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ABSTRACT 

Prog rams  t o  d e v e l o p  r e s e a r c h  i n s t r u m e n t a t i o n  f o r  
use  i n  t u r b i n e  e n g i n e  h o t  s e c t i o n s  a r e  d e s c r i b e d .  
These p r o g r a m s  were i n i t i a t e d  t o  p r o v i d e  i m p r o v e d  mea- 
s u r e m e n t s  c a p a b i l i t y  as  s u p p o r t  f o r  a m u l t i d i s c i p l i -  
n a r y  e f f o r t  t o  e s t a b l i s h  t e c h n o l o g y  l e a d i n g  t o  
i m p r o v e d  h o t  s e c t i o n  d u r a b i l i t y .  S p e c i f i c  measuremen t  
sys tems  d e s c r i b e d  h e r e  i n c l u d e  h e a t  f l u x  s e n s o r s ,  a 
dynamic  gas t e m p e r a t u r e  m e a s u r i n g  s y s t e m s ,  l a s e r  ane-  
momet ry  for h o t  s e c t i o n  a p p l i c a t i o n s ,  a n  o p t i c a l  s y s -  
tem fo r  v i e w i n g  t h e  i n t e r i o r  o f  a c o m b u s t o r  d u r i n g  
o p e r a t i o n ,  t h i n  f i l m  s e n s o r s  f o r  s u r f a c e  t e m p e r a t u r e  
and  s t r a i n  measuremen ts ,  and  h i g h  t e m p e r a t u r e  s t r a i n  
m e a s u r i n g  s y s t e m s .  The p a p e r  w i l l  d e s c r i b e  t h e  s t a t e  
o f  d e v e l o p m e n t  o f  t h e s e  s e n s o r s  and  m e a s u r i n g  sys tems  
and ,  i n  some c a s e s ,  w i l l  show examp les  o f  measuremen ts  
made w i t h  t h i s  i n s t r u m e n t a t i o n .  The p a p e r  c o v e r s  work 
done a t  t h e  NASA L e w i s  R e s e a r c h  C e n t e r  and  a t  v a r i o u s  
c o n t r a c t  a n d  g r a n t  f a c i  1 i t i  e s .  

INTRODUCTION 

The Turb ine E n g i n e  Hot S e c t i o n  T e c h n o l o g y  (HOST) 
P r o g r a m  was s t a r t e d  b y  NASA i n  t h e  l a t e  1 9 7 0 ' s  i n  
o r d e r  t o  d e v e l o p  t e c h n o l o g y  l e a d i n g  t o  i m p r o v e d  h o t  
s e c t i o n  d u r a b i l i t y .  The p r o g r a m  was a m u l t i d i s c i p l i -  
n a r y  e f f o r t  i n v o l v i n g  s t r u c t u r e s ,  s u r f a c e  p r o t e c t i o n ,  
f a t i g u e ,  c o m b u s t i o n ,  h e a t  t r a n s f e r ,  and  i n s t r u m e n t a -  
t i o n .  The o b j e c t i v e  o f  t h e  i n s t r u m e n t a t i o n  p o r t i o n  o f  
t h e  p r o g r a m  was t o  d e v e l o p  i m p r o v e d  measuremen ts  capa-  
b i l i t y  t o  measure  t h e  e n v i r o n m e n t  w i t h i n  t h e  hot 
s e c t i o n  and  measure  t h e  r e s p o n s e  of h o t  s e c t i o n  compo- 
n e n t s  t o  t h a t  imposed  e n v i r o n m e n t .  I n s t r u m e n t  d e v e l o p -  
ment  p r o g r a m s  t h a t  r e s u l t e d  i n c l u d e d  t h e  fo l low ing :  

f l u x  o n . c o m b u s t o r  l i n e r s  and  t u r b i n e  a i r f o i l s .  

a t i n g  component  o f  c o m b u s t o r  e x i t  t e m p e r a t u r e  w i t h  a 
f r e q u e n c y  r e s p o n s e  t o  1000  H2. 

a p p l i c a t i o n s  i n  h o t  s e c t i o n s .  

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

( 1 )  D e v e l o p m e n t  o f  s e n s o r s  f o r  m e a s u r i n g  t h e  h e a t  

( 2 )  D e v e l o p m e n t  o f  a s y s t e m  t o  measure  t h e  f l u c t u -  

( 3 )  Deve lopmen t  o f  l a s e r  anemometer t e c h n i q u e s  for  

( 4 )  D e v e l o p m e n t  o f  an o p t i c a l  s y s t e m  f o r  v i e w i n g  

(5) D e v e l o p m e n t  of h igh  t e m p e r a t u r e  s t r a i n  measur -  
i n g  s y s t e m s .  

I n  a d d i t i o n  t o  t h i s ,  a m a j o r  e f f o r t  was s t a r t e d  
j u s t  p r i o r  t o  t h e  s t a r t  o f  HOST t o  d e v e l o p  t h i n  f i l m  
s e n s o r s  for  a p p l i c a t i o n s  i n  h o t  s e c t i o n s ,  p a r t i c u l a r l y  
f o r  t h e  measuremen t  o f  t u r b i n e  a i r f o i l  s u r f a c e  tempera -  
t u r e .  

o f  t h e s e  s e n s o r s  a n d  m e a s u r i n g  sys tems  a n d ,  i n  some 
c a s e s ,  w i l l  show e x a m p l e s  of measuremen ts  made w i t h  
t h i s  new i n s t r u m e n t a t i o n .  The work d e s c r i b e d  was done 
a t  t h e  NASA L e w i s  R e s e a r c h  C e n t e r  and  a t  v a r i o u s  con-  
t r a c t  a n d  g r a n t  f a c i l i t i e s .  

HEAT FLUX SENSORS 

T h i s  p a p e r  w i l l  d e s c r i b e  t h e  s t a t e  o f  d e v e l o p m e n t  

One o f  t h e  i m p o r t a n t  e n v i r o n m e n t a l  p a r a m e t e r s  i n  
t h e  h o t  s e c t i o n  i s  h e a t  f l u x .  The h e a t  f l u x  i s  one  o f  
t h e  v a r i a b l e s  i n  t h e  h e a t  b a l a n c e  e q u a t i o n  w h i c h  e s t a b -  
l i s h e s  t h e  c o o l i n g  r e q u i r e m e n t s  and  t h e  a n t i c i p a t e d  
s u r f a c e  t e m p e r a t u r e  o f  a h o t  s e c t i o n  componen t .  T h e r e  
i s  n o t  s u f f i c i e n t  k n o w l e d g e  of h e a t  t r a n s f e r  c o e f f i -  
c i e n t s  u n d e r  e n g i n e  o p e r a t i n g  c o n d i t i o n  t o  p e r m i t  p r e -  
d i c t i o n  of s u r f a c e  t e m p e r a t u r e s  t o  w i t h i n  a c c e p t a b l e  
a c c u r a c y .  T h i s  i s  e s p e c i a l l y  t r u e  as h e a t  f l u x e s  
a p p r o a c h  1 MW/m2. I n i t i a l  w o r k  was d i r e c t e d  a t  d e v e l -  
o p i n g  s e n s o r s  f o r  use  i n  c o m b u s t o r  l i n e r s  ( A t k i n s o n  
e t  a l . ,  1983 ;  A t k i n s o n  a n d  S t r a n g e ,  1982 ;  A t k i n s o n  
e t  a l . ,  1 9 8 5 a ) .  I n  l a t e r  work s e n s o r s  were  moun ted  
i n t o  a i r  c o o l e d  b l a d e s  and  vanes  ( A t k i n s o n  e t  a l . ,  
1984 ;  A t k i n s o n  e t  a l . ,  1 9 8 5 b ) .  

w h i c h  t h e  t e m p e r a t u r e  d i f f e r e n c e  p r o p o r t i o n a l  t o  h e a t  
c o n d u c t i o n  t h r o u g h  t h e  s e n s o r  b o d y  i s  measured .  O i f -  
f e r e n t i a l  t h e r m o c o u p l e s  u s i n g  t h e  s e n s o r  b o d y  m a t e r i a l  
a s  p a r t  of t h e  c i r c u i t  we re  u s e d  t o  measure  t h e  t e m p e r -  
a t u r e  d i f f e r e n c e s .  C a l i b r a t i o n s  ( H o l a n d a ,  1984)  were  
made o f  t h e  t h e r m o e l e c t r i c  p o t e n t i a l  o f  a number o f  
e n g i n e e r i n g  a l l o y s  and  t h e s e  e s t a b l i s h e d  t h e  v a l i d i t y  
o f  t h i s  a p p r o a c h ,  w h i c h  c o n s i d e r a b l y  s i m p l i f i e d  f a b r i -  
c a t i o n .  

F i g u r e s  1 and  2 show t h e  s e n s o r s  t h a t  were  d e v e l -  
oped for c o m b u s t o r  l i n e r s .  The s e n s o r  i s  b u i l t  i n t o  a 
H a s t e l l o y  X d i s k  0.8 cm i n  d i a m e t e r  and  t h e  same t h i c k -  
n e s s  as  t h e  l i n e r .  A f t e r  c a l i b r a t i o n  o f  t h e  s e n s o r  

S e n s o r  d e s i g n s  f o l l o w e d  c o n v e n t i o n a l  c o n c e p t s  i n  
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t h e  d i s k  i s  w e l d e d  i n t o  a h o l e  c u t  i n  t h e  l i n e r .  F i g -  
u r e  1 shows t h e  embedded t h e r m o c o u p l e  s e n s o r .  The 
d iSK  i s  g r o o v e d  so t h a t  0.25 mm o u t s i d e  d i a m e t e r  
s h e a t h e d ,  s i n g l e  c o n d u c t o r  t h e r m o c o u p l e  w i r e  c a n  be 
l a i d  i n t o  t h e  g r o o v e s  and c o v e r e d  w i t h  w e l d  m a t e r i a l .  
The t h e r m o c o u p l e  w i r e s  a r e  I S A  Type K ,  C h r o m e l - A l u m e l ,  
and s i n g l e  c o n d u c t o r  l e a d s  a r e  u s e d  so as  t o  m a i n t a i n  
good i q s u l a t i o n  r e s i s t a n c e  b e t w e e n  t h e  w i r e  and t h e  

I c c a t e d  o n  t h e  h o t  and c o l d  s i d e  o f  t h e  s e n s o r  b o d y  
and a Cnromel  j u n c t i o n  i s  added  t o  t h e  c o l d  s i d e .  A 
' v o l t a g e  measurement  be tween  t h e  A l u m e l  l e a d w i r e s  ( i . e . ,  
; s i n g  t h e  A l u m e l - H a s t e l l o y  X-Alumel  d i f f e r e n t i a l  t h e r -  
n o c o u p l e )  c r o v i d e s  The n o t - t o - c o l d  s i d e  t e m p e r a t u r e  
i i F f e r e r i c e  o r o p o r t i o n a l  t o  t h e  o n e - d i m e n s i o n a l  h e a t  
f low t i r s u g n  t h e  s e n s o r  body  a t  t h a t  p o i n t .  A measure-  
v e n t  u s i n g  r h e  c o n v e n t i o n a l  C h r o m e l - A l u m e l  the rmocou-  
3 i e  s r o v i d e s  The c o l d  s i d e  t e m p e r a t u r e  o f  t h e  s e n s o r .  

:ne ;enso r  x a y  nas a 1 . 5  mm d i a m e t e r  c y l i n d r i c a l  
c a v i r j i  3n t n e  c o l d  s i d e  so t h a t  a t h i n  membrane o f  
; n a r e ~ . i a l  i s  l e f t  o n  t h e  h o t  s i d e .  A l u m e l  w i r e s  a r e  
p o s i r i o n e d  so t h e  j u n c t i o n s  a r e  f o r m e d  w i t h  t h e  
H a s t e l l o y  A a t  t h e  c e n t e r  o f  t h e  membrane and  h a l f w a y  
up :ne s i d e H a l 1  o f  t h e  c a v i t y .  A Chrome1 w i r e  j u n c t i o n  
i s  a l s o  made o n  t h e  s i d e w a l l  o f  t h e  c a v i t y .  A f t e r  t h e  
t h e r m o c o u p l e s  a r e  i n s t a l l e d ,  t h e  c a v i t y  i s  f i l l e d  w i t h  
c e r a m i c  cemen t .  

S e n s o r s  o f  t h e  embedded t h e r m o c o u p l e  a n d  Gardon  
Gage t y p e s  have  a l s o  been b u i l t  i n t o  a i r  c o o l e d  b l a d e s  
and v a n e s .  I n  t h e  case  o f  t u r b i n e  b l a d e s ,  t w o - p i e c e  
b l a d e s  were u s e d  and  t h e  s e n s o r s  were  i n s t a l l e d  from 
t h e  c o o l i n g  passage  s i d e  of t h e  b l a d e .  The two b l a d e  
h a l v e s  were t h e n  j o i n e d  b y  b r a z i n g .  I n  t h e  case  o f  
v a n e s ,  s e c t i o n s  o f  t h e  vane  w a l l  o p p o s i t e  t o  t h e  
d e s i r e d  s e n s o r  s i t e s  were removed  and  t h e  s e n s o r s  were  
i n s t a l l e d  t h r o u g h  t h e s e  " w i n d o w s . "  F i g u r e  3 d e p i c t s  
t h e  i n s t a l l a t i o n  p r o c e s s  o n  a t u r b i n e  v a n e .  

The h e a t  f l u x  s e n s o r s  were  c a l i b r a t e d  o v e r  a h e a t  
f l u x  r a n g e  up t o  1 .7  MW/m2 and a t e m p e r a t u r e  r a n g e  t o  
1250 K .  The c a l i b r a t i o n s  were a c c o m p l i s h e d  b y  impos-  
i n g  a known r a d i a n t  h e a t  f l u x  o n  t h e  h o t  s i d e  s u r f a c e  
o f  t h e  s e n s o r  and f l o w i n g  c o o l i n g  a i r  o v e r  t h e  c o l d  
s i d e  s u r f a c e .  The h o t  s i d e  s u r f a c e  was c o a t e d  w i t h  a 

t a n c e  and e m i t t a n c e  o f  0 . 8 9  o v e r  t h e  t e s t  t e m p e r a t u r e  
r a n g e .  I n  a i l  cases  t h e  r e f e r e n c e  t e m p e r a t u r e  was mea- 
s u r e d  and u s e d  t o  e s t i m a t e  t h e  h o t  s i d e  s u r f a c e  t e m p e r -  
a t u r e  so t h a t  e n e r g y  b e i n g  r a d i a t e d  away from t h e  h o t  
s u r f a c e  c o u l d  be c a l c u l a t e d  and  t a k e n  i n t o  a c c o u n t .  
E s t i m a t e s  o f  t h e  c o n v e c t i v e  h e a t  f l o w  from t h e  h o t  s u r -  
f a c e  were  a l s o  made and u s e d  i n  t h e  h e a t  b a l a n c e .  

The h e a t  f l u x  s e n s o r  c a l i b r a t i o n  sys tems  u s e d  banks  
o f  t u n g s t e n  f i l a m e n t  lamps e n c l o s e d  i n  q u a r t z  t u b e s  as  
h e a t  f l u x  s o u r c e s ;  t h e  most p o w e r f u l  o f  t h e s e  sys tems  
p r o v i d e d  h e a t  f l u x e s  up t o  1 . 7  M W / m 2 .  The q u a r t z  lamp 
r i g s  were c a p a b l e  o f  l o n g  t i m e  and  c y c l i c  o p e r a t i o n  a t  
r e d u c e d  h e a t  f l u x e s .  Thermal  c y c l i n g  and  d r i f t  t e s t s  
were r u n  o n  t h e s e  s e n s o r s  u s i n g  t h i s  c a p a b i l i t y .  

f l u x  s e n s o r s  have  i n d i c a t e d  t h a t  measuremen ts  c a n  be 
a c h i e v e d  f a i r l y  r e a d i l y  o n  c o m b u s t o r  l i n e r s ,  b u t  t h a t  
a c c u r a t e  measurements o n  a i r f o i l s  a r e  d i f f i c u l t  t o  
a c h i e v e .  Combus to r  l i n e r  measuremen ts  h a v e  been made 
b o t h  a t ' a  c o n t r a c t o r  f a c i l i t y  and  a t  NASA L e w i s  u s i n g  
s e n s o r s  whose c a l i b r a t i o n  u n c e r t a i n t y  i s  w i t h i n  e5 p e r -  
c e n t  o f  a n o m i n a l  f u l l  s c a l e  h e a t  f l u x  o f  1 MW/m2.  
F i g u r e  4 shows a n  i n s t r u m e n t e d  c o m b u s t o r  l i n e r  segmen t .  
F i g u r e  3 compares measured  v a l u e s  o f  h e a t  f l u x  con-  
a u c t e l  t h r o u g h  a c o m b u s t o r  l i n e r  and  r a d i a n t  f l u x  i n c i -  
d e n t  o n  t h e  l i n e r  a t  d i f f e r e n t  c o m b u s t o r  p r e s s u r e  
l e v e l s .  The r a d i a n t  h e a t  f l u x  was measured  w i t h  a com- 
m e r c i a l  r a d i o m e t e r .  The c o m b u s t o r  l i n e r  i n  t h i s  t e s t  

I e x t e r n a l  m e t a l  s h e a t h .  Grounded  A l u m e l  j u n c t i o n s  a r e  

'i3ur? 2 shows a Gardon  Gage s e n s o r .  I n  t h i s  case  

~ 

I h i g h  t e m p e r a t u r e  b l a c k  p a i n t  w i t h  a measured  a b s o r p -  

C a l i b r a t i o n  and p e r f o r m a n c e  t e s t s  on t o t a l  h e a t  

2 

was t h e  t y p e  w i t h  l o u v e r  l i p s  and b l e e d  h o l e s  t o  p r o -  
v i d e  f i l m  c o o l i n g  of t h e  h o t  s i d e  s u r f a c e .  The d a t a  of 
F i g .  5 i n d i c a t e  t h a t  t h e r e  i s  s i g n i f i c a n t  c o n v e c t i v e  
c o o l i n g  o f  t h e  h o t  s i d e  s u r f a c e  o f  t h e  c o m b u s t o r .  

f o i l s  i n d i c a t e  t h a t  t h e s e  s e n s o r s  a r e  s u f f i c i e n t l y  
s e n s i t i v e  t o  t r a n s v e r s e  g r a d i e n t s  i n  h e a t  f l u x  a n d  tem- 
p e r a t u r e  t h a t  a p p l i c a t i o n s  i n  b l a d e s  and  vanes  m u s t  be 
c a r e f u l l y  e v a l u a t e d .  The g r e a t e r  c o m p l e x i t y  o f  t h e  
a i r f o i l s  ( e . g . ,  h i g h  s u r f a c e  c u r v a t u r e  and  c o o l i n g  pas -  
sage s t r u c t u r e )  causes  more s e v e r e  g r a d i e n t s  t h a n  were  
e n c o u n t e r e d  i n  c o m b u s t o r  l i n e r s .  S e n s i t i v i t y  t o  t r a n s -  
v e r s e  g r a d i e n t s  i s  e s p e c i a l l y  a p p a r e n t  i n  t h e  Gardon  
gage s e n s o r  because  o f  i t s  l a c k  o f  symmet ry .  

DYNAMIC GAS TEMPERATURE MEASURING SYSTEM 

T e s t  r e s u l t s  from s e n s o r s  moun ted  i n  t u r b i n e  a i r -  

A n o t h e r  i m p o r t a n t  e n v i r o n m e n t a l  p a r a m e t e r  i n  t h e  
h o t  s e c t i o n  of a t u r b i n e  e n g i n e  i s  t h e  gas t e m p e r a t u r e .  
I n  g e n e r a l ,  m o s t  a t t e n t i o n  has been d i r e c t e d  a t  t h e  
t i m e - a v e r a g e  v a l u e  o f  gas t e m p e r a t u r e  r a t h e r  t h a n  t h e  
f l u c t u a t i n g  component  of gas t e m p e r a t u r e .  I t  i s  g e n e r -  
a l l y  a g r e e d  t h a t  t h e r e  may be s i g n i f i c a n t  t e m p e r a t u r e  
f l u c t u a t i o n  i n  t h e  gas e x i t i n g  a c o m b u s t o r  due t o  
i n c o m p l e t e  m i x i n g  of t h e  c o m b u s t i o n  and d i l u t i o n  gas 
s t r e a m s .  I t  i s  a l s o  a g r e e d  t h a t  t h e r m a l  c y c l i n g  o f  
t h e  s u r f a c e s  of  t u r b i n e  a i r f o i l s  c a n  r e s u l t  i n  s p a l l -  
i n g  of o x i d e  f i l m s  u s e d  for  c o r r o s i o n  p r o j e c t i o n  a n d  
t h u s  s h o r t e n  t h e  l i f e  o f  t h e  a i r f o i l s .  D e v e l o p m e n t  o f  
a s y s t e m  t o  measure  gas t e m p e r a t u r e  f l u c t u a t i o n s  was 
u n d e r t a k e n  t o  a i d  i n  m o d e l i n g  c o m b u s t o r  f low and  i n  
s t u d y i n g  t h e  t h e r m a l  c y c l i n g  o f  a i r f o i l  s u r f a c e s .  Com- 
b u s t o r  m o d e l i n g  r e q u i r e m e n t s  s e t  t h e  f r e q u e n c y  r e s p o n s e  
g o a l  a t  1000 Hz. 

t o  d e t e r m i n e  i n  s i t u  t h e  c o m p e n s a t i o n  s p e c t r u m  r e q u i r e d  
t o  c o r r e c t  for  t h e  l i m i t e d  f r e q u e n c y  r e s p o n s e  o f  a 
t h e r m o c o u p l e  p r o b e  l o c a t e d  i n  t h e  gas s t r e a m .  F r e -  
q u e n c y  c o m p e n s a t i o n  has  o f t e n  been  u s e d ,  e s p e c i a l l y  
w i t h  hot w i r e  anemomete rs ,  i n  t h e  measuremen t  o f  
dynamic  f low phenomena. The p r o b l e m  w i t h  t h i s  t e c h -  
n i q u e  when a p p l i e d  t o  a t h e r m a l  e l e m e n t  i n  a f low 
s t r e a m  i s  t h a t  t h e  r e q u i r e d  c o m p e n s a t i o n  s p e c t r u m  i s  a 
f u n c t i o n  o f  b o t h  t h e  t h e r m a l  mass of t h e  t h e r m o c o u p l e  
and  t h e  c o e f f i c i e n t  f o r  h e a t  t r a n s f e r  be tween  t h e  gas 
and  t h e  t h e r m o c o u p l e .  T h i s  h e a t  t r a n s f e r  c o e f f i c i e n t  
i s  a f u n c t i o n  o f  t h e  gas f l o w  c o n d i t i o n s .  Each t i m e  
t h e  f low c o n d i t i o n s  change ,  t h e  c o m p e n s a t i o n  s p e c t r u m  
m u s t  be r e d e t e r m i n e d .  I n  some c a s e s  e s t i m a t e s  o f  t h e  
c o m p e n s a t i o n  s p e c t r u m  may be s u f f i c i e n t ;  i n  t h i s  c a s e  
i t  was i m p o r t a n t  t o  be a b l e  t o  make i n  s i t u  d e t e r m i n a -  
t i o n s  o f  t h e  c o m p e n s a t i o n  s p e c t r u m .  

The s y s t e m  t h a t  was d e v e l o p e d  ( E l m o r e  e t  a l . ,  1984 ;  
E l m o r e  e t  a l . ,  1983 ;  E l m o r e  e t  a l . ,  1986a and  b ;  S t o c k s  
and  E l m o r e ,  1986)  u s e s  a d u a l  e l e m e n t  t h e r m o c o u p l e  
p r o b e  such  as shown i n  F i g .  6 .  The rmocoup les  a r e  
f o r m e d  w i t h  c a r e f u l l y  b u t t  w e l d e d  j u n c t i o n s  so t h a t  
t h e r e  i s  n o  v a r i a t i o n  i n  d i a m e t e r  i n  t h e  r e g i o n  o f  t h e  
j u n c t i o n .  These t h e r m o c o u p l e s  a r e  each  s u p p o r t e d  
a c r o s s  a p a i r  o f  s u p p o r t  p o s t s  so t h a t  t h e y  a r e  p a r a l -  
l e l  c y l i n d e r s  i n  c r o s s  f low and  a r e  i n  c l o s e  enough  
p r o x i m i t y  ( a p p r o x  1 mm) so t h a t  t h e y  a r e  m e a s u r i n g  t h e  
same t e m p e r a t u r e .  The t h e r m o c o u p l e  w i r e s  and  t h e  sup-  
p o r t  p o s t s  a r e  made from Pt -30Rh IP t -6Rh .  The the rmo-  
c o u p l e  j u n c t i o n s  a r e  midway b e t w e e n  t h e  s u p p o r t  p o s t s .  
The two t h e r m o c o u p l e s  have  d i f f e r e n t  d i a m e t e r s ,  com- 
m o n l y  75 and  250 pm. N e i t h e r  o f  t h e s e  t h e r m o c o u p l e s  
have  t h e  d e s i r e d  f r e q u e n c y  r e s p o n s e ,  b u t  a c o m p a r i s o n  
o f  t h e i r  dynamic  s i g n a l s  can  l e a d  t o  t h e  needed compen- 
s a t i o n  s p e c t r u m .  The t e c h n i q u e  i s  based  o n  t h e  use  of 
t h e  r a t i o  o f  t h e  F o u r i e r  c o e f f i c i e n t s  o f  t h e  dynamic  
s i g n a l s  f o r  f r e q u e n c i e s  i n  t h e  r a n g e  where t h e  s i g n a l s  

The a p p r o a c h  u s e d  i n  t h i s  work was t o  d e v i s e  a way 
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become a t t e n u a t e d .  I n  t h e  s y s t e m  w h i c h  has b e e n  deve -  
l o p e d ,  t h e  s i g n a l s  a r e  r e c o r d e d  o n  m a g n e t i c  t a p e  and  
p r o c e s s e d  i n  a g e n e r a l  p u r p o s e  d i g i t a l  c o m p u t e r  a t  a 
l a t e r  t i m e .  The d a t a  r e d u c t i o n  p r o c e s s  t a k e s  a p p r o x i -  
m a t e l y  5 m i n  f o r  each  f low c o n d i t i o n  f o r  w h i c h  a new 
c c m p e r s a t i o n  s p e c t r u m  m u s t  be c a l c u l a t e d .  

t o  a e m o n s t r a t e  t h e  f r e q u e n c y  r e s p o n s e  of t h e  s y s t e m .  
Measuremen ts  were  made i n  a s p e c i a l l y  d e s i g n e d  t e s t  r i g  
and i r  t h e  e x h a u s t  of an a t m o s p h e r i c  b u r n e r .  Compar i -  
scns were  made oe tween  t h e  dynamic  gas t e m p e r a t u r e  sys -  
tem a r ,d  v e r y  f i n e  w i r e  r e s i s t a n c e  t h e r m o m e t e r s  ( 6  and 
' L  pm w i r e  d i a m e t e r s ) .  A t  low f r e q u e n c i e s  ( b e l o w  
250 Hz) w i t h  r e a s o n a b l e  t e m p e r a t u r e  f l u c t u a t i o n s  a g r e e -  
T e n t s  * i t h i n  + 2 3  p e r c e n t  were  o b t a i n e d .  P o o r e r  r e s u l t s  
e r e  o b t a i n e d  ar h i g h e r  f r e q u e n c i e s  b u t  h e r e  t h e  tem- 
c e r a t L r e  F l u c t u a t i o n s  were so s m a l l  as t o  make t h e  d a t a  
; c e s r i o n a b l e .  

T t - i s  s y s t e m  has  been u s e d  t o  measure  f l u c t u a t i n g  
T e m p e r a t u r e  i n  D o t h  t u r b i n e  e n g i n e s  and  i n  c o m b u s t o r  
t e s t  r i g s .  A samp le  o f  d a t a  from a t u r b i n e  e n g i n e  
t e s t  i s  shown . n  F i g .  7 .  I n  t h i s  t e s t  t h e  p r o b e  was 
l o c a t e d  be tween  f i r s t - s t a g e  t u r b i n e  v a n e s .  F o r  t h e  
d a t a  shown i n  F i g .  7 .  t h e  e n g i n e  was o p e r a t i n g  a t  an 
i n t e r m e d i a t e  power l e v e l  and  t h e  a v e r a g e  gas tempera -  
t u r e  was 1200  K .  F i g u r e  7 shows f o u r  p l o t s  of f l u c t u -  
a t i n g  t e m p e r a t u r e  v e r s u s  t i m e .  F i g u r e s  7 ( a )  and  (b) 
shown t h e  uncompensa ted  s i g n a l s  from t h e  75  a n d  250  pm 
t h e r m o c o u p l e s .  N o t e  t h a t  t h e  t e m p e r a t u r e  s c a l e s  o n  
t h e s e  p l o t s  h a v e  been a d j u s t e d  so as  t o  show t h e  wave- 
forms. Also n o t e  t h a t  t h e  rms t e m p e r a t u r e  f l u c t u a t i o n  
i s  l i s t e d  o n  e a c h  p l o t .  F i g u r e  7 ( c )  shows t h e  compen- 
s a t e d  t e m p e r a t u r e  f l u c t u a t i o n  from t h e  75  pm the rmocou-  
p l e ,  and  F i g .  7 ( d )  show a n  expanded  t i m e  segment  o f  
t h e  compensa ted  s i g n a l .  
s a t e d  t e m p e r a t u r e  f l u c t u a t i o n  i s  218 K and  t h e  peak -  
t o - p e a k  f l u c t u a t i o n  i s  a p p r o x i m a t e l y  2 5 0 0  K .  

LASER ANEMOMETRY 

E l m o r e  e t  a l .  ( 1 9 8 6  a and  b )  d e s c r i b e  e x p e r i m e n t s  

. ^  

The rms v a l u e  of t h e  compen- 

The l a s e r  anemometer (LA)  has become a v a l u a b l e  
tool  i n  t u r b i n e  e n g i n e  r e s e a r c h ,  p r o v i d i n g  d a t a  t h a t  
w o u l d  be a l m o s t  i m p o s s i b l e  t o  g a t h e r  u s i n g  conven-  
t i o n a l  i n s t r u m e n t a t i o n .  However ,  t h e  u s e  of LA i n  t u r -  
b o m a c h i n e r y  has p r o v e n  t o  be one  o f  i t s  more d i f f i c u l t  
a p p l i c a t i o n s .  T u r b o m a c h i n e r y  components a r e  t y p i f i e d  
b y  s m a l l  passages  and  h i g h l y  a c c e l e r a t e d ,  h i g h - v e l o c i t y  
f lows.  T h i s  l e a d s  t o  t h e  need f o r  s m a l l  seed  p a r t i c l e s  
t h a t  w i l l  f a i t h f u l l y  f o l l o w  t h e  f low.  U n f o r t u n a t e l y ,  
small  p a r t i c i e r  a r e  weak l i g h t  s c a t t e r e r s ,  w h i c h  r e s u l t  
i n  low s i g n a l  l e v e l s .  I n  a d d i t i o n ,  measuremen ts  i n  
s m a l l  p a s s a g e s  r e q u i r e  g r e a t  c a r e  i n  t h e  d e s i g n  o f  t h e  
o p t i c s  t o  m i n i m i z e  t h e  amount  o f  d e t e c t e d  s u r f a c e -  
s c a t t e r e d  l a s e r  l i g h t  ( f l a r e ) .  A l l  t h e s e  c o n s i d e r a -  
t i o n s  m u s t  be i n c l u d e d  i n  t h e  d e s i g n  o f  a n  LA t o  
o b t a i n  t h e  maximum amount o f  a c c u r a t e  d a t a  i n  min imum 
e x p e r i m e n t a l  r u n  t i m e s .  

HOST e x p e r i m e n t s  where  r e s e a r c h e r s  p l a n n e d  t o  u s e  
LA were  s t u d i e d  t o  d e t e r m i n e  c r i t i c a l  t e c h n o l o g y  a r e a s .  
R e s e a r c h  p r o g r a m s  were  t h e n  c o n d u c t e d  i n  s e v e r a l  o f  
t h e s e  a r e a s  i n c l u d i n g  o p t i c a l  d e s i g n ,  seed  g e n e r a t i o n ,  
s i g n a l  p r o c e s s i n g ,  and d a t a  a c q u i s i t i o n .  An a m b i e n t  
p r e s s u r e ,  l a b o r a t o r y - t y p e  combus to r  was u s e d  t o  e v a l u -  
a t e  o p t i c a l  sys tems  and s i g n a l  p r o c e s s o r s .  

M o d e l i n q  o f  F r i n g e - T v p e  LA 

1984)  u s i n g  t h e  Cramer-Rao l o w e r  bound for  t h e  v a r i -  
ance  o f  t h e  e s t i m a t e  o f  t h e  D o p p l e r  f r e q u e n c y  as  a 
f i g u r e  o f  m e r i t .  M i e  s c a t t e r i n g  t h e o r y  was u s e d  t o  
c a l c u l a t e  t h e  D o p p l e r  s i g n a l  w i t h  b o t h  t h e  a m p l i t u d e  
and  phase  o f  t h e  s c a t t e r e d  l i g h t  t a k e n  i n t o  a c c o u n t .  
The n o i s e  due t o  w a l l  s c a t t e r  ( f l a r e )  was c a l c u l a t e d  

The f r i n g e - t y p e  LA was a n a l y z e d  ( S e a s h o l t z  e t  a l .  

u s i n g  t h e  w a l l  b i - d i r e c t i o n a l  r e f l e c t a n c e  d i s t r i b u t i o n  
f u n c t i o n  (BRDF) a n d  t h e  i r r a d i a n c e  of t h e  i n c i d e n t  
beams. A p r o c e d u r e  was d e v e l o p e d  t o  f i n d  t h e  o p t i m u m  
a p e r t u r e  s t o p  shape  f o r  t h e  p r o b e  vo lume l o c a t e d  a 
g i v e n  d i s t a n c e  f r o m  a w a l l .  F i g u r e  8 shows SNR as  a 
f u n c t i o n  o f  p r o b e  v o l u m e  t o  w a l l  d i s t a n c e  f o r  two o p t i -  
c a l  s y s t e m s  w i t h  o p t i m u m  a p e r t u r e  masks .  

The BRDF was measured  f o r  a number o f  u n c o a t e d  
m a t e r i a l s ,  f i n i s h e s ,  and  s u r f a c e  c o a t i n g .  D a t a  were 
o b t a i n e d  f o r  " a s  m a c h i n e d "  s u r f a c e s ,  p o l  i shed s u r -  
f a c e s ,  g l o s s y  b l a c k  c o a t i n g s ,  and  f l a t  b a c k  c o a t i n g s .  
Based o n  t h e s e  d a t a ,  t h e  b e s t  s u r f a c e  f o r  LA a p p l i c a -  
t i o n s  a p p e a r s  to  be a g l o s s y  b l a c k  c o a t i n g .  A l t h o u g h  
a b l a c k  g l o s s y  s u r f a c e  has a r e l a t i v e l y  l a r g e  s p e c u l a r  
r e f l e c t i o n ,  t h e  d i f f u s e l y  r e f l e c t e d  l i g h t .  \ dh i ch  i s  
u s u a l l y  o f  g r e a t e s t  c o n c e r n  i n  L A  s y s r e m s ,  i s  s u b s t a n -  
t i a l l y  l e s s  t h a n  t h e  d i f f u s e l y  r e f l e c t e d  l i g h t  from a 
f l a t  b l a c k  c o a t i n g .  

S e e d i n g  
P a r t i c l e  c h a r a c t e r i s t i c s  n e c e s s a r y  f o r  h o t  s e c t i o n  

LA a r e  p r i m a r i l y  t h e  same as  low t e m p e r a t u r e  L A ,  w i t h  
t h e  e x c e p t i o n  t h a t  t h e  p a r t i c l e s  m u s t  r e t a i n  t h o s e  
c h a r a c t e r i s t i c s  a t  h i g h  t e m p e r a t u r e s .  Based o n  a 
s u r v e y  o f  a v a i l a b l e  m a t e r i a l s ,  a p a r t i c u l a r  g r a d e  o f  
a l u m i n u m  o x i d e  ( n o m i n a l  1 pm d i a m )  was s e l e c t e d .  A 
c o m m e r c i a l ,  h i g h - v o l u m e  f l u i d i z e d  bed  was chosen  t o  
d i s p e r s e  t h e  seed  p a r t i c l e s .  

f e a s i b i l i t y  o f  u s i n g  c h e m i c a l l y  f o r m e d  seed f o r  h o t  
f l o w s .  T i t a n i u m  t e t r a c h l o r i d e  v a p o r  was i n j e c t e d  i n t o  
t h e  f low w h e r e  i t  r e a c t e d  w i t h  t h e  w a t e r  v a p o r  t o  form 
t i t a n i u m  d i o x i d e  a n d  h y d r o c h l o r i c  a c i d  ( H C l ) .  The 
t i t a n i u m  d i o x i d e  i s  a s u i t a b l e  h i g h  t e m p e r a t u r e  seed 
m a t e r i a l ;  i t  was a s u b - m i c r o n  s i z e ,  and  i t  i s  p r o d u c e d  
i n  l a r g e  q u a n t i t i e s .  However ,  t h e  H C l ,  i f  n o t  n e u t r a l -  
i z e d ,  c a n  c a u s e  c o r r o s i o n ,  w h i c h  l i m i t s  t h e  a p p l i c a -  
t i o n  o f  t h i s  s e e d i n g  t e c h n i q u e .  

An e x p e r i m e n t  was a l s o  c o n d u c t e d  t o  d e t e r m i n e  t h e  

P r e p r o c e s s o r  fo r  F r i n g e - T y p e  LA 
The q u a l i t y  o f  d a t a  from an LA i s  c r i t i c a l l y  

d e p e n d e n t  o n  a number o f  c o n t r o l  s e t t i n g s  o f  t h e  s i g -  
n a l  p r o c e s s o r .  These t y p i c a l l y  i n c l u d e  t h e  o p t i c a l  
d e t e c t i o n  s y s t e m  g a i n  ( d e t e r m i n e d  b y  t h e  p h o t o m u l t i -  
p l i e r  t u b e  h i g h  v o l t a g e  and a m p l i f i e r  g a i n )  and  t h e  
e l e c t r i c a l  f i l t e r s  used  t o  remove t h e  low f r e q u e n c y  
p e d e s t a l  componen t  and  t o  r e d u c e  s h o t  n o i s e .  A s t u d y  
was made t o  q u a n t i f y  t h e  e f f e c t  o f  f i l t e r s  o n  measure -  
ment  a c c u r a c y  ( O b e r l e  and  S e a s h o l t z ,  1 9 8 5 ) .  S e v e r a l  

t h a t  b o t h  t h e  f i l t e r  t y p e  and  t h e  c u t o f f  f r e q u e n c i e s  
m u s t  be c a r e f u l l y  s e l e c t e d  t o  a v o i d  f i l t e r - i n d u c e d  
e r r o r s  i n  c o u n t e r - t y p e  p r o c e s s o r s .  I t  was shown t h a t  
t h e s e  e r r o r s  a r e  p a r t i c u l a r l y  s i g n i f i c a n t  f o r  p r o b e  
vo lumes  c o n t a i n i n g  a s m a l l  number o f  f r i n g e s  and  f o r  
h i g h l y  t u r b u l e n t  f low. 

E x p e r i m e n t s  i n  t u r b o m a c h i n e r y  t e s t  f a c i l i t i e s  usu -  
a l l y  h a v e  h i g h  o p e r a t i o n a l  c o s t s ,  so i t  i s  n e c e s s a r y  
t o  a c q u i r e  t h e  d e s i r e d  d a t a  i n  a min imum t i m e .  E x t e n -  
s i v e  o p e r a t o r  i n t e r a c t i o n  w i t h  t h e  i n s t r u m e n t a t i o n  d u r -  
i n g  a t e s t  r u n  i s  u s u a l l y  n o t  d e s i r a b l e .  To p r o v i d e  
for  e f f i c i e n t  d a t a  a c q u i s i t i o n  and  c o r r e c t  p r o c e s s o r  
s e t t i n g s ,  a c o m p u t e r - c o n t r o l l e d  i n t e r f a c e  ( c a l l e d  a 
p r e p r o c e s s o r )  was d e s i g n e d ,  f a b r i c a t e d ,  and  t e s t e d  
( O b e r l e ,  1 9 8 7 ) .  The p r e p r o c e s s o r  ( F i g .  9 )  a m p l i f i e s  
t h e  s i g n a l  from t h e  p h o t o d e t e c t o r ,  f i l t e r s  i t  u s i n g  
b o t h  low- a n d  h i g h - p a s s  f i l t e r s ,  and t h e n  r o u t e s  i t  t o  
t h e  c o u n t e r p r o c e s s o r .  

The c h i e f  v i r t u e  of t h e  p r e p r o c e s s o r  i s  t h a t  i t  
p r o v i d e s  d i r e c t  c o m p u t e r  c o n t r o l  of t h e  PMT h i g h  v o l t -  
age,  t h e  r f  g a i n  (50 dB o f  a m p l i f i c a t i o n  and  a p rog ram-  
m a b l e  a t t e n u a t o r  a r e  u s e d  t o  p r o v i d e  c o n t r o l  o v e r  t h e  
r a n g e  -77  dB t o  + 5 0  dB i n  1 dB s t e p s ) .  and s e l e c t i o n  

common f i l t e r  d e s i g n s  w e r e  e x a m i n e d .  I t  was s h o w n  
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of t h e  low- and  h i g h - p a s s  f i l t e r s  ( 8  l ow-pass  and  
3 h i g h - p a s s ) .  I n  a d d i t i o n ,  t h e  p r e p r o c e s s o r  p r o v i d e s  
compu te r  c o n t r o l  of t h e  seed  g e n e r a t o r  and  a l l o w s  com- 
o u t e r  m o n i t o r i n g  o f  t h e  PMT dc c u r r e n t .  W i t h  p r o p e r  
; o f t w a r e ,  t h e  p r e p r o c e s s o r  w i l l  a l l o w  t h e  r e s e a r c h e r  
'3 p r e p r o g r a m  t h e  v a r i o u s  p r o c e s s o r  s e t t i n g s  based  o n  
t h e  eXDeCted f low c o n d i t i o n s .  I t  w i l l  a l s o  be p o s s i -  
s l e  to  use  " s m a r t "  a d a p t i v e  s o f t w a r e  t o  s e l e c t  t h e  
s r o p e r  s e t t i n g s  based  c u r r e n t  measuremen t  p a r a m e t e r s  
such  as t h e  f r e q u e n c y ,  t u r b u l e n c e  i n t e n s i t y ,  and  n o i s e  
; ? v e l .  

- w r - S p o t  LA 

ance  a n g l e  ( i . e . ,  i t  can  measure  v e l o c i t i e s  h a v i n g  a 
" i d e  r a n g e  o f  f l o w  a n g l e s ) ,  b u t  i t  has a r e l a t i v e l y  
l a r g e  p r o b e  v o l u m e .  T h i s  l a r g e  p r o b e  vo lume l i m i t s  
t h e  c l o s e s t  measuremen ts  t o  a b o u t  1 mm from s u r f a c e s .  
The c o n v e n t i o n a l  t i m e - o f - f l i g h t  LA ( a k a  t w o - s p o t  or 
t r a n s i t  LA) has a much s m a l l e r  p r o b e  v o l u m e ,  w h i c h  
a l l o w s  i t  t o  measure  much c l o s e r  t o  s u r f a c e s .  How- 
e v e r ,  t h e  t w o - s p o t  LA has a v e r y  l i m i t e d  a c c e p t a n c e  
a n g l e ,  w h i c h  g r e a t l y  r e d u c e s  i t s  c a p a b i l i t i e s  i n  h i g h l y  
t u r b u l e n t  f l o w s .  

a c c e p t a n c e  a n g l e  o f  t h e  f r i n g e  LA and  t h e  a b i l i t y  o f  
t h e  t w o - s p o t  LA t o  measure  c l o s e  t o  w a l l s  l e d  t o  t h e  
d e v e l o p m e n t  o f  a new t y p e  o f  t i m e - o f - f l i g h t  LA ( L a d i n g ,  
1983 ;  Werne t  and  Edwards ,  1 9 8 6 ) .  The new F o u r - S p o t  LA, 
shown i n  F i g .  10, i n c o r p o r a t e s  two f e a t u r e s .  One i s  
t h e  u s e  o f  e l l i p t i c a l  r a t h e r  t h a n  c i r c u l a r  s p o t s  t o  
g i v e  a l a r g e  a c c e p t a n c e  a n g l e .  ( T h i s  use  of two e l l i p -  
t i c a l  s p o t s  i s  a l s o  c a l l e d  a two-dash  or t w o - s h e e t  
t i m e - o f - f l i g h t  L A . )  The o t h e r  f e a t u r e ,  w h i c h  i s  
u n i q u e ,  i s  t h e  use  o f  f o u r  beams a r r a n g e d  t o  form two 
p a i r s  o f  o r t h o g o n a l l y  p o l a r i z e d ,  p a r t i a l l y  o v e r l a p p i n g  
s p o t s .  T h i s  a l l o w s  t h e  u s e  o f  a n  o p t i c a l  me thod  t o  
a c c u r a t e l y  d e t e r m i n e  t h e  s t a r t  a n d  s t o p  t i m i n g  s i g n a l s .  
P r e v i o u s l y ,  d e l a y - a n d - s u b t r a c t  t e c h n i q u e s  w e r e  u s e d  t o  
g e n e r a t e  t h e  t i m i n g  s i g n a l s .  The o p t i c a l  me thod ,  
u n l i k e  d e l a y  and  s u b t r a c t ,  i s  i n d e p e n d e n t  o f  t h e  v e l o c -  
i t y .  T h i s  i s  a d v a n t a g e o u s  i n  h i g h l y  t u r b u l e n t  f low o r  
i n  o t h e r  f l ows  w i t h  a w i d e  r a n g e  o f  v e l o c i t i e s .  

The F o u r - S p o t  LA was d e s i g n e d ,  f a b r i c a t e d ,  and  suc -  
c e s s f u l l y  t e s t e d .  Measuremen ts  were  o b t a i n e d  as  c l o s e  
as  75 pin from a n o r m a l  s u r f a c e  ( W e r n e t ,  1 9 8 7 ) .  Compar- 
i s o n  measuremen ts  were  a l s o  made u s i n g  t h e  f o u r - s p o t  
LA, a t w o - s p o t  LA,  and  a f r i n g e - t y p e  LA i n  t h e  v i c i n -  
i t y  of a s i n g l e  t u r b i n e  vane  moun ted  i n  t h e  e x h a u s t  o f  
t h e  o p e n  j e t  b u r n e r  ( W e r n e t  and  O b e r l e ,  1 9 8 7 ) .  

The c o n v e n t i o n a l  f r i n g e - t y p e  LA has a l a r g e  a c c e p t -  

The need  f o r  a n  anemometer  i n c o r p o r a t i n g  t h e  l a r g e  

Windows and C o r r e c t i o n  O p t i c s  
I n  t u r b o m a c h i n e r v  s t u d i e s  i t  i s  h i a h l v  d e s i r a b l e  t o  

o b t a i n  measuremen ts  w i t h o u t  a l t e r i n g  t 6 e  f low b e i n g  
s t u d i e d .  W i t h  o p t i c a l  t e c h n i q u e s  t h i s  means t h a t  t h e  
window c o n t o u r  s h o u l d  m a t c h  t h e  i n t e r n a l  f low passage  
c o n t o u r .  One L e w i s  HOST f a c i l i t y  was a 508 mm d iam- 
e t e r ,  s i n g l e  s t a g e ,  a x i a l  f l ow t u r b i n e  f a c i l i t y .  Two 
c y l i n d r i c a l  windows were  d e s i g n e d  t o  a l l o w  measuremen ts  
M i t h i n  t h e  s t a t o r  and  ro tor  p a s s a g e s .  These w indows ,  
n o w e v e r ,  a c t  as c y l i n d r i c a l  l e n s e s  t h a t  i n t r o d u c e  a b e r -  
r a t i o n s  i n t o  t h e  LA o p t i c a l  s y s t e m .  I f  n o t  c o r r e c t e d ,  
t n e s e  a b e r r a t i o n s  can g r e a t l y  d e g r a d e  t h e  measuremen ts  
or even  p r e v e n t  a n y  measuremen ts .  A m o n o c h r o m a t i c  c o r -  
r e c t i o n  o p t i c  ( F i g .  1 1 )  was d e s i g n e d  for  t h i s  a p p l i c a -  
t i o n  ( W e r n e t  and S e a s h o l t z ,  1 9 8 7 ) .  The a d d i t i o n  o f  t h e  
c o r r e c t i o n  o p t i c  r e s t o r e s  t h e  d i f f r a c t i o n  l i m i t e d  p e r -  
formance of t h e  o p t i c a l  sys tem.  

COMBUSTOR V I E W I N G  SYSTEM 

A n o t h e r  way t o  d e t e r m i n e  t h e  r e s p o n s e  o f  a compo- 
n e n t  t o  t h e  h o t  s e c t i o n  e n v i r o n m e n t  i s  to m o n i t o r  v i s -  

u a l  images  o f  t h e  component  d u r i n g  o p e r a t i o n .  T h i s  i s  
n o t  l i k e l y  t o  p r o d u c e  q u a n t i t a t i v e  d a t a  b u t ,  i n  some 
c a s e s ,  q u a l i t a t i v e  d a t a  a r e  s u f f i c i e n t  or e v e n  p r e f e r a -  
b l e .  A c a s e  i n  p o i n t  i s  t h e  Combus to r  V i e w i n g  S y s t e m  
( M o r e y ,  1984 ;  M o r e y .  1 9 8 5 ) .  T h i s  s y s t e m  was d e s i g n e d  
t o  p r o v i d e  r e c o r d e d  images o f  t h e  i n t e r i o r  o f  a combus- 
tor  d u r i n g  o p e r a t i o n ;  t h e  o b j e c t i v e  was t o  p r o d u c e  a 
v i s u a l  r e c o r d  of some o f  t h e  c a u s e s  o f  p r e m a t u r e  h o t  
s e c t i o n  f a i l u r e .  

The Combus to r  V i e w i n g  S y s t e m  c o n s i s t s  o f  a w a t e r  
c o o l e d  o p t i c a l  p r o b e ,  a p r o b e  a c t u a t o r ,  a n  o p t i c a l  i n -  
t e r f a c e  u n i t  t h a t  c o u p l e s  t h e  p r o b e  t o  cameras and  t o  
an i l l u m i n a t i o n  s o u r c e ,  and  s y s t e m  c o n t r o l s .  The Drobe  
w i t h  i t s  a c t u a t o r  i s  d e s i g n e d  t o  moun t  d i r e c t l y  o n  an 
e n g i n e  or  a c o m b u s t o r .  The p r o b e  i s  1 2 . 7  mm i n  d iam-  
e t e r ,  s m a l l  enough t o  f i t  i n t o  an i g n i t e r  p o r t .  The 
a c t u a t o r  p r o v i d e s  a r o t a t i o n a l  m o t i o n  o f  2180"  and  
r a d i a l  i n s e r t i o n  t o  a maximum d e p t h  o f  7 . 6  cm. Two 
p r o b e s  were  b u i l t  t o  u s e  w i t h  t h e  s y s t e m .  The w i d e  
f i e l d - o f - v i e w  p r o b e  can  be f i t t e d  w i t h  l e n s e s  fo r  90" 
and 60"  f i e l d s - o f - v i e w ,  w i t h  t h e  v i e w i n g  a x i s  o r i e n t e d  
45" t o  t h e  a x i s  o f  t h e  p r o b e .  The n a r r o w  f i e l d - o f - v i e w  
p r o b e  has l e n s e s  f o r  35"  and  1 3 "  f i e l d s - o f - v i e w  t h a t  
a r e  o r i e n t e d  60"  r e l a t i v e  t o  t h e  p r o b e  a x i s .  B o t h  
p r o b e s  a r e  w a t e r  c o o l e d  and  gas p u r g e d  and a r e  c a p a b l e  
o f  o p e r a t i n g  w i t h i n  t h e  p r i m a r y  c o m b u s t i o n  zone  o f  a 
c o m b u s t o r .  

F i g u r e s  1 2 ( a )  and  ( b )  show c r o s s  s e c t i o n  v i e w s  o f  
t h e  two p r o b e s .  I n  each  c a s e  a n  image  c o n d u i t  i s  u s e d  
t o  t r a n s f e r  t h e  image  t h r o u g h  t h e  l e n g t h  o f  t h e  p r o b e .  
The image  c o n d u i t  i s  a f u s e d  b u n d l e  o f  f i b e r s  3 mm i n  
d i a m e t e r  and  c o n s i s t s  o f  a b o u t  7 5  000 f i b e r s  10 p m  i n  
d i a m e t e r .  Each o f  t h e s e  f i b e r s  c o r r e s p o n d s  t o  a p i c -  
t u r e  e l e m e n t .  The image  c o n d u i t  i s  3 3  cm l o n g  and  i s  
c o u p l e d  t o  a f l e x i b l e  f i b e r  b u n d l e  w h i c h  c o n n e c t s  t h e  
p r o b e  t o  t h e  o p t i c a l  i n t e r f a c e  u n i t .  Each p r o b e  i s  
a l s o  e q u i p p e d  w i t h  two 1 mm d i a m e t e r  p l a s t i c  c l a d  f u s e d  
q u a r t z  f i b e r s  u s e d  f o r  i l l u m i n a t i o n  when r e q u i r e d .  

t e r s ,  and  a n  i l l u m i n a t i o n  s o u r c e .  E i t h e r  f i l m  o r  
v i d e o  cameras  c a n  be r e m o t e l y  s e l e c t e d  and  up t o  e i g h t  
f i l t e r s  c a n  be i n s e r t e d  i n t o  t h e  v i e w i n g  p a t h .  The 
i l l u m i n a t i o n  s o u r c e  i s  a m e r c u r y  a r c  lamp w h i c h  i s  
f o c u s e d  o n  t h e  e n d s  o f  t h e  i l l u m i n a t i o n  f i b e r s .  

T h i s  s y s t e m  has  b e e n  u s e d  i n  b o t h  c o m b u s t o r  and  
f u l l  s c a l e  e n g i n e  t e s t s .  A l t h o u g h  t h e  o r i g i n a l  use  f o r  
t h e  s y s t e m  was i n  c o m b u s t o r  l i n e r  d u r a b i l i t y  s t u d i e s ,  
t h e  s y s t e m  a l s o  has  c a p a b i l i t y  as  a f l o w p a t h  d i a g n o s -  
t i c  d e v i c e .  I t  has  been  u s e d  t o  examine  l i g h t  o f f  and  
b l o w o u t  c h a r a c t e r i s t i c s  a n d  a p p e a r s  t o  have  c o n s i d e r a -  
b l e  p o t e n t i a l  f o r  o t h e r  t i m e  d e p e n d e n t  phenomena and  
for f l a m e  r a d i o m e t r y .  S u b s e q u e n t  t o  t h e  i n i t i a l  d e v e l -  
opmen t  p r o g r a m ,  a d d i t i o n a l  s y s t e m s  were  b u i l t  and  p u t  
i n t o  s e r v i c e  i n  a i r c r a f t  e n g i n e  d e v e l o p m e n t  w o r k  and  
i n  t e s t i n g  t u r b i n e  e n g i n e s  u s e d  t o  g e n e r a t e  e l e c t r i c a l  
power .  

H I G H  TEMPERATURE STRAIN MEASURING SYSTEMS 

The o p t i c a l  i n t e r f a c e  u n i t  c o n t a i n s  cameras ,  f i l -  

The m o s t  a m b i t i o u s  i n s t r u m e n t a t i o n  d e v e l o p m e n t  
e f f o r t  i n  t h i s  p r o g r a m  i s  t h e  d e v e l o p m e n t  o f  h i g h - t e m -  
p e r a t u r e  s t r a i n  m e a s u r i n g  s y s t e m s .  The t a r g e t  g o a l  f o r  
t h i s  work i s  t o  measure  s t r a i n  ( a p p r o x  2000  m i c r o -  
s t r a i n ,  maximum) a t  t e m p e r a t u r e s  u p  t o  1250 K w i t h  an 
u n c e r t a i n t y  o f  r 1 0  p e r c e n t .  T h i s  r e q u i r e m e n t  i s  f o r  
r e l a t i v e l y  s h o r t  t e r m  t e s t i n g ;  a 5 0  h r  s e n s o r  l i f e  i s  
c o n s i d e r e d  s u f f i c i e n t .  S p a t i a l  r e s o l u t i o n  o f  t h e  o r d e r  
o f  3 mm i s  d e s i r e d  a n d  where  measuremen ts  a r e  r e q u i r e d  
o n  b l a d e s  or vanes ,  l a r g e  t e m p e r a t u r e  g r a d i e n t s  a r e  
a n t i c i p a t e d .  I n  g e n e r a l ,  t h e  r e q u i r e m e n t  i s  f o r  
s t e a d y - s t a t e  measuremen ts  as d i f f e r e n t i a t e d  from 
dynamic  ( f l u c t u a t i n g  component  o n l y )  measuremen ts .  
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The p r i n c i p a l  c a n d i d a t e  for  m a k i n g  s u c h  measure -  
men ts  u n a e r  s i m i l a r  b u t  l o w e r  t e m p e r a t u r e  c o n d i t i o n s  
( l e s s  t h a n  a p p r o x  700 K )  i s  t h e  r e s i s t a n c e  s t r a i n  g a g e .  
However ,  a t  :he h i g h e r  t e m p e r a t u r e s ,  s t r a i n  measure -  
ments become i n c r e a s i n g l y  d i f f i c u l t  and  t h e  commonly 
used  s t r a i n  gages  a r e  m a r g i n a l  a t  b e s t .  As t h e  r e -  
q u i r e a  t e m p e r a t u r e  r a n g e  i n c r e a s e s ,  t h e  m a g n i t u d e  o f  
r h e  c o r r e c t i o n  f o r  a p p a r e n t  s t r a i n  becomes 
s u b s t a n t i a l l y  l a r g e r  t h a n  t h e  s t r a i n  s i g n a l  a n d  t h e  
J n c e r t a i n t y  of t h e  c o r r e c t i o n  i s  e x c e s s i v e .  To m e e t  
t h e  g c a l s  l i s t e d  above ,  t h e  u n c e r t a i n t y  o f  t h e  
a p p a r e n t  s t r a i n  c o r r e c t i o n  m u s t  be l e s s  t h a n  2200 
v i c r o s t r a i n .  T h i s  r e q u i r e m e n t  t r a n s l a t e s  t o  a r e p e a t -  
a b i l i t y  o f  t h e  r e s i s t a n c e  v e r s u s  t e m p e r a t u r e  for t h e  
m u n t e d  s t r a i n  gage t o  b e  w e l l  w i t h i n  ~400 p a r t s  p e r  
n i l l i o n  (Dpm,, based  o n  a gage f a c t o r  o f  two. 

We maae an e x t e n s i v e  s t u d y  o f  p o t e n t i a l l y  u s e f u l  
h i g h - t m p e r a T u r e  s y a t i c  s t r a i n  measuremen t  t e c h n i q u e s  
( Y u l s e  e t  a i . .  1 9 8 7 a ) .  A s  a r e s u l t  o f  t h i s  s t u d y ,  we 
a r e  p u r s u i n g  r h e  f o l l o w i n g  t o  i m p r o v e  o u r  h i g h  tempera -  
t u r e  s t r a i n  m e a s u r i n g  c a p a b i l i t y :  

( 1 )  d e v e l o p i n g  i m p r o v e d  h i g h  t e m p e r a t u r e  s t r a i n  

( 2 )  l e a r n i n g  how b e t t e r  t o  use  a v a i l a b l e  s t r a i n  

( 3 )  d e v e l o p i n g  o p t i c a l  s t r a i n  m e a s u r i n g  sys tems  as  

3ages 

gages  

a l t e r n a t i v e s  t o  s t r a i n  gages 
The f o l l o w i n g  s e c t i o n  w i l l  d i s c u s s  t h e s e  t h r e e  a r e a s  o f  
w o r k .  

D e v e l o p m e n t  o f  I m p r o v e d  H i g h  T e m p e r a t u r e  S t r a i n  Gages 
I n  a t t e m p t i n g  t o  d e v e l o p  i m p r o v e d  h i g h  t e m p e r a t u r e  

s t r a i n  g a g e s ,  we a r e  e m p h a s i z i n g  d e v e l o p m e n t  o f  a l l o y s  
w i t h  v e r y  r e p e a t a b l e  r e s i s t a D c e  v e r s u s  t e m p e r a t u r e  
c h a r a c t e r i s t i c s  ( H u l s e  e t  a l . ,  1985 ;  H u l s e  e t  a l . ,  
1 9 8 7 b ) .  We t e s t e d  a number o f  a l l o y  c o m p o s i t i o n s  from 
f i v e  a l l o y  f a m i l i e s .  These a l l o y  f a m i l i e s  a r e  F e C r A l ,  
N i C r S i  ( N i c r o s i l ) ,  PtPdMo, PdCr ,  and  PtW. I n  a l l  c a s e s  
e x c e p t  f o r  t h e  t h e r m o c o u p l e  a l l o y  N i c r o s i l ,  we l o o k e d  
a t  a r a n g e  o f  c o m p o s i t i o n s .  A l l o y  samp le  w e r e  c a s t  i n t o  
r o d s  and  t h e n  m a c h i n e d  i n t o  s u i t a b l e  t e s t  samp les .  
Measuremen ts  w e r e  made o f  r e s i s t a n c e  v e r s u s  t e m p e r a t u r e  
o v e r  a number o f  c y c l e s  i n  w h i c h  c o o l i n g  r a t e s  were 
v a r i e d  f r o m  50  t o  250  K / m i n u t e .  A d d i t i o n a l  t e s t s  
i n c l u d e d  o x i d a t i o n  ( w e i g h t  g a i n  m e t h o d )  a n d  r e s i s t a n c e  
d r i f t  f o r  u p  t o  3 h r  i n  a i r  a t  1250  K .  The r e s u l t s  o f  
t h e s e  t e s t s  i n d i c a t e d  t h a t  two a l l o y s ,  one  i n  t h e  
FeCrA l  f a m i l y  a n d  one  i n  t h e  PdCr f a m i l y ,  h a d  t h e  b e s t  
p o t e n t i a l  f o r  h i g h  t e m p e r a t u r e  s t r a i n  gages  
a p p l  i c a  t i o n s .  

The F e C r A l  a l l o y  was d e s i g n a t e d  as "Mod 3 . "  The 
f r a c t i o n a l  r e s i s t a n c e  change w i t h  t e m p e r a t u r e  for  t h i s  
a l l o y  a t  t e m p e r a t u r e s  u p  t o  1250 K i s  compared  w i t h  t h e  
c o m m e r c i a l  K a n t h a l  A - 1  ( a l s o  F e C r A l )  a l l o y  i n  F i g .  13 .  
I n  t h i s  case  b o t h  a l l o y s  were a n n e a l e d  f o r  2 h r  a t  
1150 K p r i o r  t o  t e s t i n g .  The r e s i s t a n c e  change  o f  t h e  
Mod 3 a l l o y  i s  much l e s s  t h a n  t h a t  o f  t h e  K a n t h a l  A - 1  
a l l o y  and  shows c o m p a r a t i v e l y  l i t t l e  change  for  d i f f e r -  
e n t  c o o l i n g  r a t e s .  T h i s  a l l o y  d o e s ,  h o w e v e r ,  e x h i b i t  
d i f f e r e n t  r e s i s t a n c e  v e r s u s  t e m p e r a t u r e  c h a r a c t e r i s -  
t i c s ,  d e p e n d i n g  o n  p r e v i o u s  t h e r m a l  h i s t o r y .  F i g u r e  14  
i l l u s t r a t e s  t h i s  e f f e c t  f o r  e x p o s u r e  t o  1250  K a i r  for  
t i m e s  r a n g i n g  from 10 t o  105 h r .  Because of t h i s  
e f f e c t ,  w o r k  o n  t h i s  a l l o y  has been de -emphas ized  i n  
f a v o r :  o f  t h e  PdCr a l l o y .  

c u r v e  w h i c h  i s  c h a r a c t e r i s t i c  o f  a s o l i d  s o l u t i o n  
a l l o y  w i t h  n o  phase  or  i n t e r n a l  s t r u c t u r e  changes  
b e i n g  e v i d e n t .  The r e s i s t a n c e  i s  e s s e n t i a l l y  l i n e a r  
r i t h  t e m p e r a t u r e  and  not a f f e c t e d  b y  changes  i n  c o o l -  
i n g  r a t e  or  p r e v i o u s  t h e r m a l  h i s t o r y .  C y c l e - t o - c y c l e  
r e p e a t a b i l i t y  o f  t h e  f r a c t i o n a l  change i n  r e s i s t a n c e  
w i t h  t e m p e r a t u r e  i s  e x c e l l e n t .  T e s t s  o v e r  four  t h e r  

The PdCr a l l o y  has a r e s i s t a n c e  v e r s u s  t e m p e r a t u r e  

mal  c y c l e s  showed a n  a v e r a g e  ( o v e r  t h e  t e m p e r a t u r e  
r a n g e )  s t a n d a r d  d e v i a t i o n  of I 3 0  ppm. The g r e a t e s t  
v a r i a t i o n  was a t  a p p r o x i m a t e l y  700  K w i t h  a s t a n d a r d  
d e v i a t i o n  of 245 ppm. The l o n g  t e r m  d r i f t  o f  c a s t  sam- 
p l e s  o f  t h i s  a l l o y  a t  1100 and  1250  K i n  a i r  and  i n  
a r g o n  i s  shown i n  F i g .  15.  I t  s h o u l d  be n o t e d  t h a t  
t h e s e  d a t a  i m p l y  a r e p e a t a b i l i t y  i n  r e s i s t a n c e  measure -  
ment  t o  t h e  o r d e r  of 100  ppm; i t  i s  likely t h a t  some o f  
t h e  f l u c t u a t i o n  i n  t h e s e  c u r v e s  i s  a t t r i b u t a b l e  t o  t h e  
m e a s u r i n g  s y s t e m  r a t h e r  t h a n  t h e  r e s i s t a n c e  o f  t h e  
a l l o y  s a m p l e s .  

The r e p e a t a b i l i t y  o f  t h e  PdCr a l l o y  i s  t h e  p r o -  
p e r t y  t h a t  we f e e l  i s  e s s e n t i a l  f o r  h i g h - t e m p e r a t u r e  
s t r a i n  gage work. However ,  t h e r e  a r e  o t h e r  p r o p e r t i e s  
r e q u i r e d  f o r  good s t r a i n  gages  and  t h e  PdCr a l l o y  may 
n o t  be i d e a l  c o n s i d e r i n g  t h e s e  p r o p e r t i e s .  The t e m p e r -  
a t u r e  c o e f f i c i e n t  of r e s i s t a n c e  i s  h i g h  enough  t h a t  
t e m p e r a t u r e  c o m p e n s a t i o n  w i l l  b e  r e q u i r e d ;  t h e  added 
c o m p l i c a t i o n  and  t h e  l a r g e r  gage s i z e  r e q u i r e d  for  t h i s  
w i l l  h a v e  t o  be accommodated.  O t h e r  p o t e n t i a l  p r o b l e m s  
s u c h  a s  o x i d a t i o n  r e s i s t a n c e  o f  h i g h  s u r f a c e - t o - v o l u m e  
r a t i o  t h i n  f i l m s  and  f i n e  w i r e s ,  gage f a c t o r  changes  
w i t h  t e m p e r a t u r e ,  and  t h e  e l a s t i c / p l a s t i c  s t r a i n  p r o p -  
e r t i e s  a r e  s t i l l  u n d e r  i n v e s t i g a t i o n .  

Work W i t h  A v a i l a b l e  S t r a i n  Gages 
L e a r n i n g  how b e s t  t o  u s e  a v a i l a b l e  s t r a i n  gages i n  

h i g h - t e m p e r a t u r e  a p p l i c a t i o n s  r e q u i r e s  t h a t  c o n s i d e r -  
a b l e  e x p e r i m e n t a l  work b e  done  t o  e x p l o r e  s t r a i n  gage 
c h a r a c t e r i s t i c s  and  d e v i s e  o p t i m u m  p r o c e d u r e s  fo r  spec -  
i f i c  a p p l i c a t i o n s .  Such work  i s  v e r y  t i m e  c o n s u m i n g ,  
e s p e c i a l l y  when t e s t s  a t  many d i f f e r e n t  t e m p e r a t u r e s  
a r e  r e q u i r e d .  C o n s e q u e n t l y ,  o n e  of o u r  o b j e c t i v e s  i n  
t h i s  w o r k  was t o  e s t a b l i s h  a c o m p u t e r  c o n t r o l l e d  t e s t -  
i n g  c a p a b i l i t y  a t  NASA L e w i s  so t h a t  t e s t i n g  c o u l d  be 
a c c o m p l i s h e d  w i t h  m i n i m a l  o p e r a t o r  a t t e n t i o n .  

The a u t o m a t e d  s t r a i n  gage t e s t  l a b o r a t o r y  has t h e  
c a p a b i l i t y  t o  measure  a p p a r e n t  s t r a i n  and  gage f a c t o r  
o v e r  a r a n g e  o f  t e m p e r a t u r e s  f rom 300  t o  1370  K .  The 
l a b o r a t o r y  has  two o v e n s  ( o n e  o f  w h i c h  c o n t a i n s  a t e s t  
f i x t u r e  fo r  a c o n s t a n t  s t r a i n  beam), a c o m p u t e r  con -  
t r o l l e d  a c t u a t o r  f o r  d e f l e c t i n g  t h e  beam, s t r a i n  gage 
a n d  t e m p e r a t u r e  i n s t r u m e n t a t i o n ,  a n d  a p e r s o n a l  com- 
p u t e r  f o r  c o n t r o l l i n g  t h e  t e s t s  and  c o l l e c t i n g  t h e  
d a t a .  C o m m u n i c a t i o n  b e t w e e n  v a r i o u s  p a r t s  o f  t h e  s y s -  
tem i s  a c c o m p l i s h e d  u s i n g  b o t h  an IEEE-488 d a t a  bus and 
a n  RS-232 s e r i a l  i n t e r f a c e .  A v e r y  v e r s a t i l e  c o n t r o l  
p r o g r a m  was d e v e l o p e d  t h a t  a l l o w  us  t o  c o n s t r u c t  a 
v a r i e t y  o f  t e s t  p r o f i l e s  b y  e n t e r i n g  a s e r i e s  o f  tem- 
p e r a t u r e s  and command s t a t e m e n t s  i n t o  a d a t a  s e t .  
F i g u r e  16  shows a b l o c k  d i a g r a m  o f  t h e  s y s t e m .  

s t r a i n  gages  i s  o u t l i n e d  b y  S t e t s o n  ( 1 9 8 4 ) .  I n  t h i s  
work u s i n g  K a n t h a l  A -1  a l l o y ,  i t  was d e t e r m i n e d  t h a t  
t h e  a p p a r e n t  s t r a i n  of t h e  gage was s t r o n g l y  a f f e c t e d  
b y  t h e  r a t e  a t  w h i c h  t h e  gage was c o o l e d  from t h e  h i g h -  
e s t  u s e  t e m p e r a t u r e .  F u r t h e r ,  t h e  a p p a r e n t  s t r a i n  f o r  
t h e  n e x t  t h e r m a l  c y c l e  f o l l o w e d  t h a t  e s t a b l i s h e d  b y  t h e  
c o o l i n g  p a r t  of t h e  p r e v i o u s  c y c l e ;  a r e p e a t a b l e  a p p a r -  
e n t  s t r a i n  c o u l d  b e  o b t a i n e d  i f  t h e  c o o l i n g  r a t e  c o u l d  
be r e p r o d u c e d  d u r i n g  each  t h e r m a l  c y c l e .  T h i s  i m p l i e s  
t h a t  a n  a c c u r a t e  a p p a r e n t  s t r a i n  c o r r e c t i o n  c o u l d  be 
o b t a i n e d  b y  m a t c h i n g  t h e  c o o l i n g  r a t e  d u r i n g  c a l i b r a -  
t i o n  t o  t h a t  w h i c h  w o u l d  b e  i m p r e s s e d  o n  t h e  s t r a i n  
gage d u r i n g  u s e .  I t  i s  n e c e s s a r y ,  of c o u r s e ,  t h a t  t h e  
c o o l i n g  r a t e s  be c o n t r o l l a b l e  d u r i n g  use  a n d  t h a t  i s  
n o t  a l w a y s  p o s s i b l e .  B u t  for t h e  work o f  S t e t s o n  
( 1 9 8 4 ) .  t h e  c o o l i n g  r a t e s  c o u l d  be m a t c h e d  and ,  
a l t h o u g h  i t  took c o n s i d e r a b l e  e f f o r t ,  t h e  r e s u l t  was 
u s a b l e  s t a t i c  s t r a i n  measuremen ts  a t  t e m p e r a t u r e s  u p  
t o  950  K. 

been  u n d e r t a k e n  a t  NASA L e w i s .  H a s t e l l o y  X p l a t e s  13 

One a p p r o a c h  t o  b e t t e r  u t i l i z a t i o n  of a v a i l a b l e  

Work based  o n  c o n t r o l l e d  c o o l i n g  r a t e s  has a l s o  
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b y  20 c m  were i n s t r u m e n t e d  w i t h  K a n t h a l  A - 1  and  
C h i n e s e  FeCRAl 700 "C (Wu e t  a l . ,  1981)  s t r a i n  g a g e s .  
A p l a t e  h o l d i n g  f i x t u r e  was made t h a t  p e r m i t t e d  c o o l -  
i n g  gas t o  f low o v e r  t h e  p l a t e  u n i f o r m l y  so as  t o  g e t  
c o n r r o l l e d  c o o l i n g  r a t e s .  The K a n t h a l  A - 1  gages  were 
moun ted  u s i n g  a f l a m e  s p r a y e d  a l u m i n a  and  c e r a m i c  
cement  p r o c e s s  and t h e  C h i n e s e  gages  w e r e  m o u n t e d  w i t h  
a C h i n e s e  c e r a m i c  cement  u s i n g  d i r e c t i o n s  s u p p l i e d  w i t h  
r h e  g a g e s .  The p l a t e s  were  a l s o  i n s t r u m e n t e d  w i t h  10  
:he rmocoup les  so as t o  meas l j re  t h e  t e m p e r a t u r e  d i s t r i -  
c u t i o n  a t  t h e  s t r a i n  gages .  A p p a r e n t  s t r a i n  measure -  
T e n t s  were made o v e r  a t e m p e r a t u r e  r a n g e  f r o m  300 t o  
350 K w i t h  c o o l i n g  r a t e s  c o n t r o l l e d  a t  0 . 1 ,  1 . 0 ,  and  
5.6 K / s e c .  F i g u r e  1 7  shows t h e  r e s u l t i n g  r e s i s t a n c e  
v e r s u s  r e m p e r a t u r e  d a t a .  P l o t t e d  h e r e  a r e  f r a c t i o n a l  
cnanges i n  r e s i s t a n c e  f o r  o n e  each  o f  t h e  K a n t h a l  A - 1  
and  C h i n e s e  gages f o r  t h e  t h r e e  d i f f e r e n t  c o o l i n g  
r a t e s .  The d a t a  show t h e  K a n t h a l  gage t o  b e  s t r o n g l y  
g e p e n d e n t  o n  c o o l i n g  r a t e  b u t  r e p e a t a b l e  i n  r e s i s t a n c e  
a t  t h e  maximum 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  
C h i n e s e  gage i s  i n d e p e n d e n t  o f  c o o l i n g  r a t e  a t  b o t h  
300 and 950 K ,  b u t  a t  i n t e r m e d i a t e  t e m p e r a t u r e s  t h e  
c u r v e s  d e v i a t e  d e p e n d i n g  o n  c o o l i n g  r a t e .  The maximum 
d e v i a t i o n s  i n  t h e s e  c u r v e s  o c c u r  i n  t h e  t e m p e r a t u r e  
r a n g e  from 650 t o  800 K, r o u g h l y  t h e  same r e g i o n  f o r  
w h i c h  h i g h  d r i f t  r a t e s  h a v e  been  r e p o r t e d  for  t h e  
C h i n e s e  gages  ( H o b a r t ,  1 9 8 5 ) .  

O p t i c a l  S t r a i n  Measurement  

t o  r e s i s t a n c e  s t r a i n  gages  f o r  a l l  t u r b i n e  e n g i n e  
a p p l i c a t i o n s ,  b u t  t h e y  a p p e a r  t o  h a v e  h i g h  p o t e n t i a l  
for  p r o v i d i n g  h i g h  t e m p e r a t u r e ,  n o n c o n t a c t ,  two- 
d i m e n s i o n a l  s t r a i n  m e a s u r i n g  sys tems  w i t h  v i r t u a l l y  
u n l i m i t e d  s t r a i n  r a n g e .  An o p t i c a l  t e c h n i q u e  t h a t  
r e q u i r e s  n o  m o d i f i c a t i o n  t o  t h e  s u r f a c e  u n d e r  t e s t  
u s e s  l a s e r  s p e c k l e  p a t t e r n s .  These p a t t e r n s  a r e  f o r m e d  
b y  c o n s t r u c t i v e  and d e s t r u c t i v e  i n t e r f e r e n c e  o f  l a s e r  
l i g h t  r e f l e c t e d  from a d i f f u s e  s u r f a c e .  The s o u r c e  o f  
t h e  p a t t e r n  i s  t h e  i r r e g u l a r i t i e s  i n  t h e  s u r f a c e ;  when 
t h e  s u r f a c e  i s  d i s t o r t e d ,  for  examp le  b y  s t r a i n  i n  t h e  
p l a n e  o f  t h e  s u r f a c e ,  t h e  s p e c k l e  p a t t e r n  c h a n g e s .  
P r e c i s e  measuremen ts  o f  changes  i n  r e c o r d e d  s p e c k l e  
p a t t e r n s  can  p r o v i d e  i n f o r m a t i o n  o n  t h e  s t r a i n  imposed  
o n  t h e  s u r f a c e .  A p r a c t i c a l  i m p l e m e n t a t i o n  o f  t h i s  
t e c h n i q u e  i s  a l a s e r  s p e c k l e  p h o t o g r a m m e t r i c  s y s t e m  i n  
w h i c h  s p e c k l e  p a t t e r n s  a r e  r e c o r d e d  o n  p h o t o g r a p h i c  
f i l m  ( S t e t s o n ,  1 9 8 3 ) .  S p e c k l e  p a t t e r n  p h o t o g r a p h s  
( c a l l e d  s p e c k l e g r a m s )  a r e  made a t  d i f f e r e n t  i n c r e m e n t s  
o f  l o a d i n g  of t h e  t e s t  samp le  and t h e n  p a i r s  o f  s p e c k -  
l e g r a m s  a r e  examined  i n  an a u t o m a t e d  i n t e r f e r o m e t r i c  
p h o t o c o m p a r a t o r .  The s y s t e m  uses  h e t e r o d y n e  t e c h -  
n i q u e s  t o  a c h i e v e  a c c u r a t e  measuremen ts  t o  a f r a c t i o n  
o f  an i n t e r f e r e n c e  f r i n g e .  No a t t e m p t  w i l l  be made 
h e r e  t o  d e s c r i b e  t h i s  s y s t e m  i n  d e t a i l ;  i t  has  b e e n  
t h o r o u g h l y  d e s c r i b e d  i n  t h e  o p e n  l i t e r a t u r e  ( S t e t s o n ,  
1 9 8 3 ) .  

The l a s e r  s p e c k l e  p h o t o g r a m m e t r i c  s y s t e m  has  
s u c c e s s f u l l y  measured  h i g h - t e m p e r a t u r e  s u r f a c e  d e f o r m a -  
t i o n .  S t e t s o n  ( 1 9 8 3 )  d e s c r i b e s  an e x p e r i m e n t  t o  meas- 
u r e  t h e  t h e r m a l  e x p a n s i o n  o f  a n  u n r e s t r a i n e d  p l a t e  o f  
H a s t e l l o y  X a t  t e m p e r a t u r e s  u p  t o  1150  K .  The p l a t e  
was h e a t e d  i n  a l a b o r a t o r y  f u r n a c e  t o  1150  K a n d  t h e n  
a l l o w e d  t o  c o o l  t o  500 K o v e r  a p e r i o d  o f  s e v e r a l  
h o u r s .  Speck leg rams  were  r e c o r d e d  a t  r o u g h l y  2 0 0  K 
i n t e r v a l s  d u r i n g  t h e  h e a t i n g  and  c o o l i n g  a n d  S U C -  
c e e d i n g  s p e c k l e g r a m  p a i r s  were  used  t o  d e t e r m i n e  t h e  
t h e r m a l  e x p a n s i o n  o f  t h e  p l a t e .  Measured  t h e r m a l  
e x p a n i s o n  a g r e e d  w i t h  v a l u e s  c a l c u l a t e d  from t h e  meas- 
u r e d  t e m p e r a t u r e  and t h e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  
to  w i t h i n  3 p e r c e n t .  

g r a m m e t r i c  s y s t e m  i n  t e s t  c e l l  e n v i r o n m e n t s .  I n  one  

O p t i c a l  sys tems  may n o t  p r o v i d e  e x a c t  a l t e r n a t i v e s  

We have a t t e m p t e d  t o  use  t h e  l a s e r  s p e c k l e  p h o t o -  
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a t t e m p t  we r e c o r d e d  s p e c k l e g r a m s  of a c o m b u s t o r  l i n e r  
i n  a h i g h - t e m p e r a t u r e ,  h i g h - p r e s s u r e  c o m b u s t o r  t e s t  r i g  
( S t e t s o n .  1 9 8 4 ) .  The s p e c k l e g r a m s  were t a k e n  t h r o u g h  
a v i e w i n g  p o r t  i n  t h e  p r e s s u r e  v e s s e l  o f  t h e  t e s t  r i g  
as c o m b u s t o r  p r e s s u r e  and t e m p e r a t u r e  were  v a r i e d .  A 
p o t e n t i a l  p r o b l e m  i n  t h i s  a p p l i c a t i o n  i s  t h a t  t h e  h i g h -  
p r e s s u r e  c o o l i n g  a i r  f l o w i n g  o v e r  t h e  e x t e r i o r  s u r f a c e  
o f  t h e  c o m b u s t o r  l i n e r  i s  i n  t h e  o p t i c a l  v i e w i n g  p a t h ,  
and t u r b u l e n c e  i n  t h e  gas f low may cause  s u f f i c i e n t  
o p t i c a l  d i s t o r t i o n  t o  p r e v e n t  c o r r e l a t i o n  o f  succeed-  
i n g  p a i r s  o f  s p e c k l e g r a m s .  Examp les  o f  u n d i s t o r t e d  
and  d i s t o r t e d  s p e c k l e g r a m s  a r e  shown i n  F i g s .  1 8 ( a )  
and ( b ) .  T h i s  e f f e c t  p r o v e d  t o  be a f u n d a m e n t a l  l i m i -  
t a t i o n  f o r  t h e  m e a s u r i n g  s y s t e m  i n  t h i s  a p p l i c a t i o n  
when c o m b u s t o r  p r e s s u r e  was h i g h e r  t h a n  a p p r o x i m a t e l y  
3 a t m .  We i n t e n d  t o  e x p l o r e  f u r t h e r  h i g h  t e m p e r a r u r e  
a p p l i c a t i o n s  of o p t i c a l  s t r a i n  m e a s u r i n g  s y s t e m s .  

T H I N  F ILM SEUSORS 

One o f  t h e  f u n d a m e n t a l  p r e c e p t s  o f  e x p e r i m e n t a t i o n  
i s  t h a t  t h e  s e n s o r s  used  t o  g e t  e x p e r i m e n t a l  d a t a  m u s t  
n o t  p e r t u r b  t h e  s u b j e c t  o f  t h e  e x p e r i m e n t  from i t s  con -  
d i t i o n  p r i o r  t o  t h e  i n t r o d u c t i o n  o f  t h e  s e n s o r s .  I n  
t u r b i n e  e n g i n e  t e s t i n g  t h e r e  a r e  many s i t u a t i o n s  i n  
w h i c h  t h i s  p r e c e p t  may be v i o l a t e d .  A p r i m e  examp le  i s  
t h e  measuremen t  of t u r b i n e  a i r f o i l  s u r f a c e  t e m p e r a t u r e .  
C o n v e n t i o n a l  t e c h n o l o g y  i n v o l v e s  l a y i n g  s h e a t h e d  t h e r -  
mocoup le  w i r e  i n t o  g r o o v e s  c u t  i n t o  t h e  s u r f a c e  o f  t h e  
a i r f o i l ,  t h e n  c o v e r i n g  t h e  i n s t a l l a t i o n  and  s m o o t h i n g  
t h e  a i r f o i l  c o n t o u r .  A l t h o u g h  t h e  a i r f o i l  c o n t o u r  i s  
r e s t o r e d ,  t h e  t h e r m o c o u p l e  d i s t u r b s  t h e  t e m p e r a t u r e  
d i s t r i b u t i o n ,  does n o t  g i v e  a t r u e  measure  o f  t h e  o u t -  
s i d e  s u r f a c e  t e m p e r a t u r e ,  and  t h r e a t e n s  t h e  i n t e g r i t y  
o f  t h e  s t r u c t u r e  of t h i n  w a l l e d  b l a d e s  and  v a n e s .  

a p p e a r s  t o  be an i d e a l  s o l u t i o n  f o r  b l a d e  and  vane  s u r -  
f a c e  t e m p e r a t u r e  measurement  ( G r a n t  and P r z y b y s z e w s k i .  
1980 ;  G r a n t  e t  a l . ,  1981 ;  G r a n t  e t  a l . ,  1 9 8 2 ) .  As seen  
i n  t h e  c r o s s - s e c t i o n a l  s k e t c h  o f  t h e  s e n s o r  i n  F i g .  20, 
t h e  s e n s o r  h a s  m i n i m a l  i n t r u s i v e n e s s .  I n  t h i s  case  t h e  
b l a d e  or  vane ,  c o a t e d  w i t h  a n  MCrAlY a n t i c o r r o s i o n  
c o a t i n g ,  i s  p o l i s h e d  and  t h e n  o x i d i z e d  to  form a n  
a d h e r e n t  s u r f a c e  c o a t i n g  o f  a l u m i n u m  o x i d e .  A d d i -  
t i o n a l  a l u m i n u m  o x i d e  i s  d e p o s i t e d  o v e r  t h i s  f i l m  t o  
form a n  e l e c t r i c a l l y  i n s u l a t i n g  f i l m  o f  r o u g h l y  2 pm 
t h i c k n e s s .  F i l m s  o f  t h e r m o c o u p l e  a l l o y  ( P t  and  
Pt lO%Rh) a r e  s p u t t e r  d e p o s i t e d  t h r o u g h  a p p r o p r i a t e  
masks so t h a t  t h e  f i l m s  o v e r l a p  a t  o n e  p o i n t  t o  form 
t h e  t h e r m o c o u p l e  j u n c t i o n .  The t h e r m o c o u p l e  f i l m s  
e x t e n d  t o  t h e  root  o f  t h e  vane  where  c o n n e c t i o n s  t o  
c o n v e n t i o n a l  l e a d w i r e s  a r e  made. F i l m - t o - l e a d w i r e  con -  
n e c t i o n s  a r e  made b y  p a r a l l e l - g a p  w e l d i n g .  The com- 
p l e t e  i n s t a l l a t i o n  o f  i n s u l a t i n g  f i l m  and  t h e r m o c o u p l e  
a l l o y  f i l m s  has a t h i c k n e s s  o f  l e s s  t h a n  2 0  pm. The 
i n s t a l l a t i o n  has  n o t  changed  t h e  c o n t o u r  or t h e  
s t r e n g t h  o f  t h e  component  and  t h e  g r e a t e s t  t h e r m a l  
changes  a p p a r e n t  a r e  t h e  d i f f e r e n t  a b s o r p t a n c e  and  
e m i t t a n c e  o f  t h e  t h e r m o c o u p l e  f i l m s  compared t o  t h e  
o x i d i z e d  MCrAlY s u r f a c e .  The t e c h n o l o g y  f o r  t h i n  f i l m  
t h e r m o c o u p l e s  and  t u r b i n e  a i r f o i l s  has been  d e v e l o p e d  
to t h e  e x t e n t  t h a t  i n s t r u m e n t e d  vanes  and  b l a d e s  a r e  
b e i n g  u s e d  i n  t u r b i n e  e n g i n e  t e s t s  a t  t e m p e r a t u r e s  up 
t o  1250  K .  

T h i n  f i l m  s e n s o r  d e v e l o p m e n t  w o r k  i s  g o i n g  o n  b o t h  
a t  c o n t r a c t o r  f a c i l i t i e s  and  a t  NASA L e w i s .  F i g u r e  21 
shows t h e  t h i n  f i l m  s e n s o r  l a b o r a t o r y  a t  NASA L e w i s .  
The l a b o r a t o r y  i s  housed  i n  a c l e a n  room i n  w h i c h  b o t h  
t e m p e r a t u r e  and  h u m i d i t y  a r e  c o n t r o l l e d .  On t h e  l e f t  
i n  t h e  p h o t o g r a p h  a r e  t h r e e  vacuum s p u t t e r i n g  m a c h i n e s  
f o r  d e p o s i t i o n  o f  b o t h  i n s u l a t o r  a n d  s e n s o r  f i l m s .  I n  
t h e  r i g h t - h a n d  c o r n e r  of  t h e  room i s  e q u i p m e n t  for 
p h o t o l i t h o g r a p h y  o f  s e n s o r s ;  c o n v e n t i o n a l  p h o t o - r e s i s t  

The t h i n  f i l m  t h e r m o c o u p l e  shown i n  F i g .  19 
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t e c h n i q u e s  ace  u s e d .  A t  t h e  f a r  r i g h t  edge  of t h e  pho-  
t o g r a p h  i s  a w e l d e r  for  c o n n e c t i n g  l e a d w i r e s  t o  s e n s o r  
f i l m s .  

CONCLUDING REMARKS 

T h i s  p a p e r  has r e v i e w e d  t h e  s t a t e  o f  d e v e l o p m e n t  o f  
a number o f  advanced  i n s t r u m e n t a t i o n  p r o j e c t s  a p p l i c a -  
b l e  t o  t h e  h o t  s e c t i o n s  o f  t u r b i n e  e n g i n e s .  M o s t  o f  
t h e s e  p r o j e c t s  a r e  c o m p l e t e  and  t h e  i n s t r u m e n t a t i o n  i s  
I n  u s e .  T h i s  i s  t h e  case  f o r  t h e  Combus to r  V i e w i n g  
S y s t e m ,  t h e  Dynamic Gas T e m p e r a t u r e  M e a s u r i n g  Sys tem,  
t o t a l  h e a t  f l u x  s e n s o r s ,  t h e  l a s e r  anemomet ry  p r o j e c t s  
a e s c r ' b e d  h e r e ,  and t h i n  f i l m  t h e r m o c o u p l e s .  Work i n  
t n e  1;eneral a r e a  o f  t h i n  f i l m  s e n s o r s  i s  c o n t i n u i n g  i n  
o r d e r  ro  f u r t h e r  imDrove  t h e  t e c h n o l o g y  a n d  expand  sen- 
sor t y p e s  and a p p l i c a t i o n s .  The work t o  i m p r o v e  o u r  
h i g h - t e m p e r a t u r e  s t r a i n  m e a s u r i n g  c a p a b i l i t y  i s  s t i l l  
i n  p r o g r e s s .  
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FIGURE 3. - HEAT FLUX SENSORS INSTALLED I N  TURBINE VANE. 

ONGD-Ja  PAGE IS 
OF POOR QUALITY 

FIGURE 4. - COMBUSTOR SEGMENT INSTRU- 
MENTED WITH HEAT FLUX SENSORS. 
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FIGURE 6 .  - DUAL ELEMENT THERMOCOUPLE PROBE FOR MEASURING FLUCTUATING 
GAS TEMPERATURE. 

I 12 



c 
40 t 12 K RMS I 2oo 

0 0 

u 
3 -40t i -200 + I I  

2 A " " "  100 200 300 400 500 

I 41 K RMS 

1 100 200 300 400 500 

E (A) 250 PM THERMOCOUPLE UNCOMPENSATED. (B) 75 VM THERMOCOUPLE UNCOMPENSATED. zl + 
1000 

500 

0 

-500 

- 1000 

TIME, M/SEC 
0 225 235 245 255 265 275 

(C) 75 UM THERMOCOUPLE COMPENSATED. (D) 75 pM THERMOCOUPLE COMPENSATED. 

FIGURE 7. - DYNAMIC GAS TEMPERATURE SIGNALS FROM AN ENGINE TEST. 

13 



25 

20 

15 

10 

5 

0 

-5 

m -10 
-0 

e z v, -15 

- 

0 1 2  1 3 

30 

25 

20 

15 

10 

5 

0 

LL 
4 5  
I 

10 

(B) ~/2.5 OPTICS. 
FIGURE 8. - SIGNAL-TO-NOISE RATIO 

(SNR) FOR OPTIMUM MASK VERSUS 
DISTANCE OF PROBE VOLUME FROM 
WALL. 

1 4  



PHOTOMULTIPLIER 
INPUT 

COUNTER 
PROCESSOR 

SELECTED TIME 

BUFFERE 
TO DATA ACQUISI- 
TION SYSTFM rn 

J CONSTAN \ 

HIGH PASS 
FILTER BANK 

I 20 dB I 
AMPLIFIER y 

LOW PASS 
FILTER BANK 

PROGRAMMABLE 

I 

-c7 METER 

GRAPH 

--w COMPARATOR II 0 ALARM 



0 HORIZONTAL POLAR I ZATION 
LINEARLY L1 Q1 w1 

t VERT I CAL POLAR I ZAT I ON 

I 

POLARIZATION L7 w3 H2 L4 L6 
BEAN SPLITTER 

FIGURE 10. - SCHEMATIC VIEW OF THE TRANSMITTING AND RECEIVING OPTICS. 

16 



8 
5 
c V 
U 

17  



VIEWING 
LENS 7 

TILLUMINATING FIBER 

\ 

L12.7 MM DIA. 

FIGURE 12(A>. - CROSS SECTION OF WIDE FIELD OF VIEW COMBUSTOR 
VIEWING PROBE. 

y ILLUMINATING IMAGE 
\,FIBER FIBERS 7 

\ 
\ 
\ / 

\ COOL I NG \ 
\ 

L 12.7 MM DIA. 

FIGURE 12(B). - CROSS SECTION OF NARROW FIELD OF VIEW COMBUSTOR 
VIEWING PROBE. 

18 



KANTHAL A-1 FECRAL 
MOD #3 0 25oK/MIN 
~M/MIN A 5N/MIN 

H 25OK/MIN 0 ~~J(/MIN 

-10 000 

60 

30 

I I I I I I I I I I 

80 

40 

E 

2 

L 

e 

Q 

-40 

-80 

000 

000 

0 

000 

000 
273 473 673 873 1073 1273 1473 

TEMPERATURE, K 

FIGURE 13. - FRACTIONAL RESISTANCE 
CHANGE OF KANTHAL A-1 AND FECRAL 
MOD #3 AS A FUNCTION OF TEMPERATURE. 

Oo0r +lo5 HR 

TEMPERATURE, K 

FIGURE 14. - EFFECT OF SOAK TIME AT 1250 K ON THE RESISTANCE 
VERSUS TEMPERATURE CHARACTER I ST IC OF FECRAL MOD #3, 

19 



500r 

L 

STRAIN GAGE , ~ b 
RES1 STANCE 

-1 000 1250 K. ARGON - 
I I 

10 20 30 40 50 

FIGURE 15. - LONG-TERM RESISTANCE DRIFT OF PDCR ALLOY I N  

-1 5000 

TIME, HR 

ARGON AND AIR.  

IEEE 488 
MULTIMETER 

RS 232 10-CHANNEL 
DIGITAL 
THERMOMETER 

THERMOCOUPLES 
r 

- I I 

SINGLE AXIS A ACTUATOR - 
ACTUATOR CONTROLLER 

10-CHANNEL 

DIGITAL TO 
ANALOG CON- 
VERTER OVEN 
PROGRAMMER OVEN 2 

I-RArI 

STRAIN GAGES STRAIN GAGE 
READOUT 

- 

20 



000 

000 

000 

000 

000 

0 

oo!!OO 300 400 500 600 700 800 900 1000 
TEMPERATURE, K 

FIGURE 17. - FRACTIONAL RESISTANCE CHANGE VERSUS TEMPERATURE FOR 
KANTHAL A-1 AND 700 OC CHINESE GAGES WITH THREE DIFFERENT COOL- 
ING RATES. 

30 O o o r  

25 

20 

k 15 

? 
10 

5 

-5 

FIGURE 18(A) .  - SPECKLEGRAM OF COMBUSTOR LINER WITH NO DISTORTION DUE TO FLOW. 

21 



FIGURE 18(B) .  - SPECKLEGRAM OF COMBUSTOR LINER WITH DISTORTION FROM 
TURBULENT GAS FLOW. 

FIGURE 19. - A TURBINE VANE INSTRUMENTED WITH THIN FILM THERMOCOUPLES. 
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