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ABSTRACT 

Fi lm c o o l i n g  e f f e c t i v e n e s s  measurements  w i t h  i n j e c t i o n  

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

of  a i r  on a f l a t  p l a t e  a r e  d e s c r i b e d .  The secondary  a i r  i s  

i n j e c t e d  th rough  e i t h e r  a  s i n g l e  h o l e  o r  a  row of h o l e s  

spaced  a t  t h r e e  d i a m e t e r  i n t e r v a l s  a c r o s s  t h e  s p a n  w i t h  an  

i n j e c t i o n  a n g l e  of 35 d e g r e e s  t o  t h e  f l o w  and i n  a  d i f f e r e n t  

s e r i e s  of t e s t s  t h r o u g h  a  s i n g l e  h o l e  w i t h  l a t e r a l  i n j e c t i o n  

a n g l e s  of  e i t h e r  15' o r  35'. R e s u l t s  a r e  compared w i t h  e a r -  

l i e r  t e s t s  t o  show t h a t  t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  i n -  

c r e a s e s  a s  t h e  boundary l a y e r  t h i c k n e s s  a t  t h e  i n j e c t i o n  

l o c a t i o n  i s  d e c r e a s e d .  Data  from s i n g l e  h o l e  t e s t s  a r e  s im-  

i l a r  t o  t h a t  f o r  a  row o f  h o l e s  a t  low blowing r a t e s ,  b u t  

s i g n i f i c a n t  d i f f e r e n c e s  a r e  obse rved  a t  h i g h e r  blowing r a t e s .  

The e f f e c t  of  l a t e r a l  i n j e c t i o n  i s  t o  p r o v i d e  c o o l i n g  o v e r  a  

wide r  a r e a  t h a n  when i n j e c t i o n  i s  normal t o  t h e  f l o w  o r  i n -  

c l i n e d  downstream o n l y .  



NOMENCLATURE 

d i a m e t e r  of i n j e c t i o n  t u b e  

blowing r a t e  p a r a m e t e r ,  pZUZ/p,U, 

s p a c i n g  between h o l e s  i n  t u b e  d i a m e t e r s  ( i . e .  SD-D i s  

l i n e a r  d imens ion  a c r o s s  s p a n  between c e n t e r l i n e s  o f  

a d j a c e n t  h o l e s )  

t e m p e r a t u r e  

a d i a b a t i c  w a l l  t e m p e r a t u r e  

t e m p e r a t u r e  o f  secondary  a i r  

mains t ream t e m p e r a t u r e  

v e l o c i t y  

a v e r a g e  a i r  v e l o c i t y  i n  i n j e c t i o n  t u b e  

mains t ream v e l o c i t y  

d i s t a n c e  downstream of  i n j e c t i o n  h o l e ,  s e e  F i g u r e  1 

d i s t a n c e  normal  t o  t u n n e l  f l o o r ,  s e e  F i g u r e  1 

l a t e r a l  d i s t a n c e  from i n j e c t i o n  h o l e ,  s e e  F i g u r e  1 

i n j e c t i o n  a n g l e  w i t h  t h e  f l o w ,  measured from X a x i s  

i n  t h e  X - Y  p l a n e ,  s e e  F i g u r e  l ( a )  

boundary l a y e r  d i s p l a c e m e n t  t h i c k n e s s  

q ( x , z ) ,  l o c a l  f i l m  c o o l i n g  e f f e c t i v e n e s s  f o l l o w i n g  

i n j e c t i o n  t h r o u g h  a  s i n g l e  h o l e  o r  a  row o f  h o l e s ,  

d e f i n e d  by E q u a t i o n  1 

q l ( x , z ) ,  l o c a l  f i l m  c o o l i n g  e f f e c t i v e n e s s  f o l l o w i n g  

i n j e c t i o n  t h r o u g h  a  s i n g l e  h o l e  



n r ( x , z ) ,  l o c a l  f i l m  cool ing  e f f e c t i v e n e s s  fo l lowing  

i n j e c t i o n  through a  row of h o l e s  
- 
n ( x ) ,  l a t e r a l l y  averaged f i l m  coo l ing  e f f e c t i v e n e s s  

downstream of a  row of h o l e s ,  de f ined  by Equation 2 
- 
T-I ( x ) ,  p r e d i c t e d  average f i l m  coo l ing  e f f e c t i v e n e s s  

P 
a c r o s s  t h e  span f o r  i n j e c t i o n  through a  row of h o l e s  

u s ing  r e s u l t s  from s i n g l e  h o l e  i n j e c t i o n  and t h e  p r i n -  

c i p l e  of s u p e r p o s i t i o n ,  def ined  by Equation 4 

?(x), l a t e r a l  i n t e g r a l  of t h e  f i l m  coo l ing  e f f e c t i v e n e s s  

produced by i n j e c t i o n  through a  s i n g l e  h o l e ,  de f ined  by 

Equat ion 3 

l a t e r a l  i n j e c t i o n  a n g l e ,  measured from Z a x i s  i n  t h e  

Y-Z p lane ,  s e e  F igure  l ( b )  

k inemat ic  v i s c o s i t y  of mainstream 

d e n s i t y  

d e n s i t y  of secondary a i r  

d e n s i t y  of mainstream 

iii 



FILM COOLING FOLLOWING INJECTION 

THROUGH INCLINED CIRCULAR TUBES 

by 

R . J .  G o l d s t e i n ,  E . R . G .  E c k e r t ,  

V . L .  E r i k s e n  and J . W .  Ramsey 

U n i v e r s i t y  of  Minneso ta  

I .  SUMMARY 

The s t u d y  d e s c r i b e d  i n  t h i s  summary r e p o r t  was c a r r i e d  

o u t  under  NASA C o n t r a c t  NAS 3-7904.  I t  i s  p a r t  of a n  e x -  

t e n d e d  i n v e s t i g a t i o n  i n t o  f i l m  c o o l i n g  f o l l o w i n g  e j e c t i o n  

of a  secondary  g a s  t h r o u g h  d i s c r e t e  h o l e s  i n t o  a  t u r b u l e n t  

boundary l a y e r  of a i r  on a  f l a t  p l a t e .  T h i s  r e p o r t  p r e s e n t s  

a d i a b a t i c  w a l l  t e m p e r a t u r e  measurements  downstream of  h e a t e d  

j e t s  o f  a i r  i n  a  s u b s o n i c  wind t u n n e l .  

Four  d i f f e r e n t  i n j e c t i o n  sys t ems  a r e  u s e d - - a  s i n g l e  

t u b e  i n c l i n e d  a t  an  a n g l e  of 35' w i t h  t h e  f l o w ,  a  row o f  

t u b e s  a t  a n  a n g l e  of 35' w i t h  t h e  f l o w  and spaced  a t  i n t e r -  

v a l s  of  t h r e e  d i a m e t e r s  a c r o s s  t h e  s p a n ,  and s i n g l e  t u b e s  

a t  l a t e r a l  a n g l e s  of  35' and 15'. The s u r f a c e  on which t h e  

w a l l  t e m p e r a t u r e s  a r e  measured i s  d e s i g n e d  t o  minimize con-  

d u c t i o n  p a r a l l e l  t o  i t s  s u r f a c e  i n  a d d i t i o n  t o  be ing  w e l l  

i n s u l a t e d  i n  t h e  d i r e c t i o n  normal t o  i t s  s u r f a c e .  Thus t h e  

t e m p e r a t u r e s  measured approx ima te  l o c a l  a d i a b a t i c  w a l l  tem- 



p e r a t u r e s .  S i m i l a r  t r e n d s  a r e  obse rved  a s  were i n  a  p r e v i o u s  

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

e f f e c t i v e n e s s  i n c r e a s e s  a s  t h e  d i m e n s i o n l e s s  boundary l a y e r  

t h i c k n e s s  i s  d e c r e a s e d  f o r  t h i s  i n j e c t i o n  sys t em.  T h i s  

t r e n d  i s  a t t r i b u t e d  t o  g r e a t e r  t u r n i n g  of  t h e  j e t  due t o  

h i g h e r  r e l a t i v e  v e l o c i t i e s  n e a r  t h e  w a l l  f o r  t h e  t h i n n e r  

boundary  l a y e r .  

A t  h i g h  blowing r a t e s  t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  i s  

o b s e r v e d  t o  be s i g n i f i c a n t l y  h i g h e r  f o r  a  row of  h o l e s  t h a n  

f o r  s i n g l e  h o l e  i n j e c t i o n .  The row o f  j e t s  b l o c k s  a  g r e a t e r  

a r e a  of  t h e  mains t ream t h a n  a  s i n g l e  j e t ,  r e s u l t i n g  i n  a  

g r e a t e r  f o r c e  on t h e  row of j e t s .  The row of  j e t s  i s  t h e n  

t u r n e d  more t h a n  a  s i n g l e  j e t ,  f o r c i n g  t h e  f l o w  c l o s e r  t o  

t h e  w a l l  and r e s u l t i n g  i n  h i g h e r  f i l m  c o o l i n g  e f f e c t i v e n e s s e s .  

The e f f e c t  o f  l a t e r a l  i n j e c t i o n  i s  t o  widen t h e  t e m p e r a t u r e  

f i e l d  a t  low blowing r a t e s  where t h e  j e t  r ema ins  n e a r  t h e  

w a l l  and t o  h o l d  t h e  j e t  c l o s e r  t o  t h e  w a l l  a t  h i g h  b lowing 

r a t e s  where t h e  j e t  would o t h e r w i s e  f l o w  i n t o  t h e  ma ins t r eam.  

11. INTRODUCTION 

Fi lm c o o l i n g  i s  u s e d  e x t e n s i v e l y  t o  p r o t e c t  s t r u c t u r a l  

e l e m e n t s  f rom a  h o t  g a s  s t r e a m .  A c o o l a n t  ( o n l y  g a s  i s  con-  

s i d e r e d  i n  t h e  p r e s e n t  s t u d y )  i s  e j e c t e d  l o c a l l y  t h r o u g h  t h e  

w a l l  of  t h e  s t r u c t u r e  t o  be  p r o t e c t e d ,  i s o l a t i n g  t h e  s t r u c -  

t u r e  from t h e  h o t  g a s  s t r e a m .  A c t u a l l y  i n s t e a d  of  hav ing  a  



d i s c r e t e  f i l m  t h e  secondary  f l u i d  u s u a l l y  mixes w i t h  t h e  

boundary  l a y e r .  The w a l l  i s  p r o t e c t e d  by t h e  r e s u l t i n g  

lower  t e m p e r a t u r e  and t h i c k e r  boundary l a y e r .  The c o o l a n t  

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

o f  po rous  m a t e r i a l ,  o r  t h r o u g h  a n  a r rangement  o f  d i s c r e t e  

open ings  i n  s i n g l e  o r  m u l t i p l e  rows. 

Cont inuous  s l o t s  o r  po rous  s t r i p s  a r e  a n  e f f e c t i v e  a r -  

rangement  f o r  f i l m  c o o l i n g  i n j e c t i o n ,  However, i n  c e r t a i n  

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

m a n u f a c t u r i n g  c o n s i d e r a t i o n s  make i t  i m p r a c t i c a l  t o  u s e  con-  

t i n u o u s  s l o t s  o r  po rous  s t r i p s ,  and rows o f  d i s c r e t e  open-  

i n g s  a r e  p r e f e r a b l e .  A s t u d y  of  f i l m  c o o l i n g  w i t h  s u c h  a n  

a r rangement  i s  compl i ca ted  by t h e  t h r e e  d i m e n s i o n a l  n a t u r e  

of t h e  f l o w  and t e m p e r a t u r e  f i e l d s  downstream from t h e  open-  

i n g s ,  and o n l y  s p a r s e  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  t h e  e f f i -  

c a c y  o f  t h i s  c o o l i n g  method [ 1 ] [ 2 ] .  Some e a r l i e r  r e s e a r c h  

has  been  r e p o r t e d  on 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  [3 ]  141 
and a  r e c e n t  work [5] r e p o r t s  a v e r a g e  (ove r  t h e  p l a t e  s p a n  

and l e n g t h )  f i l m  c o o l i n g  e f f e c t i v e n e s s  downstream of a  row 

of h o l e s .  

The p r e s e n t  p a p e r  r e p o r t s  t h e  r e s u l t s  of  p a r t  of a n  ex -  

t e n d e d  i n v e s t i g a t i o n  i n t o  f i l m  c o o l i n g  w i t h  e j e c t i o n  o f  t h e  

s e c o n d a r y  gas  t h r o u g h  d i s c r e t e  h o l e s .  The i n i t i a l  r e s u l t s  

of t h i s  s t u d y ,  [I] [ 2 ] ,  d e a l t  w i t h  e j e c t i o n  t h r o u g h  a  s i n g l e  

c i r c u l a r  h o l e  a t  a n g l e s  o f  90  and 35 d e g r e e s  w i t h  t h e  f l o w .  

A d i a b a t i c  w a l l  t e m p e r a t u r e s  were r e p o r t e d  a s  a  f u n c t i o n  of  



p o s i t i o n  w i t h  t h e  b lowing r a t e ,  M ,  a s  a  p a r a m e t e r .  Only a  

s l i g h t  v a r i a t i o n  o f  Reynolds number, UmD/vm, was p o s s i b l e .  

The p r e s e n t  pape r  r e p o r t s - - a s  a  c o n t i n u a t i o n  of  t h e  s t u d y - -  

i n j e c t i o n  t h r o u g h  a  h o l e  w i t h  s m a l l e r  d i a m e t e r  a t  a n  a n g l e  P 

( s e e  F i g .  l ( a ) )  of 3 s 0 w i t h  t h e  f l o w .  A s  i n  [I] and 1 2 1 ,  

a d i a b a t i c  w a l l  t e m p e r a t u r e  d i s t r i b u t i o n s  downstream of h e a t e d  

j e t s  o f  a i r  a r e  i n v e s t i g a t e d .  I n  a d d i t i o n  t o  t h e  e f f e c t  o f  

blowing p a r a m e t e r ,  t h e  i n f l u e n c e  of t h e  t u r b u l e n t  boundary 

l a y e r  d i s p l a c e m e n t  t h i c k n e s s  a t  t h e  p o i n t  of  i n j e c t i o n  i s  

c o n s i d e r e d .  R e s u l t s  a r e  a l s o  r e p o r t e d  f o r  a  row of h o l e s  a t  

a n  a n g l e  f3 of 35 d e g r e e s  w i t h  t h e  f l o w ,  and f o r  i n j e c t i o n  

t h r o u g h  s i n g l e  h o l e s  a t  a n g l e s  @ ( s e e  F i g .  l ( b ) )  of 15  and 

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

The i n j e c t i o n  t u b e s  a r e  1 . 1 8  cm i n  d i a m e t e r  and t h e  tem- 

p e r a t u r e  of t h e  i n j e c t e d  a i r  i s  a p p r o x i m a t e l y  5 5 ' ~  h i g h e r  t h a n  

t h a t  of t h e  ma ins t r eam.  The r a n g e  of v a r i a b l e s  s t u d i e d  i s  

a s  f o l l o w s :  f r e e s t r e a m  v e l o c i t y  of  3 0 . 5  t o  61 .0  m / s ,  d i s -  

p lacement  t h i c k n e s s  of t h e  t u r b u l e n t  boundary l a y e r  a t  t h e  

p o i n t  of  i n j e c t i o n  from 0.078 cm t o  0.146 cm, and b lowing 

p a r a m e t e r  ( r a t i o  of  t h e  mass f l u x  o f  t h e  i n j e c t e d  f l o w  t o  

t h e  mass f l u x  of  t h e  mains t ream)  of 0 . 1  t o  2 .0 .  

111. EXPERIMENTAL APPARATUS 

The a p p a r a t u s  u s e d  i n  t h i s  s t u d y  i s  t h e  same a s  t h a t  

d e s c r i b e d  e a r l i e r  [11 and /2]  w i t h  a  few a l t e r a t i o n s  i n  t h e  



method of  secondary  i n j e c t i o n .  The wind t u n n e l  shown i n  

F i g u r e  2 draws t h e  a i r  mains t ream f rom t h e  room t h r o u g h  an  

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

and f i n a l l y  th rough  a  s i l e n c e r  b e f o r e  b e i n g  d i s c h a r g e d  t o  

t h e  o u t s i d e .  

The secondary  o r  i n j e c t e d  a i r  i s  s u p p l i e d  by t h e  b u i l -  

d i n g  a i r  compresso r .  The f l o w  r a t e  i s  c o n t r o l l e d  by a  n e e d l e  

v a l v e  and i s  measured w i t h  a  t h i n  p l a t e  o r i f i c e  m e t e r .  Tem- 

p e r a t u r e  f l u c t u a t i o n s  i n t r o d u c e d  by t h e  compressor  a r e  e l i m -  

i n a t e d  by p a s s i n g  t h e  a i r  t h rough  a  l o n g  c o i l e d  copper  t u b i n g  

submerged i n  a  l a r g e  t a n k  of  w a t e r .  The a i r  i s  h e a t e d  i n  a  

s t a i n l e s s  s t e e l  t u b e  around which h e a t i n g  t a p e s  a r e  wrapped.  

The o r i e n t a t i o n  of  t h e  t u b e s  i n  t h e  i n j e c t i o n  s e c t i o n  

i s  b e s t  d e s c r i b e d  w i t h  t h e  a i d  of F i g u r e  1. The m u l t i p l e  

h o l e  s e c t i o n  c o n t a i n s  f i v e  t u b e s  spaced  l a t e r a l l y  a c r o s s  t h e  

t u n n e l  a t  t h r e e  d i a m e t e r  c e n t e r  t o  c e n t e r  s p a c i n g .  These  

t u b e s  have  t h e i r  o u t l e t  i n  t h e  i n j e c t i o n  p l a t e  which c a n  be  

moved a l o n g  t h e  bot tom of t h e  t u n n e l  i n  a  d i r e c t i o n  normal  

t o  t h e  t u n n e l  a x i s .  The o r i e n t a t i o n  i s  s i m i l a r  t o  t h a t  shown 

i n  F i g u r e  l ( a )  w i t h  8 = 35 d e g r e e s .  For  s i n g l e  h o l e  i n j e c -  

t i o n  a t  a n  a n g l e  of  35' w i t h  t h e  f l o w  t h e  s i d e  h o l e s  i n  t h i s  

same i n j e c t i o n  s e c t i o n  a r e  cove red  by t a p e  and o n l y  t h e  ten- 

t e r  h o l e  i s  used  t o  i n j e c t  a i r .  

The i n j e c t i o n  s e c t i o n s  f o r  l a t e r a l  i n j e c t i o n  have t u b e s  

shown i n  F i g u r e  l ( b ) .  The a n g l e  B w i t h  t h e  f l o w  i s  e q u a l  t o  

90' i n  t h e s e  s e c t i o n s  w h i l e  t h e  l a t e r a l  a n g l e s ,  a ,  a r e  15  



and 35  d e g r e e s ,  r e s p e c t i v e l y .  Each s e c t i o n  c o n t a i n s  a s i n -  

g l e  t u b e .  

The t e s t  s e c t i o n  bot tom w a l l  i s  c l o s e  t o  be ing  a d i a -  

b a t i c .  I t  i s  w e l l  i n s u l a t e d  i n  t h e  d i r e c t i o n  normal t o  i t s  

s u r f a c e  and i s  d e s i g n e d  t o  have n e g l i g i b l e  c o n d u c t i o n  i n  a l l  

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

a d i a b a t i c  t e m p e r a t u r e s  can  be  measured .  Three  columns ( i n  

t h e  f l o w  d i r e c t i o n )  of  c a l i b r a t e d  thermocouples  a r e  l o c a t e d  

i n  t h i s  s u r f a c e ,  one a l o n g  t h e  c e n t e r  of  t h e  t e s t  s e c t i o n ,  

and one e a c h  a t  d i s t a n c e s  of 7 . 5  cm on e i t h e r  s i d e .  A d e -  

t a i l e d  d e s c r i p t i o n  of t h i s  w a l l  i s  c o n t a i n e d  i n  r e f e r e n c e s  

1 and 2 .  

I V .  TUNNEL OPERATING CONDITIONS 

With no secondary  i n j e c t i o n  i n  t h e  t u n n e l ,  t h e  v e l o c i t y  

p r o f i l e  a t  t h e  i n j e c t i o n  l o c a t i o n  i s  f l a t  e x c e p t  f o r  t h e  

boundary l a y e r s  on t h e  w a l l s  of  t h e  t e s t  s e c t i o n .  A f u l l y  

deve loped  t u r b u l e n t  boundary l a y e r  p r o f i l e  e x i s t s  on t h e  

t e s t  s u r f a c e .  The d i s p l a c e m e n t  t h i c k n e s s  of t h i s  boundary 

l a y e r  v a r i e s  f rom 0.078 cm t o  0.146 cm a t  t h e  p o i n t  of 

i n j e c t i o n  f o r  d i f f e r e n t  i n j e c t i o n  s e c t i o n s  and f o r  v a r i o u s  

t u n n e l  v e l o c i t i e s .  The mains t ream has  no s w i r l  and a  t u r -  

b u l e n c e  i n t e n s i t y  of a b o u t  0 . 5 % .  The t u n n e l  i s  o p e r a t e d  a t  

un i fo rm f r e e  s t r e a m  v e l o c i t i e s  of 30 .5  and 61 .0  m / s .  

I n  t h e  absence  of a  f r e e  s t r e a m  f l o w  i n  t h e  t e s t  s e c t i o n ,  



a  f u l l y  developed t u r b u l e n t  v e l o c i t y  p r o f i l e  e x i s t s  a t  t h e  

end of e a c h  i n j e c t i o n  t u b e .  The t e m p e r a t u r e  p r o f i l e  i s  

q u i t e  f l a t  a t  a p p r o x i m a t e l y  5 5 ' ~  above t h e  t e m p e r a t u r e  of 

t h e  main f l o w .  There  i s  a p p r o x i m a t e l y  a  one p e r c e n t  v a r i a -  

t i o n  i n  e x c e s s  t e m p e r a t u r e  a c r o s s  t h e  f i v e  h o l e  i n j e c t i o n  

s e c t i o n ,  t h e  c e n t e r  t u b e  b e i n g  a t  t h e  h i g h e s t  t e m p e r a t u r e  

and t h e  o u t e r  t u b e s  a t  t h e  l o w e s t .  The t e m p e r a t u r e  d i f f e r -  

ence  be tween t h e  o u t e r  t u b e s  and t h e  n e i g h b o r i n g  t u b e s  is 

much g r e a t e r  t h a n  t h e  d i f f e r e n c e  between t h e  c e n t e r  and t h e  

a d j a c e n t  t u b e s  s o  t h a t  t h e  t e m p e r a t u r e  d i f f e r e n c e  between 

t u b e s  i n  t h e  v i c i n i t y  o f  t h e  c e n t e r  t u b e  where measurements  

a r e  t a k e n  i s  much l e s s  t h a n  one p e r c e n t .  No v a r i a t i o n  i n  

f l o w  r a t e  c a n  b e  d e t e c t e d  between any of  t h e  f i v e  t u b e s .  

V .  ADIABATIC WALL TEMPERATURE AND AVERAGE LATERAL FILM 

COOLING EFFECTIVENESS 

A d i a b a t i c  w a l l  t e m p e r a t u r e s  a r e  p r e s e n t e d  i n  t h e  form 

of a  f i l m  c o o l i n g  e f f e c t i v e n e s s :  

The a d i a b a t i c  w a l l  t e m p e r a t u r e  i s  d e f i n e d  a s  t h a t  t e m p e r a t u r e  

which i s  e s t a b l i s h e d  i n  s t e a d y  s t a t e  a t  any l o c a t i o n  on t h e  

i n s u l a t e d  s u r f a c e  under  t h e  i n f l u e n c e  of t h e  f l o w  d e s c r i b e d  

i n  t h e  f o r e g o i n g  when h e a t  c o n d u c t i o n  w i t h i n  t h e  p l a t e  and 



r a d i a t i v e  t r a n s f e r  a r e  a b s e n t .  I t  i s  measured by t h e  t h e r -  

mocouples i n s t a l l e d  a l o n g  t h e  c e n t e r l i n e  of t h e  t e s t  p l a t e .  

By moving t h e  i n j e c t i o n  s e c t i o n  l a t e r a l l y ,  t h i s  row of t h e r -  

mocouples u s  a l s o  used  t o  measure  t h e  a x i a l  t e m p e r a t u r e  d i s -  

t r i b u t i o n  a t  v a r i o u s  l a t e r a l  p o s i t i o n s ,  Z ,  f rom t h e  j e t .  

The ma ins t r eam t e m p e r a t u r e ,  Tw, i s  measured by the rmocoup les  

i n  t h e  t e s t  p l a t e  a t  p o s i t i o n s  u n a f f e c t e d  by t h e  i n j e c t i o n .  

The s e c o n d a r y  a i r  t e m p e r a t u r e ,  T 2 ,  i s  t a k e n  a s  t h a t  measured 

by t h e  thermocouples  a t t a c h e d  t o  t h e  i n j e c t i o n  t u b e s  4 %  and 

6 d i a m e t e r s  ups t r eam of t h e i r  e n d s .  These l o c a t i o n s  a r e  f a r  

enough ups t r eam from t h e  t u b e  e x i t  t o  b e  i n s e n s i t i v e  t o  tem- 

p e r a t u r e  d i s t o r t i o n s  caused  by t h e  mains t ream f l o w  and by t h e  

c o n d u c t i o n  from t h e  t u b e  t o  t h e  i n j e c t i o n  p l a t e ,  

The l a t e r a l l y  ave raged  f i l m  c o o l i n g  e f f e c t i v e n e s s  f o l -  

lowing i n j e c t i o n  t h r o u g h  a  row of  h o l e s  i s  

where SD i s  t h e  h o l e  s p a c i n g  i n  t u b e  d i a m e t e r s  ( i . e .  SD*D 

i s  l i n e a r  d i s t a n c e  a c r o s s  span between c e n t e r l i n e o f  a d j a -  

c e n t  h o l e s )  and q r ( x , z )  i s  t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  

d i s t r i b u t i o n  f o r  a  row of  h o l e s .  I f  t h e r e  were  no i n t e r a c -  

t i o n  be tween t h e  j e t s  a l o n g  a  row t h e n  t h e  l a t e r a l  t empera -  

t u r e  d i s t r i b u t i o n  f o r  a row o f  h o l e s  c o u l d  b e  found by t h e  

p r i n c i p l e  of s u p e r p o s i t i o n ,  i . e .  summing up  t h e  c o n t r i b u t i o n s  



t o  t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  from each  i n d i v i d u a l  h o l e  

i n  t h e  row ( s e e  F i g .  3 ) .  The e f f e c t  a c r o s s  t h e  span  of s i n -  

g l e  h o l e  i n j e c t i o n  c a n  b e  d e f i n e d  by 

where n l ( x , z )  i s  t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  d i s t r i b u t i o n  

f o r  s i n g l e  h o l e  i n j e c t i o n .  The p r e d i c t e d  a v e r a g e  e f f e c t i v e -  

n e s s  f o r  a  row of s u c h  h o l e s  i s  t h e n  

Comparison of w i t h  g i v e s  a  measure o f  how w e l l  t h e  
P  

method of  s u p e r p o s i t i o n  works .  Comparison of v a l u e s  

o f  fi f o r  d i f f e r e n t  g e o m e t r i e s  o f  s i n g l e  h o l e  i n j e c t i o n  i n -  

d i c a t e s  t h e  t o t a l  c o o l i n g  e f f e c t  ( a c r o s s  t h e  span)  of t h e  

j e t  a t  a g i v e n  d i s t a n c e  downstream of i n j e c t i o n .  

V I .  EXPERIMENTAL RESULTS 

R e s u l t s  of  t h e  s i n g l e  h o l e  expe r imen t s  w i t h  i n j e c t i o n  

a t  a n  a n g l e  of 35' w i t h  t h e  f l o w  a r e  shown on  F i g u r e s  4-11 .  

F i g u r e s  4-7 r e p r e s e n t  r u n s  a t  a f r e e  s t r e a m  v e l o c i t y  o f  30 .5  

m/s ;  F i g u r e s  8 - 1 1  r e p r e s e n t  r u n s  a t  61.0 m / s .  These  d a t a  

d i s p l a y  t h e  same t r e n d s  a s  e a r l i e r  d a t a  [l] [2] t a k e n  w i t h  



i n j e c t i o n  t h r o u g h  a  t u b e  which had t w i c e  t h e  d i a m e t e r  o f  t h e  

p r e s e n t  o n e .  The f i l m  c o o l i n g  e f f e c t i v e n e s s  a t  any  l o c a t i o n  

i s  h i g h e s t  f o r  t h e  blowing r a t e  Mg0.5. A t  M=2.0, t h e  e f f e c -  

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

j e t  p e n e t r a t e s  i n t o  t h e  mains t ream and does  n o t  r ema in  n e a r  

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

(Z/D=O.O) d e c r e a s e s  w i t h  X / D  w h i l e  a t  l a r g e r  v a l u e s  of  Z / D  

i t  f i r s t  i n c r e a s e s  w i t h  X / D  b e f o r e  d e c r e a s i n g .  T h i s  r e s u l t  

i s  a t t r i b u t e d  t o  t h e  s p r e a d i n g  of t h e  j e t .  

F i g u r e  1 2  compares some r e s u l t s  f rom F i g u r e s  4-11 f o r  

two d i f f e r e n t  v a l u e s  of  t h e  f r e e s t r e a m  v e l o c i t y  a t  t h r e e  d i f -  

f e r e n t  b lowing r a t e s .  The r u n s  a t  M=0.5 and 1 . 0  show t h e  

e f f e c t i v e n e s s  t o  be h i g h e r  f o r  t h e  h i g h e r  f r e e s t r e a m  v e l o c i t y .  

The e f f e c t i v e n e s s  v a l u e s  a t  M=2.0 a r e  s o  s m a l l  t h a t  compar i -  

s o n s  between them a r e  m e a n i n g l e s s .  S i n c e  b o t h  t h e  Reynolds 

number and t h e  boundary l a y e r  t h i c k n e s s  v a r y  w i t h  t h e  f r e e -  

s t r e a m  v e l o c i t y ,  i t  i s  d i f f i c u l t  t o  d e c i d e  which p a r a m e t e r  

c a u s e s  t h e  d i f f e r e n c e s  between t h e  c u r v e s  f o r  t h e  two v e l o c i -  

t i e s  on t h i s  g r a p h .  

The combined e f f e c t  of  b o t h  f r e e  s t r e a m  v e l o c i t y  and i n -  

j e c t i o n  t u b e  d i a m e t e r  a t  a  f i x e d  v a l u e  of t h e  Reynolds number, 

UWD/vm, c a n  b e  obse rved  i n  F i g u r e  1 3 .  The d a t a  f o r  t h e  l a r -  

g e r  d i a m e t e r  t u b e  a r e  t a k e n  from r e f e r e n c e s  1 and 2 .  The 

s o l i d  symbols ,  r e p r e s e n t i n g  t h e  l a r g e r  d i a m e t e r  t u b e  and 

lower  f r e e s t r e a m  v e l o c i t y ,  show t h e  c e n t e r l i n e  f i l m  c o o l i n g  

e f f e c t i v e n e s s  t o  be h i g h e r  t h a n  t h e  open symbols t h a t  r e p r e -  



s e n t  t h e  r u n s  w i t h  t h e  s m a l l e r  d i a m e t e r  t u b e  and h i g h e r  v e l -  

o c i t y .  T h i s  i n d i c a t e s  t h a t  t h e  boundary l a y e r  t h i c k n e s s  i n -  

f l u e n c e s  t h e  e f f e c t i v e n e s s .  

F i g u r e  14 shows t h e  c e n t e r l i n e  f i l m  c o o l i n g  e f f e c t i v e -  

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

t h e  d i m e n s i o n l e s s  boundary l a y e r  d isp lacement ,  t h i c k n e s s ,  

& * I D .  The d a t a  on t h i s  f i g u r e  i s  n o t  a l l  a t  one v a l u e  of 

t h e  Reynolds number, UWD/v,. The d a t a  w i t h  t h e  c l o s e d  p o i n t s  

on t h e  l e f t  o f  t h e  g raphs  a r e  f o r  t h e  l a r g e r  d i a m e t e r  h o l e  

[I] [ 2 3  ; t h e  d a t a  w i t h  t h e  open p o i n t s  on  t h e  r i g h t  r e f e r  t o  

t h e  s m a l l e r  d i a m e t e r  h o l e .  For  each  s e t ,  t h e  h i g h e r  v e l o c i t y  

r u n  l i e s  t o  t h e  l e f t  of t h e  lower v e l o c i t y  r u n .  The ,da ta  

show a  d e f i n i t e  t r e n d - - t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  d e -  

c r e a s e s  a s  t h e  d i m e n s i o n l e s s  boundary l a y e r  d i s p l a c e m e n t  

t h i c k n e s s  i s  i n c r e a s e d .  T h i s  t r e n d  seems q u i t e  r e a s o n a b l e .  

A s  t h e  i n j e c t e d  a i r  e n t e r s  t h e  mains t ream boundary l a y e r  it 

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

t h e  w a l l  f o r  a  t h i n n e r  boundary l a y e r .  T h i s  has  t h e  e f f e c t  

of t u r n i n g  t h e  i n j e c t e d  a i r  more r a p i d l y ,  d e c r e a s i n g  i t s  pen-  

e t r a t i o n ,  and t h e r e f o r e  l e a d i n g  t o  h i g h e r  v a l u e s  of  t h e  f i l m  

c o o l i n g  e f f e c t i v e n e s s .  

Data t a k e n  w i t h  a  row ( a c r o s s  t h e  s p a n )  of  i n j e c t i o n  h o l e s  

a r e  p r e s e n t e d  i n  F i g u r e s  1 5 - 1 7 .  The t u b e s ,  which a r e  a t  a n  
I 

a n g l e  of  35' w i t h  t h e  f l o w ,  a r e  spaced  l a t e r a l l y  a t  t h r e e  

d i a m e t e r  i n t e r v a l s .  Some v a l u e s  from F i g u r e  1 7  a r e  compared 

w i t h  d a t a  f o r  a  s i n g l e  h o l e  under  t h e  same c o n d i t i o n s  i n  



F i g u r e  1 8 .  A t  blowing r a t e s  of  M=0.5 and 1 . 0 ,  t h e r e  i s  

l i t t l e  d i f f e r e n c e  between t h e  d a t a  f o r  a  s i n g l e  h o l e  and 

f o r  a  row of  h o l e s .  The c e n t e r l i n e  v a l u e s  a r e  n e a r l y  i d e n -  

t i c a l  and t h e  v a l u e s  midway between h o l e s  (Z/D=1.5) a r e  o n l y  

s l i g h t l y  h i g h e r  f o r  a  row of  h o l e s .  

If t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  v a l u e s  f o r  a  row of  

h o l e s  i s  c a l c u l a t e d  from t h e  s u p e r p o s i t i o n  of  s i n g l e  h o l e  

v a l u e s  a s  i n  some f i l m  c o o l i n g  models ( a t  low blowing r a t e s )  

c e n t e r l i n e  v a l u e s  f o r  a  s i n g l e  h o l e  and a  row of  h o l e s  s h o u l d  

be n e a r l y  i d e n t i c a l  s i n c e  t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  f o r  

a  s i n g l e  h o l e  a t  Z/D=3.0 i s  v e r y  s m a l l .  S u p e r p o s i t i o n  a l s o  

p r e d i c t s  a n  e f f e c t i v e n e s s  f o r  a  row of h o l e s  t w i c e  a s  l a r g e  

a s  f o r  a  s i n g l e  h o l e  a t  Z/D=1.5. F i g u r e  18 shows t h a t  t h e  

c e n t e r l i n e  v a l u e s  compare f a v o r a b l y  a t  M=0.5 and a p p r o x i m a t e l y  

a t  M=1.0, b u t  t h e  d a t a  midway between h o l e s  (Z/D=1.5) do n o t  

f o l l o w  t h e  expec ted  t r e n d  ( i . e .  t h e y  a r e  n o t  s i g n i f i c a n t l y  

l a r g e r  f o r  t h e  row of  h o l e s ) .  

L a t e r a l  a v e r a g e s  f o r  some of  t h e  m u l t i p l e  h o l e  d a t a  and 

p r e d i c t e d  l a t e r a l  a v e r a g e s  from s i n g l e  h o l e  d a t a  a r e  p r e s e n t e d  

i n  F i g u r e  1 9 .  Also  shown i s  a  c o r r e l a t i o n  [ 6 ]  f o r  t h e  f i l m  

c o o l i n g  e f f e c t i v e n e s s  downstream of a  two d i m e n s i o n a l  s l o t  

a t  a n  a n g l e  of 35' f o r  M=0.5. The o u t l e t  a r e a  of t h e  s l o t  

i s  c o n s i d e r e d  t o  be t h e  same a s  t h e  a r e a  of t h e  row of h o l e s  

spaced  a t  t h r e e  d i a m e t e r  i n t e r v a l s .  The mass i n j e c t i o n  p e r  

u n i t  s p a n  i s  t h u s  t h e  same f o r  t h e  row of  h o l e s  and f o r  t h e  

s l o t  a t  t h e  same blowing r a t e .  For M=0.5 t h e  p r i n c i p l e  of 



s u p e r p o s i t i o n  p r e d i c t s  s l i g h t l y  h i g h e r  spanwise  a v e r a g e  e f -  

f e c t i v e n e s s  f o r  a  row of  h o l e s  t h a n  was measured.  Both t h e  

p r e d i c t e d  and t h e  measured a v e r a g e  v a l u e s  f o r  t h e  row of  

h o l e s  f a l l  below t h e  v a l u e  f o r  s l o t  i n j e c t i o n .  A t  M=1.0 

agreement  between superimposed s i n g l e  h o l e  and m u l t i p l e  h o l e  

d a t a  i s  q u i t e  good f o r  a b o u t  t h e  f i r s t  25 d i a m e t e r s  downstream 

of i n j e c t i o n .  F u r t h e r  downstream t h e  c e n t e r l i n e  s i n g l e  h o l e  

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

remain  f a i r l y  c o n s t a n t .  

D i f f e r e n c e s  i n  t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  f o r  i n j e c -  

t i o n  t h r o u g h  a  s i n g l e  h o l e  and i n j e c t i o n  th rough  a  row of 

h o l e s  a p p e a r  a t  h i g h e r  blowing r a t e s  ( F i g .  18  and 1 9 ) .  Where- 

a s  t h e  s i n g l e  h o l e  r e s u l t s  f o r  M=1.5 and 2.0 d e c r e a s e  w i t h  

X / D  t o  v e r y  s m a l l  v a l u e s  of  q, t h e  row of  h o l e s  d a t a  approach  

a  r e l a t i v e l y  c o n s t a n t  v a l u e  of q. A t  M=1.5, t h e  c e n t e r l i n e  

f i l m  c o o l i n g  e f f e c t i v e n e s s  of  t h e  row of  h o l e s  remains  a t  

a p p r o x i m a t e l y  0 . 1  w h i l e  t h e  e f f e c t i v e n e s s  midway between 

h o l e s  (Z/D=1.5) i n c r e a s e s  t o  t h i s  v a l u e  a s  t h e  j e t s  s p r e a d .  

The measured f o r  a  row of  h o l e s  i n c r e a s e s  s l i g h t l y  w i t h  

X / D  w h i l e  d e c r e a s e s  when c a l c u l a t e d  from measurements f o r  
P  

a  s i n g l e  h o l e  a t  M=1.5. A t  M=2.0, b o t h  t h e  c e n t e r l i n e  and 

be tween-ho le  e f f e c t i v e n e s s e s  i n c r e a s e  t o  approx imate ly  0 .13  

a t  X/D=20. The i n c r e a s e  i n  e f f e c t i v e n e s s  from t h e  i n j e c t i o n  

l o c a t i o n  t o  X/D=20 i s  p r o b a b l y  due t o  j e t  s p r e a d i n g  toward 

t h e  w a l l .  The s i n g l e  h o l e  e f f e c t i v e n e s s  a t  M=2.0 i s  much 

s m a l l e r  ( t o o  s m a l l  t o  measure a t  Z/D=1.5 and t o o  s m a l l  t o  



- 
e v a l u a t e  f i  and { a c c u r a t e l y ) .  TI f o r  a  row of h o l e s  a t  M = 2 . 0  

P  
i n c r e a s e s  t o  a  c o n s t a n t  v a l u e  of approximately  0 .13 .  

These d i f f e r e n c e s  between s i n g l e  h o l e  and m u l t i p l e  h o l e  

i n j e c t i o n  can a l s o  be observed on F igure  20 where t h e  c e n t e r -  

l i n e  v a l u e  of t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  i s  c r o s s - p l o t t e d  

a g a i n s t  t h e  blowing parameter  M a t  s e v e r a l  a x i a l  p o s i t i o n s .  

The peak e f f e c t i v e n e s s  f o r  s i n g l e  ho l e  i n j e c t i o n  i s  l o c a t e d  

a t  a  blowing r a t e  of approximately  0 .5  a s  i t  was i n  E l ]  and [z] . 
The v a l u e s  f o r  m u l t i p l e  h o l e  i n j e c t i o n  a r e  h ighe r  than  t h e i r  

c o u n t e r p a r t s  f o r  s i n g l e  h o l e  i n j e c t i o n  a t  t h e  h ighe r  blowing 

r a t e s .  The i nc rea sed  e f f e c t i v e n e s s  of a  row of ho l e s  compared 

t o  a  s i n g l e  ho l e  i s  a t t r i b u t e d  t o  t h e  g r e a t e r  blockage t h a t  

t h e  main f low f a c e s  w i t h  t h e  row of j e t s .  There i s  l e s s  a r e a  

a v a i l a b l e  f o r  t h e  mainstream t o  f low around and under t h e  row 

of j e t s  t han  w i th  a  s i n g l e  j e t .  This  i s  p a r t i c u l a r l y  t r u e  

some d i s t a n c e  downstream of i n j e c t i o n ,  r e s u l t i n g  i n  a  g r e a t e r  

t u r n i n g  of t h e  row of j e t s  f o r c i n g  t h e  f low down towards t h e  

w a l l .  Higher e f f e c t i v e n e s s  i s  no t  observed a t  low blowing 

r a t e s  f o r  a  row of ho l e s  s i n c e  t h e  j e t s  do no t  t hen  s i g n i f i -  

c a n t l y  d e p a r t  from t h e  w a l l .  

F igures  2 1  and 2 2  p r e s e n t  f i l m  coo l ing  e f f e c t i v e n e s s  r e -  

s u l t s  f o r  i n j e c t i o n  a t  l a t e r a l  ang l e s  of 35 and 15 degrees  

r e s p e c t i v e l y .  The f i l m  coo l ing  e f f e c t i v e n e s s  i s  p re sen t ed  

a s  a  f u n c t i o n  of l a t e r a l  p o s i t i o n  Z / D  wi th  l o c a t i o n  i n  t h e  

f low d i r e c t i o n  X / D  a s  a  paramete r .  The p r o j e c t i o n s  of t h e  

i n s i d e  edges of t h e  c i r c u l a r  tube  through which t h e  secondary 



f l u i d  i s  i n j e c t e d  a r e  shown on the  Z / D  a x i s  a t  '0.87 f o r  

@=3S0 and '1.93 f o r  @ = l S O .  Values of fi f o r  i n j e c t i o n  through 

t h e s e  l a t e r a l l y  i n c l i n e d  tubes  a r e  p resen ted  i n  F igure  23. 

I n  t h e s e  t e s t s  t h e  h i g h e s t  va lues  of bo th  t h e  peak e f f e c t i v e -  

ness  and t h e  l a t e r a l  i n t e g r a l  of t he  e f f e c t i v e n e s s  f o r  @=3S0 

occur a t  M=0.5 near  t h e  h o l e .  Downstream t h e  l a t e r a l  i n t e g r a l  be- 

comes s l i g h t l y  l a r g e r  f o r  M = 1 . 0  a s  compared t o  M=0.5. Ef-  

f e c t i v e n e s s  va lues  f o r  M=2.0 a r e  ve ry  low, i n d i c a t i n g  t h a t  

t h e  j e t  has p e n e t r a t e d  i n t o  t h e  main f l ow .  For Q=15O t h e  

maximum l o c a l  e f f e c t i v e n e s s  f o r  M=1.0 i s  s l i g h t l y  h ighe r  than  

f o r  M=0.5, bu t  t h e  wider f i e l d  of h igh  e f f e c t i v e n e s s  and t h e  

l a r g e r  v a l u e s  of 6 f o r  M=0.5 i n d i c a t e  t h a t  t h i s  i s  t h e  more 

e f f e c t i v e  blowing r a t e .  The v a l u e s  of fi a r e  h ighe r  f o r  @ = l S O  

than  f o r  @=35'. The j e t  i s  expected t o  remain c l o s e r  t o  t h e  

w a l l  f o r  t h e  sma l l e r  ang le  r e s u l t i n g  i n  a  l a r g e r  f i l m  coo l ing  

e f f e c t i v e n e s s .  I n  gene ra l  t h e  l a t e r a l l y  i n t e g r a t e d  e f f e c - -  

t i v e n e s s  (6) wi th  l a t e r a l  i n j e c t i o n  i s  h igher  t han  f o r  i n j  ec-  

t i o n  through the  s i n g l e  ho l e  i n c l i n e d  downstream excep t  f a r  

downstream a t  F I = 0 . 5 .  

To show t h e  e f f e c t  of normal i n j e c t i o n  on t h e  t o t a l  

coo l ing  e f f e c t  of a  j e t ,  l a t e r a l  i n t e g r a l s  of d a t a  from [l] 

and 1 2 3  a r e  p r e sen t ed  i n  F igure  2 4 .  The open symbols a r e  f o r  

normal i n j e c t i o n ,  t he  s o l i d  ones a r e  f o r  i n j e c t i o n  a t  an  ang- 

l e  of 35' w i th  t h e  f low.  The s o l i d  symbols from t h i s  p l o t  

d i f f e r  from t h e  d a t a  from Figure  23 f o r  i n j e c t i o n  a t  an  

ang le  of 35' wi th  t h e  f low because of d i f f e r e n t  v a l u e s  of 



f r e e  s t r e a m  v e l o c i t y  and h o l e  d i a m e t e r  ( c f .  F i g u r e  1 4 ) .  A t  

M=0.5, where t h e  j e t s  r ema in  n e a r  t h e  w a l l ,  F i g u r e  24 shows 

t h a t  i n j e c t i o n  a t  a n  a n g l e  o f  35' w i t h  t h e  f l o w  y i e l d s  h i g h e r  

i n t e g r a t e d  v a l u e s  of t h e  f i l m  c o o l i n g  e f f e c t i v e n e s s  t h a n  n o r -  

mal i n j e c t i o n  d o e s .  A t  M=1.0, where b o t h  j e t s  p e n e t r a t e  i n t o  

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

normal i n j e c t i o n  ( p o s s i b l y  due  t o  t h e  g r e a t e r  j e t  mixing  and 

s p r e a d i n g  w i t h  normal  i n j  e c t i o n )  . 
F i g u r e s  25 and 26 c o n t a i n  c o n t o u r s  of c o n s t a n t  f i l m  

c o o l i n g  e f f e c t i v e n e s s  on t h e  f l o o r  of t h e  t e s t  s e c t i o n .  

These  c u r v e s  a r e  de te rmined  by a n  i n t e r p o l a t i o n  scheme t h a t  

f i t s  q u a d r a t i c  e q u a t i o n s  t o  s e t s  of t h r e e  d a t a  p o i n t s .  F i g -  

u r e  25 i s  f o r  d a t a  a t  M=0.5; F i g u r e  26 i s  f o r  M=1.0. On each  

f i g u r e  t h e  topmost  p o r t i o n  i s  f o r  i n j e c t i o n  a t  a n  a n g l e  w i t h  

t h e  f l o w  (8 )  of  35' and midd le  and l o w e s t  s e c t i o n s  a r e  f o r  

l a t e r a l  i n j e c t i o n  a t  a n g l e s  of 35 and 1 5  d e g r e e s  r e s p e c t i v e l y .  

Thus t h e  d e g r e e  of l a t e r a l  i n j e c t i o n  i n c r e a s e s  from t o p  t o  

bot tom of each  f i g u r e .  A t  M=O.S,a b lowing r a t e  f o r  which t h e  

j e t  i s  n o t  b e l i e v e d  t o  l e a v e  t h e  w a l l  when i n j e c t e d  w i t h  t h e  

f l o w ,  F i g u r e  25 shows t h a t  t h e  e f f e c t  of l a t e r a l  i n j e c t i o n  

i s  t o  widen t h e  t e m p e r a t u r e  f i e l d  w h i l e  r e d u c i n g  t h e  peak  

v a l u e s  o f  t h e  e f f e c t i v e n e s s .  For  M=1.0, where t h e  j e t  i s  

b e l i e v e d  t o  p e n e t r a t e  i n t o  t h e  main s t r e a m  when i n j e c t e d  

downstream w i t h  8=35' (@=90°) ,  F i g u r e  26 shows t h a t  t h e  e f f e c t  

of l a t e r a l  i n j e c t i o n  i s  t o  b o t h  widen t h e  t e m p e r a t u r e  f i e l d  

and i n c r e a s e  t h e  maximum e f f e c t i v e n e s s .  Thus ,  a t  h i g h  blow- 



i n g  r a t e s  where t h e  j e t  l e a v e s  t h e  w a l l  when i n j e c t e d  down- 

s t r e a m  (f3=3s0, @=go0) t h e  i n t r o d u c t i o n  of  l a t e r a l  i n j e c t i o n  

w i l l  h o l d  t h e  j e t  c l o s e r  t o  t h e  w a l l  and do a  more e f f e c t i v e  

job o f  f i l m  c o o l i n g .  

To i l l u s t r a t e  t h e  e f f e c t  of normal i n j e c t i o n ,  l i n e s  o f  

c o n s t a n t  f i l m  c o o l i n g  e f f e c t i v e n e s s  f o r  d a t a  t a k e n  from r e f -  

e r e n c e s  1 and 2 a r e  p r e s e n t e d  i n  F i g u r e  27. The upper  two 

d iag rams  a r e  f o r  i n j e c t i o n  normal t o  t h e  f l o w ;  t h e  lower two 

a r e  f o r  i n j e c t i o n  a t  an a n g l e  of  35' w i t h  t h e  f l o w .  The 

lower two d iagrams d i f f e r  from t h e  upper  p o r t i o n s  o f  F i g u r e s  

25 and 26 because  of d i f f e r e n t  v a l u e s  o f  f r e e  s t r e a m  v e l o c i t y  

and h o l e  d i a m e t e r  ( c f .  F i g u r e  1 4 ) .  The d i a m e t e r  of t h e  i n -  

j e c t i o n  t u b e s  used  i n  [I] and 12 1 was 2.35 cm and t h e  f r e e  

s t r e a m  v e l o c i t y  f o r  t h e  d a t a  i n  F i g u r e  2 7  was 61 .0  m / s .  The 

d a t a  i n  F i g u r e s  25 and 26 was t a k e n  w i t h  1 . 1 8  cm d i a m e t e r  i n -  

j e c t i o n  t u b e s  and a t  a  f r e e  s t r e a m  v e l o c i t y  of  30 .5  m / s .  

V I I .  RESUME 

An 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  h a s  been  conducted  t o  

d e t e r m i n e  t h e  a d i a b a t i c  w a l l  t e m p e r a t u r e  d i s t r i b u t i o n  p r o -  

duced by f i l m  c o o l i n g  on  a  f l a t  p l a t e .  An a i r  s t r e a m  f l o w s  

a l o n g  t h e  f l a t  s u r f a c e  forming a  t u r b u l e n t  boundary l a y e r ,  

and secondary  a i r  i s  i n j e c t e d  i n t o  t h i s  s t r e a m  from c i r c u l a r  

t u b e s  t h a t  end f l u s h  w i t h  t h e  w a l l .  Four d i f f e r e n t  i n j e c -  

t i o n  sys tems  a r e  u s e d - - a  s i n g l e  t u b e  i n c l i n e d  a t  a n  a n g l e  of 

35' w i t h  t h e  f l o w ,  a  row of  t u b e s  a l s o  a t  a n  a n g l e  of 35' 



w i t h  t h e  f l o w  and spaced  a t  t h r e e  d i a m e t e r  i n t e r v a l s ,  and 

s i n g l e  t u b e s  a t  l a t e r a l  a n g l e s  of 3 5  and 1 5  d e g r e e s .  The 

f i l m  c o o l i n g  e f f e c t i v e n e s s  f o r  s i n g l e  h o l e  i n j e c t i o n  a t  a n  

a n g l e  of 35' w i t h  t h e  f l o w  v a r i e s  n o t  o n l y  w i t h  p o s i t i o n  and 

b lowing r a t e ,  b u t  a l s o  d e c r e a s e s  a s  t h e  d i m e n s i o n l e s s  boun- 

d a r y  l a y e r  d i s p l a c e m e n t  t h i c k n e s s  6 * / D  i s  i n c r e a s e d .  L i t t l e  

d i f f e r e n c e  i n  f i l m  c o o l i n g  e f f e c t i v e n e s s  between s i n g l e  h o l e  

and m u l t i p l e  h o l e  i n j e c t i o n  i s  o b s e r v e d  f o r  M=0.5. The e f f e c -  

t i v e n e s s  f o r  m u l t i p l e  h o l e s ,  comparing i t  w i t h  t h e  p r e d i c -  

t i o n s  from t h e  s i n g l e  h o l e  e x p e r i m e n t s  by s u p e r p o s i t i o n ,  i s  

s i g n i f i c a n t l y  h i g h e r  a t  h i g h e r  b lowing r a t e s .  The e f f e c t  of  

l a t e r a l  i n j e c t i o n  t h r o u g h  a  s i n g l e  h o l e  i s  t o  widen t h e  tem- 

p e r a t u r e  f i e l d  and t o  d e c r e a s e  t h e  peak e f f e c t i v e n e s s  f o r  t h e  

low blowing r a t e  (M=0.5)  i n  which t h e  j e t  r ema ins  n e a r  t h e  
4 

w a l l  i n  any a r rangement .  For h i g h e r  blowing r a t e s  i n  which 

t h e  j e t  p e n e t r a t e s  i n t o  t h e  ma ins t r eam,  l a t e r a l  i n j e c t i o n  

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

w i d t h  of  t h e  t e m p e r a t u r e  f i e l d  and t h e  peak  f i l m  c o o l i n g  

e f f e c t i v e n e s s .  
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F i g .  l ( a )  I n j e c t i o n  segment and c o o r d i n a t e  sys tem f o r  a  row 
of  i n c l i n e d  j e t s .  D e t a i l  and f l o w  f i e l d  a r e  shown 
f o r  o n l y  a  s i n g l e  j e t  i n t e r a c t i n g  w i t h  a  ma ins t ream.  

F i g .  l ( b )  Flow f i e l d  and c o o r d i n a t e  sys tem a s s o c i a t e d  w i t h  a  
l a t e r a l l y  i n c l i n e d  j e t  i n t e r a c t i n g  w i t h  a  mains t ream.  
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F i g .  2 Wind tunnel. 



LATERAL WALL TEMPERATURE PROFILES 

---- SINGLE HOLE ,q, 
ROW OF HOLES, CT,  

F i g .  3 S u p e r p o s i t i o n  of s i n g l e  h o l e  r e s u l t s  t o  p r e d i c t  l o c a l  e f f e c t i v e n e s s  f o r  i n -  
j e c t i o n  th rough  a row of h o l e s .  
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DIMENSIOMLESS BISTANCE STREAM, X/D 
F i g .  13  The e f f e c t  of f r e e s t r e a m  v e l o c i t y  and i n j e c t i o n  t u b e  

d i a m e t e r  a t  c o n s t a n t  U,D/v on a x i a l  f i l m  c o o l i n g  e f f e c -  
t i v e n e s s  d i s t r i b u t i o n s  f o r  s i n g l e  h o l e  i n j e c t i o n  a t  a n  
a n g l e  of 35' w i t h  t h e  f l o w .  



DIMENSIONLESS BOUNDARY LAY E R 

DISPLACEMENT THICKNESS , aX/D 
Fig. 14 The effect of dimensionless boundary layer displacement 

thickness on centerline film cooling effectiveness for 
injection through a single hole at an angle of 3S0 with 
the flow. 
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EIMENSLONLESS DISTANCE DOWNSTREAM X/ D 

Fig. 17 Axial film cooling effectiveness distributions f v  in- 
jection through a row of holes at an angle of 35 with 
the main flow, U,=30.5 m/s, M=0.5, 1.0, 1.5, 2.0. 



DIMENSIONLESS DISTANCE DOWNSTREAM X / D  

F i g .  18 Comparison of single and multiple hole in'ection for 
injection through holes at an angle of 35& with the flow. 





BLOWING RATE , M 

Fig. 2 0  Effect of blowing rate on centerline film cooling effectiveness for single 
hole and multiple hole injection at an angle of 3.5' with the flow. 
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DIMENSIONLESS DISTANCE DOWNSTREAM , X/D 
F i g .  2 3  Comparison of t h e  l a t e r a l  i n t e g r a l  of t Q e  f i l m  c o o l i n g  e f f e c t i v e n e s s  f o r  

s i n g l e  h o l e  i n j e c t i o n  a t  an  a n g l e  of  35 w i t h  t h e  f l o w  and a t  l a t e r a l  
a n g l e s  of 35' and 15'. 
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DIMENSIONLESS DISTANCE DOWNSTREAM X /  D 

Fig .  25  Lines of c o n s t a n t  f i l m  coo l ing  e f f e c t i v e n e s s  for 
s i n g l e  h o l e  i n j e c t i o n  a t  M=0.5. 



DIMENSIONLESS DISTANCE DOWNSTREAM X/D 

Fig. 26 Lines of constant film cooling effectiveness for 
single hole injection at M=1.0. 
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