IC.U to r
NL A I *1 
N C A 2  •  '
CO 1 O €
Nv Al 3
nc * r*»?
CONT lNUr
1 f ( n C k .  Kf .  3 ) CO TO I 7

U R  s f . o t  l  
CONl  I N I T  ^

c al c  in. a r r  u r  t a . p * a n d  a *

CALCULATE 1 All TOR NC* X ST AT I J N

FK1 *?.0O0*XM NC)
F A s 0 S )NT ( P XI ) 
k a t ^ n c a
1 k- < N ! T r p . r o .  0 1 N*T NLA I
T AUe *l, HO •CM *Uf . P D 0 1 N A T , I I / F X

C * U .  M K 0 0 > ( x . D u r , x . u £ O . u : . u i : T * . N C . r . | > . * r - . ' < u . F H n . « u . v « .  . v s r *  . v . p .  v .  )

E V i i p t , V i 2 . 1 ) * K . < K P t . |  . 0 ) . « » « N C A I  , J ) - K . M . K P 1

c ; ^ l p * e - C M ,i l ! E T » . » 6 3 . R M O . M U . A P . O E L . E P . k C . N C A . O S t P . « L . N C A I  . N < » 2 .

' i ^ A T . / ^ S l T r R * '  . ! J . > * . ' N C A . * . I J . J * . ' N C A 1 . . . I 3 . J * . - K C A 2 . - . I J »

| F  ( N I T r o  • C T • 1 01  GO TO 8

CALCULATE EPS!  PASH

C A U L ‘"llooS I X  I . P .  " D . S - O O . N C A . N C A l . N C A 2 . M C . I T . M l e R . n l

e ? ? ' .  i ) i ) - x i  i . i ) ‘ R i .  . i i - a i  ! . z i » P l  « .  a )

. l i . i i c . o r o  
x< ? . i ) = c . o n e  
a < i ,  ?l.o.Cro At ir .» ) = o.ono

X 6 .  X I .NC , K .  I Y . P .

,V < L Z i 2  , S CP T 7 6 l  » A 1 N  O S / 3 6 0  FORIKXN H r xTCNDED DATE 7 8 . 0 2 7 / 1 6 . 0 0 . 4 1

I S N  0 1 2 7 A i I E - 1 . 5 * * 0 -ODO

10 H

I SN 01 36

F B I

E S I A O L I S M  I n c  n f  e - J N D A R Y  U4Y'  R 
CA l l  k'KP 1 3 ( P O e l j J f  L , E T A e  CDCL • >I SN 01 3 5  CALL ,-K < i j   ̂ u . i . v

C CALL."*’KC M ? P O. *  1 t p H O . u e .  Nnci .K.M.OTIR.NC. fTAI

t e s t  FOR C C H V E R C K C

! s n  01.18 IFl’.VcH . F O .  01 N T l r N C A l

! « « • !  "  E ^ - E i - E r 1-111' '  
i s  ?is! '

, *1* I ' I 6) !l T . 0 .  Of 0 0  . FNO. 0 1 7 1 2  . L 7 .  0 . 0 1 0 0 1  CO To 6

|  SN 01 I 6 CONT I ' W

C T i l ”  S O L U T I O N  H A S  NOW C L N V C * G E 0

, 0 I S 1 l l i y - n l T I  l l lCA) /TtA
| S» I  0 1 1 1  hNW L

V . n S l ' i r  l o o i  { ' , 7 , 1” ? ^ , V o .  . s r * i , o - i . . , .  . / n o . , 1 1 ............. ..
i s n  o i ' . 8 wP f  T r | a . I C I C I  t ( )

; % , 0 0 ,   -

; % , 0 0 *    .

M



190

r v n .  ?  . 2  ( s r i> i l e i
U b / 3 6 0  FOK t CAN »l t  Xl < f . ( ' t  l>

DA1L 7 r t . 0 2 7 /  1 C-.CO . *  1

I b N  0  t  7 0  
! SN 0 I M 1 SN 0 I T2
I SN 01 7 J

1t 5*1 
I ' - N 
1
1 SN 
I SN 
1 ’»N 
I SN 
1 S N 1 SN

0  |  7 4
0 1  ? A  
0  1 ' *  
o \  ' ' i  
0  I s i  
c i
o  i0 I ** 
0 I IS 
0  I 4 6

i S N  0  1 AT
I S N 0 1  MS 
I S N  0 1 * 9

I S N  
I SN 
1 >N 
1 SN 
I SN 
1 S N  
\ S N 
1 S N  
1 S N  
1 S N 
T S N  
I S N  
1 S N  
1 SN 
I S N  
I S N  
1 S N 
i  S N  
I S N 
1 S N 
I S N 
1 S N  
I S N  
1 S N 
I  S N  
I SN 
1 S N  
1 SN 
I  S N  
I SN 
I S N 
I S N  
I  SN 
I S N 
I  SN

0 1 9 0  0 I O l
0 1 N ?
0  1 J 40 I 9601 93
0 2  0 3 
0 2 0 1  0 2 0 ?  
0 ? 0  )  
0 2 0 4  
C 2 0 S  
0 2 0 6  
0 2 0 7
0 2 0 9
0 2 1 0  0 ? 1  2 
0 2  1 4 02*6 
0 / 1  4 0220 
0 2 / 2  0 22 4 02 »6 
0 2 2  7 
0 2 2 9  
0 2  JO 
C ?  31 02 3? 
0 2  3 3 
0 2 3 4  
0 2 3 5  
0 2  36 
0 2  J 7 
0 2 3 9

1 0 0 1 $  10 06
1 0 0  7
c
c
c

Wl?l  t r |  6 .  I  0 O ' »  > I f  ,
f ( I “ A t  ( / / / ✓ /  I  .  * U r  -  . ( ' 1 3 . 7  ,
I . ’ I. *4 A1 < 1 Ml . / / I f  * ' 7  < N I « * 1 2  4 , '  

.  I n * .  Y / T T A *  . I ' M '  , * [ » ' + '  • / >
» 0 1 . "  AT ( 7 ( 3 * * 0 1 3 . 6 ) )

M / S ' )  
• .  7 4 0 . #%)'  ,  7 ^ 5 ,  *Pl>P« , ! C9  .  ' U / U L  * i

Y r  ( N c ' T r o ^  C.’  ) P ' •nC ? o T? 5  0 3 °  3  

0 0  TO , 0 0 2

G«1 T O .’ CP J  
z o o ,  c on t  i N u r

I ( .011.  I CPU* I 
OR I T r ( (. ,  I 001.  I

WR I T p . 1 O P '  t v ( * ; , r ( N C A ,  l l « P P < T . ' C A e I ) e P P P t k<- , . l l '
# F P (  1 I . n  T T * l  I ) .  - I I

I .  bO Cl’HT 1‘i u r
.  ! O P ?  I T U  V . P C N C A ,  U . O O I N C A . I  ) . P C O i K i C * .  I I  

•  '  01 I I • VPT r  A( I I . I  P I  I I
i z e .  i n ’  i  s u e

I F  '  ' - i ' l l :  < . C l  - R i i r i f t . 1 5 0 1 1
> • 1 .  p . C l  S TO P

l l i r ? ; ; .  . c : i :  ! : ? '  ^ ^ . i s y ,

4 » i l T F ( 1 0 .  1 0 4  CC I rOT T A ( 1 ) . FD(  1 )

1 2 4 3  C O ^ M N U r  „

S S t  T f  O  o ! 1 c i  0 0 ) *  V3TTA(  1 ) .FOC I )

1 2 5 2  CUM I NUf
n j  1 2*-3 1 = 5 0  .NN« . 5
* 8 1 ?  F* I 0 , 1 0 4 0 0 )  Y . 1 7 T A ( 1 ) # F D ( 1 )

1 2 5 , 3  ' k' U- « 3  > W H I T T  < 1 0 ,  1 0 5 0 0 )
3 ) 4 H l T t  ( | 0 , 1 0  5 0 l  ) 
i ) * 3 * 7 0 ( 1 0 . : 0 0 0 0 )
1 C ) * >  IT!  ( 1 0 .  *00 0  1 1
2 0 ) " 3 1 T : ( 1 0 . 1 0 0 0  2)
3 0  ) > c l  TF ( 1 0 . 1 0 0 0 3 )  
a 0 ) ► =?* Tt  ( 1 O ,  1 0 0 0  4 )
5 0 ) '  5 1 T( ( 1 0 .  10 J OS)
6 0 ) a51TLC 1 0 ,  1 0 0 0 O )

IF INC 
1 F < < C 
|F INC

If (NC
n  < n c
* F ( ' J C

1 5 0 5

1 2 * 5

.TO.
• C«T #
. r  o .
. r u .
. r o .
. r o .
, r  u .
• r o .

, ,  , , . w  . t  o .
* Q * T C ( 1 0 , 1 0 6 0 3 )  

! T F (  1 0 .  t O ’ OOl  
IF ( N C  . r 0 .  N X )  
03  TO 2 0  0.3 
0 0  1 2 * 5  I * 1 , NN* fc H I 7 S ( 10.104 00) 
COAT 1NUE 
WHITE# 1 0 . 1  0 9  0 0 )  
w P l r F ( l 0 . l C ° 0 1  > 
WRIT FI I 0. 1 I CC ' )  
WRITE*1 C . 1 ?0C0)  
I F ( I C O U  . G T .  6 )

O T O 1 5 0 5

Y D T T A (  1 ) . E P <  I I

GO TO 2 0 0 3

V C L  2 . 2  ( S O T  7 6 ) MA *N O S / 3 6 0  FOR TRAN M EXTENDED DATE 7 6 . 0 2 7 / 1 6 . 0 0 . * 1 P A G E

I  S N  
I S N  
I S N
1 SN 
I SN 
1 S N

1 S N
I  S N  
I S N  
1 SN 
I S N  
I S N 
I S N  
I SN 
! SN 
1 S N 
1 SN 
I S N  
I SN 
I SN 
1 S N

0 2 4 3  
0 ? * 7  
0 2 * 3
0 2 4 4  
0 2 * 5
0 2 4 6  

C 24  7
C 2«. a
C 2 *  9
0 250 0 ? 5, 0 25?
0 2 5 3
0 2 5 4
0 2 3 5  
0 2 56 
C? , 7 
0 239
0 2 5 9
0 2 6 0  
C261

1 S N  0  7 6  2
1 S N  0  2 6  1 
I S N  0 2 6 4  
I S N  C 2 6 S  
I S N  C 2  6 S  
1 S N  0 2 6 7

1 5 0  1
I S C  2

| F ( » I C . F Q .  NX:  CD t o  2 0 0  3

   "  " " "

1 0 0 0 0  FCU-* » t  < . 1  I f l v t  r  ■ • T  • • I 

1:2%
, 0 0 0 *  r  n I " « -  I • I ; I I • • * • • •  I

p S s ^ i H F h f c j L
.’ 0 0  J  t e n  I ' p i t  on TO «,•,
S Z : ?  r o r > 3  A M / / T * ' .  • P W O C A . P t  . T O P P E D  W  CAt i SC U R ,

S 1 0 °
E N D

XT 1 Tt E*

I 5N O 20 f * "
M . O N ,  , N  C F F E t t . A A H C P . I . . .  O P , I P , , r . l l  t  I  N C t O U M ,  I 0 0  ,  S . E M P A * .  A U T D D R L  I f l C N *  I

P , , O A S , N ’ . . - C . O - I U P C r  r o t o . c  N O L . M  I .VDECA 0 (U t CT H * A ,  H D C O r . A ,  l . ’- C O V - T  N 0 . , f ,  MIALC UOAMSP TEPH I E  AO <.  I 

W T . S T . C ' , .  " VOUWCE s ,  AT,  P I NT S  * » ' ' C  *

TAT |  ST I C , "  H.) DI AGNOS TI CS  6 f  n r  RATIO 

« • • «  rno 0* COMPILATION * • • • » •
3  I S *  P T I C S  Cl COP'  HOT USED

w m
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»v«"i. ? • ?  <s t  ‘*i  y< >

i v r s i c r >  o i m t . i f t s :

o s / J 6 0  F i M T k a n  h  r  M r  n o v o  D A l f  0 . / * * . 0 1 . z% »*aoc

r k cns in rn it fi i ocrTc ’ nol isr1 n-uoc ck̂ Vuj/ c t hoSâ noi of*»at n.ic .'isini noxnrr njalc noansf t«kn tl ag ( i i

„  . . . .  « ........000- n -.l 1 ..................̂'1 • i • • •• i  * • *.*..............*...........
1C Sn lirrVtivr v-ikess is usrt-
c

i sn 003.1 tl'It*' rtAU ?o!". «?i' oV. '-M2. Siewphoi «• tool .rou eoi

l m ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ......
!sn §Sfo «r*L•' rst«C4)

Jls Soil F,.rOSOKT(»M

i s s i i  :
Its SSI 2 t?rl Ji^rtlui-OF
1 SN o o l o  I < 0 N - F S N l T r K » l

i l l  «ofl , 0 ,  * s H l ? ; i h l N M ^ : : M ^ . . NC....«.SK..nrL...o,3.t./)
I SN

I «N o V A  E Z » f T 9 (  I I M T O l l  I

IS  E  ,  . . . .
c  DE Tf  r o c s  OF O. L •

1 c«u 0 0  31 N3FL - 0

i l l  1
i  t  u  r  r  I Q  0 0  T  0  *

& 11:1 '  M R i i t i E t i — " '

» VFL 2 . 2  ISE-»T T O MK 0 0  1 L
O S / 3 6 0  f  OHTM AS M t x T C N O E P  O A T t  TO.  0 2  T/  16  .  0 1 . *  i FAC£

IS::::1 SN Si-,0 CO TO 6

1%i l s  S o s l  r o i  J I M . 0 3 0

H i  ”  

i s : :  15
I V4 0 0 3 3
\ X *  ° g ; ‘ ^ u U l T I  ( I H r c , C J J I . i r T A ( l ) - F T A ( 3 H / 2 . 0 3 0 . M  J l

is  i l  ' S # B 9 = ' —
1 SN OOTO e CONTI . . . ) .

|S E !
l ' . |  COT* i y n 2 . i t - ?

U U  2 S tt  ^ f C o i i l l - ' c T O I  i y i - t o i  I T N !  ) i / ( K r  . M l

H i  B i E H P .
8  SS8 ’ 88SS

« ' M 0 0 M  t c . o . o n o

I V J  OO. T ^ : ^ t „ 0 l l .  J l . l O d . F j U M C I A I J I - C I A I J J H / l . O O O

i-r: tcci? R, T.,n,i| '.N 0012 tlio
V. Z , " c ' l Z ' T , ' o l r o  0,,3lc, nin.n n.„o-,t ,,ooo,,-  H0..rr ,o*cc ,.»,sr tt»h r c c n .

, UU,K C » . A T r o c „ T 5  .  0 1 .  m u o o o o n a m  h a n c  . m a o o i l
A TI S t  ICS*

a 1 1 s t  i c s *  MJ o  i a g n u s t  i c s  i f f  n r  p a  r r  o

w m M
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H S / J t i O  r O H i l A N  M F X T L N N D n x i r  7 u . 0 2 7 / i A . o i . i n

• I T M L O  n i M i u n s :

I I S ' ,  I N  f f ' C l T : MAM, ( MA t Ml mi 1 Ht /t ( 1 I t *N. COUNT (AO) 1,1/1 ("4X) AVjT OOPC I NC NT I
s m < K (  i h c i m c  no t  ir-T f i . i .MCN o i u r c T  n o m x »» Noror?MAT n o c v i s t m  r N o x a r r  n .t a l c  n o a n s t  t f n m  » l  a u ( i i

C
c
c
c

1 SN 0 0 * 2
1 SN 0 0  71
1 SN 0 0  )♦
1 SN CO >3
1 SN OOJb
1 <N 0 0 3 7
1 SN 0 0 3  4
1 SN 0 0 C 9

‘VEL 2 . 2 ( S E P T

r J ES T ED O P T I O N S

r  U N T  t  I ) N  T o  C M  t  l U  A l l  1 A U  f  O W  M A I N

*■ D S C  T |  O N  T A IF < k ' H l l .  M U .  A .  . J c  J . S C )
Kl *v ••• I T  , iH O. INi  l . X M.  X ( t  VI . O UO X e RA .  1 AUf
Ul •> I N<* I eM' .TX AIM j 

I V  - l - r  •  x < N f  )  / m u  
A K , Q X * * C . ~ 0
TAU* *•? .  C. ' Q UC •U* / « APLT I OS
r  n p

O S / 3 0 0  F ORMAN M E XT LNf>f 0 DATt  7 8 . 0 2 7 / 1 6 . 0 1 . 3 0

I O N S  IN e f f e c t : NAME* WAIN)  OPT!  Ml / '  M l  L I KEC17INT ( O0 ) S i  / L I *  A*) AUTOPPL ( NO» >
SUU,$C F EUCOIC NHL I ST NJOC CK O O J t C T  NJMAP K' . ) ' OR FAT NOOCST u  T t.CX k ^ f  NOALC NOAnSF TERM FLAG* I )

1 SN OC 32
C

5 J  PC OUT InC m a i c  1 I *l, x . I t . :  1 A 1

PROGRAMME. TO CAI CULAT l  VTA F J R
1 SN 0 0  3 3 R( A| • n H .K .KM! , KS
1 SN 0 0 3 4 RFAL A4 f TA ( 1 CO)
1 SN 0 0 0 5 kM|  t  1 .COO
I SN 0 0  36 I T A( 1 * t o . C O O
1 SN 0 0 0  7 IF 1 * . C O .  1 . 0 0 0  ) GO TO 20
I SN 0 0 3 3 DO 1 I *3 . ! y
1 SN 0 0 1 0 J *  1 - 1
I SN 0 0 1  I k S = k a • j - i . 0O 0
1 SN 031  2 E T A *  11 -*• ak S / KMl

1 SN 0 3 1 3 1 CONT INVC
1 SN 0 0  1 4 GO TO TO
I SN 001  5 20 0 0  4  0 1 = 7 .  IT
1 SN 001 6 J  = I -  1
I SN 0 0 1 7 e t a i  i ) * r t a ( j  ) 4 h

I SN 0 0 1 6 40 CONTINUC
I SN 1 0 1 9 30 CCNT INUV
1 SN 0 0 2 0 RETURN
I SN 0 0 ? ! ENO

VCL 2 . 2 ( S E P T  7 6 ) O S / 3 6 9 FORTRAN H EXTENDED o a t r  r « . o ? r / i 6 . o i . 3 5

l UFSTEO o p t i o n s :

I ONS  IN E F F E C T :  NAME( *1  I S )  Op Tt Ml /  ' ( 1 ) I I KF COUNT ( 6 0 )  S l Z E ( " 4 X )  AUT CPPl .  ( NC S f  1
SOUPCF CHCPI C NOCIST n OPECk O d J F C T  NUMAM n o  QRmAT k OOOS r n  1 - , 0X« NOALC NOAn , f TEAS FLAG* I )

s u p a c j T  i s t  m k o o / ( h .  * .  a  i .  m  , c  i  . n i  . r  i  . f  i  ,  m  .  x 7 . x 3 . x 4 .  * s  . *<>>
PROGRAM' * to CALCULATE TmC CONS T a NI S N . O 11 R f  O IN SETT I n - UP  
Tm» m a Tw' I x A
S E A L  h . K • A I . 0 1 e C I , 0 1 « E I . F  1 . G 1 , M 1 .  [ 1 ,  J | . KI , KIM .  KP 1 . K 2 . M 7 , H  ?
RLACAf  X|  , X 2 , * 3 . X * , AS . X 6

XI Ms 1 , 0 0 0 - K  KP1=I.O 3A*
K2*« PI  • • ? . C r>0 
H / e N A » 7 , OOO 
K . J * M A # J . 0 P 0

A|*_K**3.0P0/(H*KP|>
Bl  W K I  M*</ M 
C I * K / (  H * K P |  )

01 eODO*(  K* *4 . 0 0 3  l / (  H.' * < P |  )r i *• ?. ooo» (y • • 3. 030) /m?Fl«2 .0or* <k* A3.0 00 )/( M2XPI )
G l » - ? . 0 O O * y A e r » #0 O 0 / ( M 3 » < 2 )
M l « f . ? p  * ( * * # ] . 0 0 0 * K - 1  . DO ) •  A. A • S . o o o / C  H ) S KO |  I 
I I * - K • • . P n O / K 2 * K » f  I ♦ I . G 0 C / K 2
1 1 * 2 . 0  C»I  1 * K * « 3 . 0 D C / M  )
J l . 9 0 0 * ( - *  | m « < • • 2 . 0 : 0 - ! . O D O ) a r • • / . 0 0 0 / ( M l ak n i  )
K 1 * 2 . 0 D C * K * A & * 0 9 0 / ( " 2 * K 2 )  *
X I * 2  • 0 0 C af  •  • f  .  O D O / ( H2* r.M I )
K 2 * - 2 . o r ? s K * * ' , . 0 n 3 / , , 2  
X 3 * ? . 0 I )Ca< * « 5 ,  0 0 0 / (  m2 •  <P I 1
X 4 ? 2 . 9 P C * f  AS /  f M.
M S « - ? . 9 P r - * F / M ?
* 6 = 2  2 . 9 D 0 A K / ( M 2 « k > | I
PC TURN
END

I S N 0 0 3 2
C
c

1 SN 0 0 3 3
1 SN 0 0 3 *

c
1 SN 0 0 3 5
I SN 0 3 3 6
1 SP 0 0 3 7
I SN 0 0 3 4
1 SN 0 0 3 9

C
I SN 0 0 1 0
I SN 031  1
I SN 0 0 1 2

c
1 «N 0 0 1 3
1 SN 0 0 1 4
1 SN 0 0 1 5

c
1 SN 0 0 1 6
I SN 001 7
I SN 001 6
1 SN 031 9
1 SN 0 0 7 0
1 SN 007 1
1 SN CC
1 SN 0 0 7 3
1 SN 0 3 7 4
1 SN 0 3 2 5
1 SN 0 0 76
I SN 0 0 2 7
I SN 0 0 2 4
1 SN 0 0 2 9

VEL 7 . 2  f S f * T

• V S TED O P T I ON S

1 ONS IN EF F ECT

1 SFI 0 0 0 2

C
c

1 Sf« 0 0 3  J

I SN 0 0 9 4
I SN 0 0  3 6
1 SN 0 0  >6
! SN 0 0 3 7
1 SN 0 0  >5
1 SN 0 9 9 9
1 VI 001 0
1 SN 0 0 1 2
1 VI 0 0  1 3
1 SN 0 9  1 4
1 SN C 01 6
I SN 0 0 1 6  K

1 SN 0 3 !  7
1 SN 091 S 1
1 V * 0 0 1 9
1 SN 0 0 /  1
1 SN 9071
1 SN 0 0 7 7
1 SN 0 0 /  3 2
|  SN 0 0  >*

o \ / u r I m a ^ ^ m  t  * t E N o r r D A T E  7 8 . 0 7 7 / 1 6 . 0 1 . 4 4 PAGE

SOURCE • . i c n i c  NOCIST ► . C7 U l u r c  I NOMA** N V  CUV4 r NOGOSTM 1 N 0 < »  » KOALC NOANSF t e r m  M A G I  I )

SUn»OUT | N r  MKC03(  X. DUDX,  V? C . U  .Mf TA.UC . p p .  41 . TAL1.RME .MU.VW I . U M N .
# V# P . V #  )

PHOSPAM***. TO CALCULATE UF . o r  T A . V P . P A  ,AA . u s t f .  ANO V»P

REAL AO OUDX.Ur  0»U7  , fl? T A . P P . A P .  T AU • RM J .  MU • V « | . V P , U S  IR • NU, V r. IA 3 •
# v vt*, n r  w 

P» F L A|» r  t f  0 )
Rf At An A *') . 4  1*7 
UC =7 ( N C I  APS- . /  ♦CKO
»»! Ti f t  . r n o  - ( •» o / u  ) • A 7 
US TP = ( T /  | / t  MO) • * 0 .  r.f 0
Ri»*' #r*r>»i f>r  • M i j / f O M  i » . • r »<• • i |
IF ( f i s c  I . r z  .  . ' . * S 7 | , 3  . A NO.  x ( MC 1 s L T .  7 .  > 0 C |  GO TO I 
V A  * 3  , 3 D C
API  1 • Cr 9 - 1 1  • * O0 a p 
A»*«/<. .Of*0/ rSOMT< A 3 |  1 
W R 1 r  |  * 6 . 1 0 0 1  S C . P P . 4 P . V S T R . U C  

> f J* ' a t  ( /  r s ,  • a r • ,  i*. . / #  . •< I 3 .  A . / *  ,  • An»« , r  i 3 .  c , ? >  . • n s T n  •* •
# D I 3 . f , , ? A , ' U f *  , 1U l . < .  , / T S .  • FR' IN M / 0 0  3 ' . /  I 

GO TO /
V 4 = V W |
V*P v s / U S T R
PI w * rp / r,< I I . 4V>0 • V < P |
A 1 * 7  - P P t  |  p i  V  -  |  e U ! » S  •  / V  V P  • P E W  
A l » «  7  6 .  O f )  0 / 0 ' ,  O N  T < A  7  )
Pf TURN END



193 -

l »»»NS i N l-r M k t : NAM* (MAI N I o p  |  | v |  /  * ( I ) L I ' f t  «)ir. t ( r , 0 |  1 /  f ( ^ A k | A t . T or.*' I t N f  Kf  I
S t H I H C r  r i ' v O I C  K i l t L l h T  N V . M  C N  O l U L l  f  N J 4 4 "  W O » U " » A t  N j U O S t M t  N O K ' l t J I '  H i l A L C  N O A N : » *  I I U N  i l . A C t t l

: ooo?

ISN 0003 I SN 0 00 A
TIN 0005
11 VN I NN

I SN 
I SN I 5N I SN 1 <N I SN 1 SN I SN
1 <M1 SN 1 SN I SN 1 SN I SN 1 SN I SN 1 SN 1 SN I SN I SN I SN
I SN I SN 1 SN I SN I SN 
1 S N  I SN I <N 
1 SN

0006 
0 0  or
0 0  JA

0 0 0 0  0010 
C 0  1 I001 ? 001 3
0 0 1  400150016
0017ooim 
0 0 1  9 00 0 cor?00 1 3 CO.'SCO 'A 0 0? 7 
CO. 'S 00̂ 9 0030 00 M
00 3? 00)3 00 34 COJS 0 0 3 A 
0  0  3 7 0033 0 0 39 0040

Isn no*I
1 SN 0 0 4 ?  1SN 004 3 
I ? N  0 0 4 4  1 SN 00*6

SOl 'OrtUl  I  Nr A'Kv'04 < 1 a . T A;| , kl .  , H I , N . t o ,  i>, l»n , ! Y , C l ’!’ * , V k . N C . f  OH . N O f l *
# U !  . • * « ' .  A M ,  X I  ,  U  . T ' t . t i f . l  M ,  I  0 1  U  ♦ . " t A .  >

riior.pAMNf to cvni »’a)i ini r 14*. vilownr  raoriLCs.
• PP • A O t KU • f k 1

3003C1

Kl Al 44 SO 4
;;; a i 4X T A11 k 1 ,MileKH0.0tin4.V».llS1 « , U C .

# > N - 3 . u s r  .» . n s T i  14) , 3 U  i n  MM, i . v « t  
k*v AL 4 . 1  r  I A ( 1 V J ) , VI’ l 1 0 0  > , U i ' (  |  0 0  I , r  ;)( 1 0 0  I «n (  4 ,  I 0 0 )  

# u c i o ) ,» i i o : )
Cl A1 4 ) X u  6 0  1 
kL A L 4 \  Ml *Nl AL 4 :3 O* L
ustqi v v 4 r o o *  v : « t n  • c . s o o #  1 2 , c n o / x i < n c ) 1 4 # 0 .sco US Te» »l/  S T c  •  # 0  .  . n o  NU lUti/rnn
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The r a t i o  o f  d i s p l a c e m e n t  t h i c k n e s s  t o  momentum t h i c k n e s s , 
H,  n u m e r i c a l l y  quan  t i d e s  t h e  s h a p e  o f  the  b o u n d a r y  l a y e r .  
The " f u l l e r "  t h e  p r o f i l e ,  t h e  s m a l l e r  //.

The f e l l  owing a d m i t t e d l y  o v e r - s i m p l i f i e d  a n a l y s i s  s u g g e s t s  
t h e  t r e n d  d i  ; e d . A c o n s i d e r a t i o n  oi t he  f o l l o w i n g
s k e t c h e s  i n d i c a t e s  t h e  t y p i c a l  v a l u e s  o f  //. and  i t s  re  l a  
d o n s h i p  w i t h  o t l t c r  p vopci  t i < o f  t h e  b o u n d a r y  l a y e r .

H= 1,3

t u r b u l e n t

Hr 2,6

\

V>
\ T

U \

l a m i n a r separation

i e .  as  // i n c r e a s e s ,  ; dec i n e s .

Thus II ” f f l / d  )

From R e y no l d s  A n a l o g y ,  and  e x p e r i m e n t a l  r e  s u i t s  f o r  h en '  

t r a n s f c r  ,

o t  = . /2  ( B i r d ,  S t e w a r t  and L i g h t  f o o t , 1960)

And w i t h  i n j e c t  ion : -

s t  = r, / 2  x 1 ,16  F 0 , 0 0 4  ( M o f f a t  and K ay s ,  1968)

Thus SI  = f ( 1/H)



However ,  a ,, do c r e a s e s  w i t h  i n j e c t i o n  r a t i o , as  does  S t  

( s e e  M o f f a t  and  Kays , 196 8) .

T h u s , as  H i n c r e a s e s , S t  d e c r e a s e s . From F i g  7 . 1 3 ,  i t  i s  
c l e a r  t h a t  % i n c r e a  ed w i t h  P,  and f o r  t h e  r e s t r i c t e d  f low 
c a s e ,  H was h i g h e r  f o r  a g i v e n  x  s t a t i o n  and i n j e c t i o n  r a t i o ,  
f o r  f i x e d  p r i m a r y  and s e c o n d a r y  f low r a t e s .

Heat  t r a n s f e r ,  Q = h (•/ g

I f  67 d e c r e a s e s ,  so  do cs  h , and  f o r  h y p o t h e t i c a l l y  c o n s t a n t  
Q and t  y t- mus t  d e c r e a s e .  Hence a l o w e r  w a l l  t e m p e r a t u r e5 W

r e s u l t s ,  wh ich  i s  t h e  d e s i r e d  f f a c t .

C o n s i d e r i n g  t h e  i n j e c t i o n  v e l o c i t y  p r o f i l e  w i t h  b l o c k a g e  
shown in F ig  7 . 1 4 ,  l e n d s  to  c o m p a r i n g  i t  w i t h  t h e  t u r b u l e n t  
v e l o c i t y ,  v a r y i n g  in  s p a c e  r a t h e r  t h a n  w i t h  t i m e .  A l t h o u g h  
t h e  a v e r a g e  i n j e c t e d  momentum is u n a l t e r e d  • o r  a i i x e d  
s e c o n d a r y  f low r a t e , i t  may be more m ean ing  I u l  t o  u s e  some 
form o f  r o o t  mean s q u a r e  v a l u e  f o r  v , w i t h  o l o c k a g c .  Ihc 
g r e a t e r  p e n e t r a t i o n  o f  y momentum c l e a r l y  h a s  a g r e a t e r  
d e c e 1 l e r a t i n g  e f f e c t  on t h e  b o u n d a r y  l a y e r  - i t  may a l s o  
d e c r e a s e  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t .  Howev er , o n l y  
e x t e n s i v e  e x p e r i m e n t a t i o n  can c o n c l u s i v e l y  v e r i f y  t h i s  
q u a l i t a t i v e  s p e c u l a ! i o n .

By d e f i n i t i o n ,  S t  =  h h = h e a t  t r a n s f e r  
c o e f f i c i e n t
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