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ABSTRACT 

The Lewis Research Cen te r  gas t u r b i n e  Hot Sec- 
t i o n  Tes t  F a c i l i t y  was deve loped t o  p r o v i d e  a " r e a l  
eng ine "  env i ronment  w l t h  known boundary c o n d i t i o n s  
f o r  t h e  aero thermal  per fo rmance e v a l u a t i o n  and v e r i f i -  
c a t i o n  o f  computer d e s i g n  codes. Th is  v e r i f i c a t i o n  
process  r e q u i r e s  exper imen ta l  measurements i n  a hos- 
t i l e  env i ronment .  The r e s e a r c h  i n s t r u m e n t a t i o n  used 
i n  t h i s  f a c i l i t y  a r e  p resen ted ,  and t h e i r  c h a r a c t e r i s -  
t i c s  and how t h e y  p e r f o r m  i n  t h i s  env i ronment  a r e  d i s -  
cussed. The r e s e a r c h  i n s t r u m e n t a t i o n  c o n s i s t e d  of 
c o n v e n t i o n a l  p r e s s u r e  and tempera tu re  sensors ,  as w e l l  
as t h i n - f i l m  thermocoup les  and hea t  f l u x  gages. The 
h o t  gas tempera tu re  was measured by an a s p i r a t e d  t e m -  
p e r a t u r e  probe and by a dua l -e lement ,  f as t - response  
tempera tu re  probe.  The d a t a  a c q u i s i t i o n  mode was b o t h  
s teady -s ta te  and t i m e  dependent.  These exper iments  
w e r e  conducted  o v e r  a w ide  range o f  gas Reynolds num- 
be rs ,  e x i t  gas Mach numbers, and hea t  f l u x  l e v e l s .  
T h i s  f a c i l i t y  was capab le  o f  t e s t i n g  a t  tempera tures  
up t o  1600 K, and a t  p ressu res  up t o  18 atm. These 
cor responded t o  an a i r f o i l  e x i t  Reynolds number range 
of  0 . 5 ~ 1 0 ~  t o  2 . 5 ~ 1 0 ~  based on t h e  a i r f o i l  cho rd  o f  
5 .55  cm. R e s u l t s  a r e  p r e s e n t e d  t h a t  c h a r a c t e r i z e  t h e  
performance c a p a b i l i t y  and t h e  d u r a b i l i t y  o f  t h e  
i n s t r u m e n t a t i o n .  D i s c u s s i o n  w i l l  a l s o  be made on t h e  
c h a l l e n g e  of  making measurements i n  h o s t i l e  e n v i r o n -  
ments.  The i n s t r u m e n t s  e x h i b i t e d  more than  adequate 
d u r a b i l i t y  t o  ach ieve  t h e  measurement p r o f i l e .  About 
70 p e r c e n t  o f  t h e  t h i n - f i l m  thermocouples and t h e  
dua l -e lement  tempera tu re  probe s u r v i v e d  s e v e r a l  
hundred thermal  c y c l e s  and up t o  35 h r  a t  gas tempera- 
t u r e s  up t o  1600 K. W i t h i n  t h e  exper imen ta l  uncer -  
t a i n t y ,  t h e  s t e a d y - s t a t e  and t r a n s i e n t  h e a t  f l u x  
measurements were comparable and c o n s i s t e n t  o v e r  t h e  
range o f  Reynolds numbers t e s t e d .  
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W w a l l  

4 .5 .6 a x i a l  s t a t i o n s  4 ,  5, o r  6 ( combus to r  

S u p e r s c r i o t s :  
- average 

s t a t o r  e x i t ,  and r o t o r  e x i t )  

t o t a l  

INTRODUCTION 

t h a t  were used i n  t h e  t o  o b t a i n  e x p e r i m e n t a l  d a t a  a t  
t h e  e n g i n e  c o n d i t i o n s .  The t e s t s  were conduc ted  i n  
t h e  HSF cascade r i g  a t  gas t e m p e r a t u r e s  up t o  1600 K 
and p r e s s u r e s  up t o  18 atm. T h i s  co r responded  t o  a 
vane e x i t  Reynolds number range  o f  0 . 5 ~ 1 0 6  t o  2 . 5 ~ 1 0 6  
based on t h e  t r u e  cho rd  of  5.55 cm. An u n c e r t a i n t y  
a n a l y s i s  was made i n  accordance w i t h  t h e  method o u t -  
l i n e d  by K l i n e  and M c C l i n t o c k  ( 1 9 5 3 ) .  T y p i c a l  r e s u l t s  
from these  i n s t r u m e n t s  and t h e i r  e s t i m a t e d  u n c e r t a i n t y  
a r e  p r e s e n t e d .  

FACILITY 

e x i t ,  

Improved pe r fo rmance  o f  t u r b o j e t  and t u r b o f a n  
eng ines  i s  t y p i c a l l y  accompanied by i n c r e a s e d  c y c l e  
p r e s s u r e  r a t i o  and combustor  e x i t  gas t e m p e r a t u r e .  
Gas p r e s s u r e  l e v e l s  o f  25 t o  30 atm and gas tempera- 
t u r e s  o f  1600 K e x i s t  i n  some c u r r e n t  o p e r a t i o n a l  
e n g i n e s ,  and p r e s s u r e  l e v e l s  o f  60 atm w i t h  tempera- 
t u r e s  o f  2200 K a r e  a n t i c i p a t e d  i n  advanced commer- 
c i a l  e n g i n e s .  The c o n t i n u i n g  i n c r e a s e s  i n  t u r b i n e  
entry gas p r e s s u r e  and t e m p e r a t u r e  o f  t h e  modern gas 
t u r b i n e  e n g i n e  and i t s  h i g h  development  c o s t  p u t  a 
premium on an a c c u r a t e  i n i t i a l  a e r o t h e r m a l  d e s i g n  of  
t h e  t u r b i n e  h o t  s e c t i o n  hardware.  

i n c l u d e  h i g h  c y c l e  e f f i c i e n c y ,  i n c r e a s e d  d u r a b i l i t y  
o f  t h e  h o t  s e c t i o n  components ( i . e . ,  l o w e r  ma in te -  
nance c o s t s ) .  and l o w e r  o p e r a t i n g  c o s t s .  These g o a l s  
a r e  c o n t r a d i c t o r y :  H i g h  c y c l e  e f f i c i e n c y  r e q u i r e s  
m i n i m i z i n g  t h e  c o o l i n g  a i r  r e q u i r e m e n t s ,  and i n c r e a s e d  
d u r a b i  1 i t y  r e q u i r e s  m i n i m i z i n g  me ta l  t empera tu res  and 
t e m p e r a t u r e  g r a d i e n t s .  An optimum d e s i g n  can be r e a l -  
i z e d  o n l y  t h r o u g h  improved  u n d e r s t a n d i n g  o f  t h e  f l o w  
f i e l d  and t h e  h e a t  t r a n s f e r  p rocess  i n  t h e  t u r b i n e  
gas p a t h .  

S o p h i s t i c a t e d  computer  d e s i g n  codes a r e  b e i n g  
deve loped  w h i c h  have t h e  p o t e n t i a l  o f  p r o v i d i n g  t h e  
d e s i g n e r  w i t h  s i g n i f i c a n t l y  b e t t e r  i n i t i a l  e s t i m a t e s  
of t h e  f l o w  f i e l d  and h e a t  l o a d  on t h e  h o t  s e c t i o n  
components. These codes a r e  b e i n g  e v a l u a t e d  and v e r i -  
f i e d  t h r o u g h  low t e m p e r a t u r e  and p r e s s u r e  r e s e a r c h  i n  
cascades and w ind  t u n n e l s .  However, by d e s i g n ,  t hese  
f a c i l i t i e s  do  n o t  model a l l  o f  t h e  p rocesses  t h a t  
e x i s t  i n  a r e a l  e n g i n e  e n v i r o n m e n t ,  and t h e r e f o r e ,  t h e  
a b i l i t y  of t h e  d e s i g n  codes t o  p r e d i c t  t h e  i n t e r a c t i o n  
o f  t h e  v a r i o u s  pa ramete rs  canno t  be f u l l y  e v a l u a t e d .  

Lew is  Research C e n t e r  p r o v i d e d  a " r e a l  e n g i n e "  e n v i -  
ronment  w i t h  known boundary c o n d i t i o n s  and c o n v e n i e n t  
access for advanced i n s t r u m e n t a t i o n  t o  s t u d y  t h e  ae ro -  
t h e r m a l  per formance of  t u r b i n e  h o t  s e c t i o n  components. 
The t h e r m a l  pe r fo rmance ,  and u l t i m a t e l y  t h e  l i f e  o f  
t h e s e  components i n  a r e a l i s t i c  a p p l i c a t i o n ,  i s  depend- 
e n t  on t h e  d e s i g n e r ' s  a b i l i t y  t o  p r e d i c t  t h e  l o c a l  
h e a t  l o a d  d i s t r i b u t i o n .  The s t a t o r  a i r f o i l  h e a t  
t r a n s f e r  c o e f f i c i e n t  p r e s e n t s  a c h a l l e n g i n g  s i t u a t i o n  
fo r  t h e  d e s i g n e r  because o f  t h e  complex flow f i e l d  
t h r o u g h  t h e  t u r b i n e .  Even though  h e a t  t r a n s f e r  on . 
a i r f o i l s  has been s t u d i e d  p r e v i o u s l y ,  t h e r e  has been 
o n l y  l i m i t e d  eng ine  d a t a  a v a i l a b l e  t o  v e r i f y  or c a l i -  
b r a t e  t h e  a n a l y t i c a l  models .  The impor tance  o f  accu- 
r a t e  h e a t  t r a n s f e r  d a t a  i n  b o t h  a t e s t  r i g  and an 
e n g i n e  env i ronmen t  i s  s e l f  a p p a r e n t .  These d a t a  p r o -  
v i d e  a means o f  v e r i f y i n g  or  i m p r o v i n g  t h e  d e s i g n e r ' s  
p r e d i c t i o n  c a p a b i l i t y  and r e d u c i n g  o v e r a l l  deve lop -  
ment c o s t s .  These, i n  t u r n ,  would promote l o n g e r  com- 
ponen t  l i f e  and would m i n i m i z e  t h e  amount o f  c o o l i n g  
a i r  r e q u i r e d .  

T h i s  paper  d i s c u s s e s  t h e  i n s t r u m e n t a t i o n  used i n  
t h e  Hot S e c t i o n  F a c i l i t y  t o  o b t a i n  h e a t  t r a n s f e r  
and aerodynamic d a t a .  These i n c l u d e  t h i n - f i l m  thermo- 
c o u p l e s ,  h e a t  f l u x  gages, a dua l -e lemen t  gas tempera- 
t u r e  p robe ,  and an a s p i r a t e d  gas t e m p e r a t u r e  p robe  

The d e s i g n  g o a l s  f o r  commerc ia l  j e t  eng ines  

The gas t u r b i n e  Hot S e c t i o n  F a c i l i t y  (HSF) a t  NASA 

Genera l  D e s c r i p t i o n  
A p h y s i c a l  l a y o u t  o f  t h e  Hot S e c t i o n  F a c i l i t y  

(HSF) i s  shown i n  p e r s p e c t i v e  v i e w  i n  F i g .  l ( a ) .  -The  
HSF a t  NASA Lewis Research C e n t e r  was a u n i q u e  f a c i l -  
i t y  h a v i n g  f u l l y  automated c o n t r o l  o f  t h e  r e s e a r c h  r i g  
t h r o u g h  an i n t e g r a t e d  system of m i n i c o m p u t e r s  and p r o -  
grammable c o n t r o l l e r s .  
f a c i l i t y  and how t h e y  i n t e r f a c e d  t o g e t h e r  t o  p r o v i d e  a 
r e a l  e n g i n e  env i ronmen t  a r e  shown i n  t h e  f low d i a g r a m  
i n  F i g .  l ( b ) .  T h i s  f a c i l i t y  i s  d i s c u s s e d  i n  more 
d e t a i l  by Cochran e t  a l .  ( 1 9 7 6 ) ,  and b y  Gladden 
e t  a l .  ( 1 9 8 5 ) .  

The ma in  a i r  s u p p l y  system p r o v i d e d  a i r  a t  10 atm 
to  a n o n v i t i a t e d  p r e h e a t e r .  The p r e h e a t e r  modu la ted  
t h e  a i r  t e m p e r a t u r e  between amb ien t  and 560 K. A s e t  
o f  r o u t i n g  v a l v e s  was used t o  s e l e c t  e i t h e r  o f  two 
modes of  o p e r a t i o n :  
system, a i r  was p r o v i d e d  t o  t h e  t e s t  r i g  a t  10 a tm and 
a t  t e m p e r a t u r e s  up t o  560 K, and ( 2 )  u s i n g  t h e  compres- 
s o r  mode, t h e  h e a t  o f  compress ion  p r o v i d e d  a i r  t o  t h e  
r i g  a t  up t o  20 a tm and a t  t e m p e r a t u r e s  up t o  730 K .  

The m a j o r  components o f  t h i s  

( 1 )  U s i n g  t h e  compressor  bypass 
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Cascade C o n f i q u r a t i o n  
The f a c i l i t y  was c o n f i g u r e d  as a s t a t o r  cascade 

f o r  t hese  h e a t  t r a n s f e r  and aerodynamic e x p e r i m e n t s .  
A c r o s s  s e c t i o n  o f  t h e  Hot S e c t i o n  Cascade R i g  i s  
shown i n  F i g .  2 .  The m a j o r  components c o n s i s t e d  o f  a 
h e a t  sou rce  ( c o m b u s t o r ) ,  a f u l l  a n n u l a r  vane row, an 
exhaus t  d u c t  l i n e ,  a quench system ( t o  lower  t h e  tem- 
p e r a t u r e  o f  t h e  exhaus t  g a s ) .  and a vacuum exhaus t  
sys t e m .  

The vane row c o n s i s t e d  of  36 s t a t o r  vanes, sepa- 
r a t e d  i n t o  two g roups :  10 t e s t  vanes and 26 s l a v e  
vanes. The t e s t  vane and s l a v e  vane c o o l i n g  a i r  was 
s u p p l i e d  f r o m  two s e p a r a t e  m a n i f o l d s ,  w i t h  t h e  f low 
r a t e s  t o  each m a n i f o l d  i n d e p e n d e n t l y  c o n t r o l l e d .  I n  
t h e s e  p a r t i c u l a r  t e s t s ,  t h e  t e s t  vanes and t h e  s l a v e  
vanes had t h e  same i n t e r n a l  and e x t e r n a l  
c o n f i g u r a t i o n .  

The s t a t o r  vane c o n f i g u r a t i o n ,  wh ich  was used 
f o r  t h e  r e s u l t s  p r e s e n t e d  h e r e i n ,  i s  shown i n  F i g .  3. 
The i n t e r n a l  h e a t  t r a n s f e r  was s i m p l e  c o n v e c t i o n  w i t h -  
o u t  any augmen ta t i on  n o r m a l l y  f o u n d  i n  modern t u r b i n e  
a i r f o i l s  ( i . e . ,  impingement  i n s e r t  or t u r b u l a t o r s )  t o  
s i m p l i f y  t h e  i n s t r u m e n t a t i o n  i n s t a l l a t i o n  p rocedure .  
C o o l i n g  a i r  was s u p p l i e d  t o  t h e  vane t h r o u g h  t h e  vane 
t i p  and was exhaus ted  i n t o  a p lenum a t  t h e  vane 
t r a i l i n g - e d g e  hub.  

INSTRUMENTATION 

The i n s t r u m e n t s  used i n  t h e  HSF cascade were 
exposed t o  an e x t r e m e l y  h o s t i l e  env i ronmen t  o f  h i g h  
t e m p e r a t u r e ,  p r e s s u r e ,  and h e a t  f l u x .  A s  such, t h e r e  
were some u n i q u e  c o n d i t i o n s  t o  be met .  The m a t e r i a l  
used had t o  be c o m p a t i b l e  w i t h  t h e  base m a t e r i a l  o f  
t h e  t u r b i n e  a i r f o i l .  The i n s t r u m e n t s  had t o  s u r v i v e  
i n  t h e  e x t r e m e l y  h o s t i l e  e n v i r o n m e n t .  They had t o  be 
rugged  t o  w i t h s t a n d  t h e  v i b r a t i o n  genera ted  i n  a t u r -  
b i n e  e n g i n e .  The p h y s i c a l  s i z e  o f  t h e  i n s t r u m e n t s  had 
t o  be s m a l l  t o  o b t a i n  a r e a s o n a b l y  a c c e p t a b l e  s p a t i a l  
r e s o l u t i o n  and t o  m i n i m i z e  t h e  i m p a c t  on t h e  pa ramete r  
b e i n g  measured. The i n s t r u m e n t a t i o n  e v a l u a t e d  i n  t h i s  
e x p e r i m e n t  c o n s i s t e d  o f  b o t h  c o n v e n t i o n a l  i n s t r u m e n t s  
used i n  h i g h - t e m p e r a t u r e  t e s t s  and some advanced non- 
c o n v e n t i o n a l  i n s t r u m e n t a t i o n  t e c h n i q u e s .  C o n v e n t i o n a l  
i n s t r u m e n t a t i o n  i s  d e f i n e d  h e r e  as tempera tu re  and 
p r e s s u r e  measurements u s i n g  sheathed the rmocoup les  and 
s t r a i n  gage p r e s s u r e  t r a n s d u c e r s .  

Nonconven t iona l  I n s t r u m e n t a t i o n  
Nonconven t iona l  i n s t r u m e n t a t i o n  i s  d e f i n e d  he re  

as any i n s t r u m e n t a t i o n  advanced i n  e i t h e r  f u n c t i o n  or 
d e s i g n  beyond t h e  c o n v e n t i o n a l  h i g h  t e m p e r a t u r e  and 
p r e s s u r e  sensors .  Among t h e s e  wou ld  be h e a t  f l u x  
gages (Gardon t y p e  and p a i r e d  the rmocoup les  t y p e ) ,  
t h i n - f i l m  t h e r m o c o u p l e s ,  and t h e  dua l -e lemen t ,  f a s t -  
response  gas t e m p e r a t u r e  p r o b e .  The f o l l o w i n g  subsec- 
t i o n s  g i v e  a d e s c r i p t i o n  o f  t h e  i n s t r u m e n t s  used i n  
t h e s e  e x p e r i m e n t s .  

The h e a t  f l u x  gages used i n  these  t e s t s  were 
deve loped  under  NASA c o n t r a c t ,  and r e p o r t e d  by A t k i n -  
son, Cy r ,  and S t r a n g e  (1984)  f o r  gas t u r b i n e  a p p l i c a -  

on t h e  a i r f o i l s :  t h e  Gardon gage and t h e  p a i r e d  t h e r -  
mocouple gage. 

Gardon gaqe. The Gardon gage c o n s i s t s  o f  a t h i n  
c i r c u l a r  f o i l  p l a c e d  normal  t o  t h e  i n c i d e n c e  h e a t  f l u x  
and a p e r i p h e r a l  h e a t  s i n k .  Hea t  f l u x  e n t e r i n g  t h e  
f o i l  f l o w s  r a d i a l l y  o u t w a r d  from t h e  c e n t e r  o f  t h e  
f o i l  t owards  t h e  p e r i p h e r a l  h e a t  s i n k .  The h e a t  f l u x  
i s  p r o p o r t i o n a l  t o  t h e  temperatur 'e  d i f f e r e n c e  between 
t h e  c e n t e r  o f  t h e  f o i l  and t h e  h e a t  s i n k .  Gardon 
gages have a l o n g  h i s t o r y ,  b u t  t h e  p r e s e n t  a p p l i c a t i o n  
i s  q u i t e  u n i q u e .  F i g u r e  4 shows a schemat ic  o f  t h e  

. t i o n s .  Two t y p e s  o f  h e a t  f l u x  gages were i n s t a l l e d  
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F i g .  2 Cascade schemat ic  c r o s s  s e c t i o n  o f  combustor 
and cascade vane row 

F i g .  3 Vane a i r f o i l  used i n  Hot S e c t i o n  F a c i l i t y  
cascade t e s t s  
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F i g .  4 Schemat ic  o f  Gardon gage h e a t  f l u x  sensor  used 
i n  Ho t  S e c t i o n  F a c i l i t y  ( w i r e s  1 and 2 measure 
sensor  o u t p u t ;  w i r e s  1 and 3 measure r e f e r e n c e  
t e m p e r a t u r e )  
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( a )  VANE WITH WINDOY R E M V E D  ( R A C H l N l N G  OF C A V I T I E S  FOR SENSORS AND 
GROOVES FOR SENSOR LEADS C W L E T E )  

was o b t a i n e d  w i t h  a p a i r  o f  Chromel-Alumel w i r e s  
l o c a t e d  o n  t h e  s i d e s  o f  t h e  c a v i t y  w a l l  ( w i r e s  1 and 3 
i n  F i g .  4 ) .  

I n s t a l l i n g  t h e  h e a t  f l u x  gage i n v o l v e d  t h e  
removal  07 a window f rom t h e  a i r f o i l  s u c t i o n  s u r f a c e  
( F i g .  5 ( a ) ) .  The gage was then  i n s t a l l e d  t h r o u g h  t h e  
window o n  t h e  now exposed i n t e r n a l  p r e s s u r e  s u r f a c e .  
A c a v i t y ,  l o c a t e d  o n  t h e  c o l d  s i d e  o f  t h e  gage, was 
machined i n t o  t h e  a i r f o i l ,  l e a v i n g  a t h i n  l a y e r  
(0.38 mm) o f  t h e  a i r f o i l  m a t e r i a l  t o  s e r v e  as t h e  
f o i l .  A f t e r  i n s t a l l a t i o n  o f  t h e  the rmocoup le  w i r e s ,  
t h e  c a v i t y  was f i l l e d  w i t h  ce ramic  cement to  p r o v i d e  
a smooth i n t e r n a l  flow p a t h  as w e l l  as s u p p o r t  and 
o x i d a t i o n  p r o t e c t i o n  f o r  t h e  f i n e  the rmocoup le  w i r e s  
( f i g .  5 ( b ) ) .  A f t e r  I n s t a l l a t i o n  o f  t h e  h e a t  f l u x  
gage, t h e  window was welded t o  t h e  a i r f o i l  t o  a g a i n  
form t h e  whole vane ( F i g .  5 ( c ) ) .  The w e l d i n g  was 
t h e n  smoothed t o  form a c o n t i n u o u s  a i r f o i l  s u r f a c e .  
The gage, now an i n t e g r a l  p a r t  o f  t h e  vane, was c a l i -  
b r a t e d  i n  acco rdance  w i t h  p rocedures  o u t l i n e d  b y  
A t k i n s o n  e t  a l .  b e f o r e  b e i n g  i n s t a l l e d  i n  t h e  cascade.  
A known normal  I n c i d e n t  h e a t  f l u x  was a p p l i e d  t o  each 
gage l o c a t i o n ,  and t h e  r e s u l t i n g  o u t p u t  of t h e  d e v i c e  
was r e c o r d e d .  F i g u r e  6 shows t y p i c a l  r e s u l t s  o f  t h e  
c a l i b r a t i o n .  
w i t h i n  25 p e r c e n t  o f  t h e  f u l l - s c a l e  r e a d i n g .  I n s t r u -  
m e n t a t i o n  u n c e r t a i n t y  e s t i m a t e s  a r e  summarized i n  
Tab le  I .  

The gage c a l i b r a t i o n  u n c e r t a i n t y  was 

l6O0 r 

( b )  VANE WITH LEADS I N S T A L L E D  ( C E R M I C  NOT YET I N S T A L L E D  AND SURFACE 
NOT YET YXX)THED) 
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F i g .  6 T y p i c a l  c a l i b r a t i o n  d a t a  f o r  Gardon gage h e a t  
f l u x  sensors  i n s t a l l e d  i n  vanes fo r  H o t  S e c t i o n  
F a c i  1 i t y  

I C )  '<ANI i l " 1  YlHOOW R E Y E L E D  I N T O  PLACE (VANE SURFACE WILL BE 
w o r m 9  HEFORE INSTALLING IN CASCADE) 

F i g .  5 I n s t a l l a t i o n  o f  Gardon gage h e a t  f l u x  sensor  

Gardon gage used i n  t h e  HSF. T h i s  c o n s t r u c t i o n  makes 
use o f  t h e  a i r f o i l  m a t e r i a l  as an i n t e g r a l  p a r t  o f  the  
gage i t s e l f  t o  i n s u r e  t h a t  t h e  presence o f  t h e  gage 
does n o t  a f f e c t  t h e  l o c a l  h e a t  t r a n s f e r  r a t e  because 
o f  i t s  t he rma l  p r o p e r t i e s  or aerodynamic d i s c o n t i n u i -  
t i e s .  The d i f f e r e n t i a l  t e m p e r a t u r e  between the  " f o i  1 "  
and t h e  ma in  a i r f o i l  body was o b t a i n e d  f r o m  two Alumel 
w i r e s ,  one l o c a t e d  a t  t h e  c e n t e r  o f  t h e  " f o i l "  i n s i d e  
t h e  c a v i t y ,  and one a t  t h e  s i d e  o f  t h e  c a v i t y  w a l l  
( w i r e s  1 and 2 i n  F i g .  4 ) .  The gage tempera tu re  l e v e l  
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Gas temperature 
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Embedded thermocouple 
T h i n - f i l m  thermocouple 
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Gardon gage 
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( a )  GARDON GAGE AND PAIRED THERMOCOUPLE HEAT FLUX SENSOR 
LOCATIONS ON VANE 

,-VANE POSITION NUMBER 

( b )  NONCONVENTIONAL INSTRUMENTATION LOCATION IN CASCADE 

F i g .  7 Heat f l u x  sensor  l o c a t i o n s  on vane and r e l a -  
t i v e  l o c a t i o n  of o t h e r  nonconven t iona l  i ns t rumen ta -  
t i o n  i n  cascade ( v i e w  l o o k i n g  downstream; Gardon 
gages, p a i r e d  thermocoup les ,  and t h i n - f i l m  thermo- 
coup les  a r e  l a b e l e d  G, P T ,  and TF,  r e s p e c t i v e l y )  

Four Gardon gages were i n s t a l l e d  on t h e  p r e s s u r e  
su r face  o f  two a i r f o i l s .  These ins t rumen ted  a i r f o i l s  
were l o c a t e d  c l r c u m f e r e n t i a l l y  a t  about  260" coun te r -  
c l o c k w i s e  (ccw) from t o p  dead c e n t e r ,  a t  vane p o s i -  
t i o n s  31 and 32. F i g u r e  7 ( a )  shows t h e  l o c a t i o n  of 
the gages on t h e  vane. F i g u r e  7(b)  shows the  r e l a t i v e  
l o c a t i o n  o f  t h e  Gardon gage i n  t h e  vane cascade. 

P a i r e d  thermocoup les .  The p a i r e d  thermocoup le  
h e a t  f l u x  gage used t h r e e  s i n g l e ,  sheathed thermal  
e lements  embedded i n  t h e  grooved s u r f a c e  o f  t h e  vane 
a i r f o i l  ( F i g .  8). Two o f  the  conduc to rs  (Chrome1 and 
A lumel )  w e r e  l o c a t e d  on t h e  c o l d  s i d e  o f  t h e  a i r f o i l ,  
whi le  t h e  t h i r d  (A lume l )  was l o c a t e d  on t h e  h o t  su r -  
face .  The Chromel-Alumel thermal  e lements  p r o v i d e d  
t h e  l o c a l  r e f e r e n c e  tempera tu re ,  and t h e  gage o u t p u t  
was o b t a i n e d  as a d i f f e r e n t i a l  s i g n a l  f r o m  t h e  p a i r  
o f  Alumel w i r e s .  The i n s t a l l a t i o n  o f  t hese  p a i r e d  
thermocoup le  h e a t  f l u x  gages was s i m i l a r  t o  t h a t  o f  
t h e  Gardon gages shown i n  F i g .  5 .  A window on t h e  
vane s u c t i o n  s u r f a c e  was removed, and t h e  gage was 
i n s t a l l e d  i n  t h e  exposed p r e s s u r e  s u r f a c e .  The w in-  
dow p i e c e  t h a t  was removed was then rewe lded t o  the  
a i r f o i l  t o  a g a i n  form t h e  comple te  a i r f o i l .  These 
gages were a l s o  c a l i b r a t e d  i n  accordance w i t h  p roce-  
dures  o u t l i n e d  by A t k i n s o n  e t  a l .  ( F i g .  9 ) .  The gage 
c a l i b r a t i o n  u n c e r t a i n t y  was w i t h i n  =5 p e r c e n t  o f  t he  
f u l l - s c a l e  r e a d i n g .  

The p a i r e d  thermocoup le  a i r f o i l s  were l o c a t e d  a t  
about  280" c c w  f r o m  t o p  dead c e n t e r ,  a t  vane p o s i -  
t i o n s  33 and 3 4 .  The r e l a t i v e  l o c a t i o n  o f  these a i r -  
f o i l s  w i t h i n  t h e  vane row i s  a l s o  shown i n  F i g .  7 ( b ) .  

T h i n - f i l m  the rmocoup les .  T h i n - f i l m  thermocoup les  
were surface-mounted thermocoup les  formed by d e p o s i t -  
i n g  ( b y  s p u t t e r i n g )  a t h i n  l a y e r  o f  e l e c t r i c a l  
i n s u l a t i n g  m a t e r i a l  on t h e  vane s u r f a c e ,  and then  
d e p o s i t i n g  a m e t a l l i c  thermocoup le  m a t e r i a l  o n l y  a 
f e w  mic rons  t h i c k  on top  o f  t h e  i n s u l a t i n g  m a t e r i a l .  
A t y p i c a l  a p p l i c a t i o n  o f  t h e  t h i n - f i l m  thermocoup les  
i s  shown i n  F i g .  10. The i n s t a l l a t i o n  p rocedure  i s  
d iscussed i n  d e t a i l  by Gran t  e t  a l .  (1982) .  The t h e r -  
mal e lements  were p l a t i n u m / p l a t i n u m  10 p e r c e n t  rhod ium 
( t y p e  S). Each thermal  e lement  o f  t he  thermocoup le  
was =1.27 mm v i d e  by  12 pm t h i c k ,  f o r m i n g  a j u n c t i o n  
o f  =1.27 rnm i n  the  chordwise  d i r e c t i o n .  A 2 .5 -  t o  
3.0-pm-thick s u b s t r a t e  o f  A1203 served as an i n s u l a -  
t o r  between t h e  t h i n  f i l m  and t h e  a i r f o i l  w a l l ,  The 
j u n c t i o n  between t h e  t h i n  f i l m  and the  l e a d  w i r e  was 
formed by a h o t  compression techn ique  d e s c r i b e d  by 
Gran t  and Przybyszewsk i  (1980) .  They found  t h a t  a 
d u r a b l e  j u n c t i o n  was formed by compress ing  t h e  l e a d  
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F i g .  8 Schematic o f  p a i r e d  thermocoup le  h e a t  f l u x  
sensor used i n  Hot  S e c t i o n  F a c i l i t y  ( w i r e s  1 and 3 
measure sensor  o u t p u t ;  w i r e s  1 and 2 measure r e f e r -  
ence tempera tu re )  
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F i g .  9 C a l i b r a t i o n  d a t a  fo r  p a i r e d  thermocoup le  h e a t  
f l u x  sensors  i n s t a l l e d  i n  vanes f o r  H o t  S e c t i o n  
F a c i  1 i t y  
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F i g .  10 T y p i c a l  t h i n - f i l m  t h e r m o c o u p l e  i n s t a l l a t i o n  
on a i r f o i l  p r e s s u r e  s u r f a c e  ( l e a d  w i r e s  n o t  
a t t a c h e d )  

w i r e  o n t o  t h e  t h i n  f i l m  u n t i l  i t  p l a s t i c l y  de formed,  
and t h e n  h e a t i n g  t h e  sys tem to  c r e a t e  a d i f f u s i o n -  
bonded c o n n e c t i o n .  T y p i c a l l y ,  t h i s  I n s t a l l a t i o n  p r o -  
cedure  r e s u l t s  i n  a measurement u n c e r t a i n t y  o f  
1.6 p e r c e n t  o f  t h e  r e a d i n g  ( i n  C e l s i u s ) .  

i n s t a l l e d  o n  t h e  s u r f a c e s  of f o u r  vanes. These vanes 
were l o c a t e d  c i r c u m f e r e n t i a l l y  a t  =60", 90". and 
135" ccw l o o k i n g  downstream (0" a t  t o p  dead c e n t e r ) .  
T y p i c a l l y  t h e r e  were f o u r  t h e r m o c o u p l e s  o n  one s u r f a c e  
o f  t h e  a i r f o i l ,  and two t h e r m o c o u p l e s  o n  t h e  o p p o s i t e  
s u r f a c e .  The d i s t r i b u t i o n  o f  t h e  t h i n - f i l m  thermocou- 
p l e s  i s  shown i n  F i g .  11.  

Twenty - four  t h i n - f i l m  t h e r m o c o u p l e s  were 

Dua l -e lement ,  f a s t - r e s o o n s e  qas t e m p e r a t u r e  
probe. The d u a l - e l e m e n t ,  f a s t - r e s p o n s e  gas tempera- 
t u r e  p robe,  l o c a t e d  a t  t h e  combustor  e x i t ,  was t h e  
p r i m a r y  gas t e m p e r a t u r e  i n s t r u m e n t  used t o  measure 
t h e  f l u c t u a t i o n s  i n  t h e  gas t e m p e r a t u r e .  The p r o b e ,  
deve loped u n d e r  NASA c o n t r a c t  and r e p o r t e d  b y  E lmore  
e t  a l .  (1983) ,  i s  shown i n  F i g .  12.  The two t h e r m a l  
e lements  o f  t h e  p r o b e  were p l a t i n u m  30 p e r c e n t  
r h o d i u m  and p l a t i n u m  6 p e r c e n t  r h o d i u m  ( t y p e  B )  and 

'VANE POSITION 11 

F i g .  1 1  T h i n - f i l m  thermocoup le  d i s t r i b u t i o n  on vanes 

were 0.076 mm and 0 . 2 5  mm i n  d i a m e t e r ,  r e s p e c t i v e l y .  
The probe was d e s i g n e d  t o  measure t e m p e r a t u r e  f l u c t u a -  
t i o n s  up t o  1.0 kHz and,  t h r o u g h  a ccmpensat ion  t e c h -  
n i q u e  d e s c r i b e d  b y  E lmore  e t  a l . ,  r e f l e c t  t h e  t r u e  
peak-to-peak a m p l i t u d e s  of t h e  f l u c t u a t i o n s .  
ment u n c e r t a i n t i e s  was e s t i m a t e d  b y  Gladden and Proc-  
tor  (1985) t o  be 3 .3  p e r c e n t .  

Measure- 

F i g .  12 Dua l -e lement  gas t e m p e r a t u r e  p r o b e  
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Conven t iona l  I n s t r u m e n t a t i o n  
The c o n v e n t i o n a l  i n s t r u m e n t s  s p e c i f i c  t o  t h e  pe r -  

formance o f  t h e  cascade measured t h e  vane a i r f o i l  
meta l  tempera tures  and t h e  gas p a t h  tempera tures  and 
p ressu res .  A c r o s s - s e c t i o n a l  schemat ic  o f  t h e  vane 
a i r f o i l  i s  g i v e n  i n  F i g .  13, showing a compos i te  sum- 
mary o f  i n s t r u m e n t  l o c a t i o n s  on t h e  a i r f o i l .  The 
l o c a t i o n s  shown i n  t h e  f i g u r e  r e p r e s e n t  e i t h e r  meta l  
tempera ture  o r  s t a t i c  p r e s s u r e  measurements. Because 
each a i r f o i l  c o u l d  accommodate o n l y  a l i m i t e d  number 
o f  i n s t r u m e n t  g rooves ,  t h e  tempera tu re  or p ressu re  
d i s t r i b u t i o n s  r e p o r t e d  were composed o f  measurements 
f r o m  seve ra l  a i r f o i l s  i n  t h e  annu lus .  I t  i s  wor thy  
of  n o t e  t h a t  even c o n v e n t i o n a l  i n s t r u m e n t a t i o n  i s  a 
c h a l l e n g e ,  as shown i n  t h e  n e x t  s e c t i o n .  

Embedded thermocoup les .  Sheathed thermocoup les  
embedded i n  t h e  a i r f o i l  w a l l ,  a w i d e l y  used method, 
were a l s o  used h e r e i n  t o  measure me ta l  a i r f o i l  temper- 
a t u r e s .  T h i s  method i n v o l v e d  c u t t i n g  grooves  i n t o  
t h e  a i r f o i l  s u r f a c e  and t h e n  embedding t h e  sheathed 
thermocouples i n t o  t h e  g rooves .  The grooves  were then 
covered w i t h  a m e t a l l i c  f o i l  f l u s h  w i t h  t h e  a i r f o i l  
s u r f a c e  and spo t  welded i n  p l a c e .  F i g u r e  14 shows a 
t y p i c a l  i n s t a l l a t i o n  o f  t h i s  t y p e  o f  s u r f a c e  tempera- 
t u r e  measurement. The thermocoup le  was formed by a 
p a i r  o f  sheathed, s i n g l e  w i r e s ,  and f l a t t e n e d  a t  t he  
j u n c t i o n .  By u s i n g  premium grade t ype  K thermocouple 
w i r e ,  t h e  o v e r a l l  measurement u n c e r t a i n t y  was e s t i -  
mated to be l e s s  than 1 .0  p e r c e n t  o f  t h e  r e a d i n g .  
However, t h i s  techn ique ,  d e s c r i b e d  by Crow1 and Glad- 
den (1971) ,  has i t s  d i sadvan tages .  The presence of  
t h e  grooves i n  t h e  a i r f o i l  d i s t o r t s  the  i so the rms ,  
w h i l e  t h e  thermocoup le  j u n c t i o n ,  formed below the  a i r -  
f o i l  s u r f a c e ,  does n o t  measure t h e  a i r f o i l  su r face  
tempera tu re .  A l s o ,  t h e  decreased t h i c k n e s s  of  t h e  
a i r f o i l  w a l l  weakens t h e  s t r u c t u r a l  i n t e g r i t y  o f  t he  
a i  r f o i  1 . 
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F i g .  13 Vane a i r f o i l  c r o s s  s e c t i o n  showing a compos- 
i t e  o f  embedded thermocoup le  or p r e s s u r e  t a p  
1 o c a t  i on s 
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F i g .  14 T y p i c a l  embedded thermocoup le  i n s t a l l a t i o n  i n  
meta l  w a l l  o f  a i r f o i l  t a l l  d imens ions  i n  m i l l i m e t e r s )  

A s p i r a t e d  gas tempera ture  probe.  The a s p i r a t e d  
tempera ture  probe was used f o r  measur ing  h i g h  gas 
tempera tures  a t  s t e a d y - s t a t e  c o n d i t i o n s .  Th is  meas- 
urement techn ique  was based on a des ign  i n i t i a l l y  
developed by Glawe e t  a l .  (1956) .  The sens ing  thermo- 
coup le  e lement ,  l o c a t e d  i n s i d e  a meta l  t ube ,  was 
s h i e l d e d  t o  m in im ize  r a d i a t i o n  hea t  l o s s  and p r o v i d e d  
a s t a g n a t i o n  c o n d i t i o n .  The mainstream gas was a s p i -  
r a t e d  i n t o  the  c y l i n d e r  hous ing  th rough  a h o l e  l o c a t e d  
on the  s i d e  o f  t h e  c y l i n d e r  and s tagna ted  i n  t h e  c a v i t y  
w i t h  the  sens ing  thermocoup le .  F i g u r e  15, t aken  f r o m  
t h e  r e p o r t  by  Glawe e t  a l . ,  shows a t y p i c a l  doub le-  
s h i e l d e d  a s p i r a t e d  probe i n  wh ich  t h e  sens ing  therrno- 
coup le  was s h i e l d e d  i n  a second c y l i n d e r  l o c a t e d  w i t n i n  
t h e  f i r s t  c y l i n d e r .  The thermal  element used i n  t h i s  
probe was t y p e  R ,  wh ich  p r o v i d e d  tempera ture  medsure- 
ment c a p a b i l i t y  up t o  1900 K .  I n  a d d i t i o n ,  an i r i d i u m  
40 p e r c e n t  rhod ium versus  i r i d i u m  thermal  e lement  was 
a v a i l a b l e  t o  ex tend  t h e  measurement c a p a b i l i t y  up t o  
2200 K .  The measurement u n c e r t a i n t y  o f  t h i s  t ype  o f  
p robe,  a f t e r  c o r r e c t i o n s  f o r  sys temat i c  e r r o r s ,  was 
e s t i m a t e d  t o  be l e s s  than 1.0 p e r c e n t .  

DATA A C Q U I S I T I O N  

The o p e r a t i o n  and d a t a  a c q u i s i t i o n  f o r  t he  f a c i l -  
i t y  were f u l l y  automated th rough  an i n t e g r a t e d  d i g i t a l  
computer system c a l l e d  t h e  D i g i t a l  C o n t r o l  Center  
(DCC). The f o u r  m in i compu te rs  i n  t h e  DCC w e r e  i n t e r -  
connected; however, each computer had a d e d i c a t e d  
t a s k .  The computers were l a b e l e d ,  a c c o r d i n g  t o  t h e i r  
p r i m a r y  t a s k ,  " I n p u t . "  " C o n t r o l  , I '  "Opera t i ons , "  and 
"Research."  The main t a s k  o f  t h e  research  computer 
was t o  g a t h e r  l a r g e  volumes o f  research  d a t a  and con- 

& 
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F i g .  15 T y p i c a l  doub le -sh ie lded  a s p i r a t e d  probe ( a l l  
d imens ions  i n  m i l l i m e t e r s )  

v e r t  them i n t o  e n g i n e e r i n g  u n i t s .  
d a t a  were a l s o  f e d  i n t o  a l a r g e  mainframe computer 
where more  complex c a l c u l a t i o n s  and g r a p h i c s  opera-  
t i o n s  were per fo rmed.  More d e t a i l e d  d e s c r i p t i o n  of 
t h e  D i g i t a l  C o n t r o l  Cen te r  i s  g i v e n  by  Gladden e t  a l .  
(1985) .  I n  a d d i t i o n ,  t r a n s i e n t  d a t a  were a c q u i r e d  on 
an FM tape r e c o r d e r .  The ana log  o u t p u t  from t h e  t h i n -  
f i l m  thermocoup les  and t h e  dua l -e lement  tempera ture  
w e r e  reco rded  fo r  p o s t p r o c e s s i n g  to de te rm ine  compen- 
sa ted ,  peak-to-peak, t ime- reso lved  gas tempera tures  as 
w e l l  as s u r f a c e  h e a t  f l u x .  These r e s u l t s  were r e p o r t e d  
by Gladden and P r o c t o r .  

DATA REDUCTION AND ANALYTICAL COMPARISON PROCEDURES 

These research  

Gas-Side Heat T r a n s f e r  C o e f f i c i e n t  
Exper imen ta l  hea t  t r a n s f e r  c o e f f i c i e n t s  were 

o b t a i n e d  f r o m  t h e  Gardon gages and t h e  p a i r e d  thermo- 
coup le  gages by t h e  f o l l o w i n g  method 

I -  
9 ' w  

where t h e  hea t  f l u x  Q / A  i s  de termined from t h e  gage 
c a l i b r a t i o n ,  Tw 
and Tg i s  t h e  computed mean r a d i u s  t o t a l  gas temper- 
a t u r e .  

Gladden and P r o c t o r  a l s o  used t h e  t h i n - f i l m  thermo- 
coup les  and t h e  dua l -e lement  gas tempera ture  probe t o  
de te rm ine  e x p e r i m e n t a l l y  t h e  gas-s ide  hea t  t r a n s f e r  
c o e f f i c i e n t s .  By assuming a s e m i - i n f i n i t e  s o l i d ,  t h e  

i s  t h e  gage r e f e r e n c e  tempera ture .  

h e a t  t r a n s f e r  c o e f f i c i e n t  can be r e l a t e d  t o  t h e  amp l i -  
tude o f  t he  F o u r i e r  components o f  t he  s u r f a c e  tempera- 
t u r e  and the  gas tempera ture  by the  approx ima t ion  

The r a t i o  T w ( f ) / T  ( f )  was de termined by comput ing 
t h e  t r a n s f e r  f u n c t i o n  Zetween the  t ime- reso lved  w a l l  
t empera tu re  and the  gas tempera tu re .  

A w i d e l y  used boundary l a y e r  code, STAN5 (Craw- 
f o r d  and Kays, 19761, was used t o  c a l c u l a t e  t h e  
expec ted  h e a t  t r a n s f e r  c o e f f i c i e n t  d i s t r i b u t i o n  around 
t h e  a i r f o i l  i n  o r d e r  t o  p r o v i d e  a b a s e l i n e  f o r  compar- 
i s o n  o f  r e s u l t s .  I n  t h i s  c a l c u l a t i o n ,  t h e  f l o w  near 
t h e  l e a d i n g  edge was f o r c e d  t o  be t u r b u l e n t .  

Gas Temperature P r o f i l e  
The combustor e x i t  r a d i a l  gas t o t a l  t empera tu re  

p r o f i l e  'was o b t a i n e d  by ave rag ing  tempera tures  f r o m  
two t r a v e r s i n g  a s p i r a t e d  probes .  The probes w e r e  
l o c a t e d  one vane chord  i n  f r o n t  of t h e  cascade vane 
row a t  s t a t i o n  4 (vane i n l e t ) ,  a t  263" ccw and 3 4 5 "  
ccw r e s p e c t i v e l y ,  f r o m  t o p  dead c e n t e r .  The t h i r d  
t r a v e r s i n g  probe was used t o  measure t o t a l  gas p res -  
s u r e .  Data  were taken i n  f i v e  r a d i a l  s teps  from vane 
hub t o  t i p .  An average r a d i a l  t o t a l  t empera tu re  p ro -  
f i l e  and an o v e r a l l  average t o t a l  gas tempera tu re  were 
de termined f r o m  these measurements. The measured tem-  
p e r a t u r e  was c o r r e c t e d  for  r a d i a t i o n ,  c o n d u c t i o n ,  and 
r e c o v e r y  l o s s e s  by t h e  method of Glawe e t  a l .  I n  
a d d i t i o n ,  a t h e o r e t i c a l  combustor e x i t  t empera tu re  was 
a l s o  de te rm ined  i n  accordance w i t h  the  method 
d e s c r i b e d  by Sveh la  and McBride (1973) .  A c a l c u l a t e d  
mean-radius t o t a l  gas tempera tu re  was de termined by 
m u l t i p l y i n g  t h e  average measured mean-radius tempera- 
t u r e  by t h e  r a t i o  o f  t h e  measured average tempera ture  
and t h e  c a l c u l a t e d  average tempera tu re .  

Reynolds Number 

t h e  vane row i n l e t  t o t a l  tempera ture  and p r e s s u r e ,  t h e  
vane row e x i t  s t a t i c  p r e s s u r e ,  and t h e  vane t r u e  chord  
l e n g t h .  The gas p r o p e r t i e s  a r e  based on t h e  e x i t  gas 
s t a t i c  t empera tu re ,  d e r i v e d  f r o m  t h e  e x i t  s t a t i c  t o  
i n l e t  t o t a l  p ressu re  r a t i o .  

The e x i t  gas Reynolds number i s  c a l c u l a t e d  from 

(pV),C 
Re = - 

P 
(3) 

where, by assuming PA = P;, 
.d 

( 4 )  

RESULTS AND DISCUSSION 

Surface Temperatures 

l o c a t i o n  o f  t h e  t h i n - f i l m  thermocouples d i s t r i b u t e d  
on f o u r  a i r f o i l s .  The c i r c u m f e r e n t i a l  p o s i t i o n s  o f  
t hese  a i r f o i l s  w i t h i n  t h e  vane cascade a r e  shown i n  
F i g .  7 ( b ) .  F i g u r e  16 shows a p l o t  o f  t he  s u r f a c e  
tempera tures  measured by a l l  f u n c t i o n i n g  t h i n - f i l m  
thermocoup les  (open symbols) as a f u n c t i o n  o f  t h e  

T h i n - f i l m  thermocoup les .  F i g u r e  1 1  shows t h e  

a 
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F i g .  16 Vane s u r f a c e  tempera tu re  from t h i n - f i l m  and 
embedded thermocoup les  (Re = 1 . 2 ~ 1 0 6 )  

d imens ion less  d i s t a n c e  X / L .  A l s o  shown a r e  tempera- 
t u r e s  from t h e  embedded thermocoup les  ( s o l i d  
symbols ) .  The d a t a  were taken  a t  i so the rma l  cond i -  
t i o n s ,  and a t  a Reynolds number o f  1 . 2 ~ 1 0 ~ ;  t h a t  i s ,  
t he  gas s t ream was a t  a n e a r l y  u n i f o r m  tempera ture .  
Th is  c o n d i t i o n  was chosen i n  o r d e r  t o  e l i m i n a t e  t h e  
e f f e c t  o f  p a t t e r n  f a c t o r  i n  t h e  combustor e x i t  tem- 
p e r a t u r e .  As g e n e r a l l y  expec ted ,  t h e  f i g u r e  shows 
t h a t  a c o o l e r  r e g i o n  e x i s t e d  i n  t h e  midchord  a rea ,  
and h o t t e r  r e g i o n s  e x i s t e d  i n  t h e  l ead ing -  and 
t r a i l i n g - e d g e  r e g i o n s .  

There was some d a t a  s c a t t e r  among t h e  t h i n - f i l m  
thermocoup le  measurements; however, i t  was g e n e r a l l y  
w i t h i n  t h e  u n c e r t a i n t y  of t h e  measurements them- 
s e l v e s .  The embedded thermocoup les  g e n e r a l l y  i n d i -  
ca ted  a somewhat l ower  tempera tu re  than  t h e  t h i n - f i l m  
thermocoup les .  Some o f  t h e  d a t a  s c a t t e r  may a l s o  be 
a t t r i b u t e d  t o  t h e  u n c e r t a i n t y  i n  t h e  u n i f o r m i t y  o f  
t h e  c o o l a n t  f low d i s t r i b u t i o n  among t h e  vanes. Th is  
u n c e r t a i n t y  c o u l d  r e s u l t  i n  a g r e a t e r  or l e s s e r  
degree o f  i n t e r n a l  c o o l i n g ,  wh ich  c o u l d  a l s o  c o n t r i b -  
Ute  to t h e  v a r i a t i o n  f r o m  p o i n t  t o  p o i n t .  However, 
t h i s  r e f l e c t s ,  i n  p a r t ,  t h e  c h a l l e n g e  o f  making and 
i n t e r p r e t i n g  measurements i n  a r e a l i s t i c  eng ine  
env i ronment .  

Of t he  24  t h i n - f i l m  thermocoup les  i n s t a l l e d ,  1 
was d e f e c t i v e  f r o m  t h e  b e g i n n i n g ,  and ano the r  deve- 
loped a secondary  j u n c t i o n  a t  t h e  d i f f u s i o n  bond ing  
sur face  i n  t h e  e a r l y  s tages  o f  t h e  t e s t s .  S i x  o t h e r  
t h i n - f i l m  coup les  were l a t e r  d i s a b l e d  a t  v a r i o u s  
stages o f  t h e  t e s t  program, b u t  v a l u a b l e  d a t a  were 
o b t a i n e d  b e f o r e  t h e y  were d i s a b l e d .  O f  t h e  d i s a b l e d  
t h i n - f i l m  coup les ,  two on t h e  s u c t i o n  s u r f a c e  f a i l e d  
a t  t h e  d i f f u s i o n  bond. Three o f  t h e  t h i n - f i l m  cou- 
p l e s ,  a l l  on t h e  p r e s s u r e  sur face ,  f a i l e d  because o f  
a b roken t h i n - f i l m  e lemen t .  The f o u r t h  f a i l e d  t h i n -  
f i l m  coup le ,  on t h e  s u c t i o n  s u r f a c e ,  was due t o  a 
broken l e a d  w i r e .  A l l  o f  t h e  rema in ing  t h i n - f i l m  
coup les  f u n c t i o n e d  s u c c e s s f u l l y  u n t i l  t h e  end o f  t h e  
t e s t  p rogram ( 3 5  h r  o f  t e s t  t i m e ) .  A summary of t h e  
h i s t o r y  o f  these  t h i n - f i l m  coup les  i s  shown i n  
Table 11. 

Embedded Thermocouples.  On ly  a few embedded 
thermocoup les  w e r e  i n s t a l l e d  on these a i r f o i l s  f o r  
t h i s  s e r i e s  o f  t e s t s .  A s  ment ioned i n  t h e  p reced ing  
subsec t i on ,  t h e  d a t a  f r o m  t h e  embedded thermocouples 
a r e  super imposed on t h e  t h i n - f i l m  thermocoup le  p l o r s  
i n  F i g .  16 .  The thermocoup le  measurements on t h e  
p ressu re  s u r f a c e  and t h e  s u c t i o n  s u r f a c e  agreed w e l l  
w i t h  t h e  t h i n - f i l m  coup le  measurements. The embeddea 
thermocoup les ,  however, i n d i c a t e d  a s l i g h t l y  c o o l e r  
tempera ture  than t h a t  i n d i c a t e d  by t h e  t h i n - f i l m  cou- 
p l e s .  I n t u i t i v e l y ,  t h e  tempera tures  o f  t h e  embedded 
thermocoup les  shou ld  be lower  than  those i n d i c a t e d  
by t h e  t h i n - f i l m  thermocoup les  because o f  t he  temper- 
a t u r e  g r a d i e n t  t h rough  t h e  w a l l .  Consequent ly ,  i t  
i s  f e l t  t h a t  b o t h  t ypes  o f  thermocouples a r e  capab le  
o f  p r o v i d i n g  me ta l  t empera tu re  measurements w i t h i n  
t h e i r  l i m i t s  o f  u n c e r t a i n t y .  

Heat F l u x  Measurements 

c o e f f i c i e n t  d i s t r i b u t i o n  on these a i r f o i l s  f o r  a 
Reynolds number o f  1 .2x106 compared w i t h  t h a t  p re -  
d i c t e d  by t h e  STAN5 boundary l a y e r  code. I n c l u d e d  
a r e  d a t a  f r o m  t h i n - f i l m  thermocoup les  (gages ) ,  
Gardon gages, and p a i r e d  thermocoup les .  The r e s u l t s  
o f  t h i s  comparison a r e  d i scussed  i n  t h e  f o l l o w i n g  
paragraphs .  

Gardon Gaqe. Two Gardon hea t  f l u x  gages w e r e  
i n s t a l l e d  on t h e  p r e s s u r e  sur face  of  each o f  two a i r -  
f o i l s .  One of t h e  gages was i n o p e r a t i v e  f r o m  t h e  
b e g i n n i n g  o f  t h e  t e s t  program. 
loped a secondary j u n c t i o n  e a r l y  i n  t h e  t e s t  program, 
and gave u n r e l i a b l e  r e s u l t s .  
b o t h  l o c a t e d  on t h e  same vane, f u n c t i o n e d  success- 
f u l l y  u n t i l  t h e  end o f  the  t e s t  program. These 
gages were i n s t a l l e d  on t h e  p r e s s u r e  s u r f a c e  o f  vane 
31. (The r e l a t i v e  l o c a t i o n  of vane 31 i n  t h e  cascade 
i s  shown i n  F i g .  7 ( b ) ) .  The exper imen ta l  hea t  t r a n s -  
f e r  c o e f f i c i e n t s  for  a Reynolds number o f  1 . 2 ~ 1 0 6 .  
o b t a i n e d  from t h e  Gardon gage, a r e  shown i n  F i g .  17 ta )  
The d a t a  a r e  p l o t t e d  as a f u n c t i o n  o f  t h e  d imens ion-  
l e s s  d i s t a n c e  X / L .  These d a t a  wer2 n o t  c o r r e c r e d  f o r  

F i g u r e  17 shows t h e  exper imen ta l  h e a t  t r a n s f e r  

A second gage deve- 

The r e m a i n i n g  two gages, 
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F i g .  17 Exper imen ta l  h e a t  t r a n s f e r  c o e f f i c i e n t s  com- 
pa red  w i t h  STANS p r e d i c t i o n s  (Re = 1 . 2 ~ 1 0 ~ )  

r a d i a t i o n  or c o n d u c t i o n  e r r o r s ,  s i n c e  t h e  r a d i a t i o n  
component was l e s s  t h a n  2 p e r c e n t ,  and t h e  conduc t ion  
e r r o r  was e s t i m a t e d  t o  be much l e s s  than  1 .0  p e r c e n t  
(Gladden e t  a l . ,  1971).  The p r e d i c t e d  h e a t  t r a n s f e r  
c o e f f i c i e n t  d i s t r i b u t i o n  from t h e  STAN5 boundary 
l a y e r  code i s  a l s o  shown. The h e a t  t r a n s f e r  c o e f f i -  
c i e n t s  f r o m  t h e  Gardon gages agreed f a i r l y  w e l l  w i t h  
t h e  p r e d i c t e d  va lues  f r o m  STAN5. The measurement 
u n c e r t a i n t y  was e s t i m a t e d  t o  be a p p r o x i m a t e l y  
=ll p e r c e n t  for  t h e  Gardon gages. The p r i m a r y  compo- 
nen t  o f  t h i s  u n c e r t a i n t y  i s  t he  u n c e r t a i n t y  o f  t h e  
gas tempera tu re  a t  t h e  gage l o c a t i o n ,  wh ich  was e s t i -  
mated t o  be as g r e a t  as 25 p e r c e n t .  

P a i r e d  thermocoup les .  Two p a i r e d  thermocouple 
hea t  f l u x  gages were a l s o  i n s t a l l e d  on t h e  p ressu re  
s u r f a c e  o f  each o f  two a i r f o i l s .  These f u n c t i o n e d  
s u c c e s s f u l l y  t h roughou t  t h e  exper iment .  F i g u r e  17 
a l s o  shows the  exper imen ta l  h e a t  t r a n s f e r  c o e f f i c i -  
e n t s  f r o m  these gages, and t h e  comparison w i t h  t h e  
STAN5 p r e d i c t i o n s  i s  f a i r l y  good. The measurement 
u n c e r t a i n t y  f o r  t hese  gages was a l s o  e s t i m a t e d  t o  be 
a p p r o x i m a t e l y  tll p e r c e n t .  The h e a t  t r a n s f e r  c o e f f i -  
c i e n t s  from t h e  Gardon gage as w e l l  as from t h e  
p a i r e d  thermocoup les ,  as o b t a i n e d  from t h e  s teady-  
s t a t e  t e s t s ,  agreed w e l l  w i t h  t h e  a n a l y t i c a l  
s o l u t i o n s .  

r 
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F i g .  18 T y p i c a l  t i m e  h i s t o r i e s  o f  gas and w a l l  tem- 
p e r a t u r e s  d u r i n g  2 and 4 sec ramp c y c l e s  
(Re = 1 .2x106) 

T h i n - f i l m  thermocoup les .  Low-frequency v a r i a -  
t i o n s  ( ( 1  Hz) of t h e  gas s t ream tempera tu re  wer2 
imposed on t h e  cascade. The responses o f  the  t h i n -  
f i l m  thermocoup les  t o  t h e  imposed v a r i a t i o n s  of  t he  
gas tempera tu re  were used t o  de te rm ine  t h e  hea t  t r a n s -  
f e r  c o e f f i c i e n t s ,  as was r e p o r t e d  by Gladden and 
P r o c t o r .  These tempera tu re  o s c i l l a t i o n s ,  shown i n  
F i g .  18. were used t o  de te rm ine  t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t s .  These r e s u l t s  a r e  a l s o  shown i n  f i g .  17. 
On t h e  p r e s s u r e  sur face  ( F i g .  1 7 ( a ) ) ,  t h e  exper imen- 
t a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  g e n e r a l l y  agreed w i t h  
those p r e d i c t e d  f r o m  t h e  STANS boundary l a y e r  code, 
a t  l e a s t  i n  t r e n d .  The d e v i a t i o n s  of these  d a t a  f r o m  
t h e  p r e v i o u s  r e s u l t s  and from a n a l y s i s  nea r  t h e  lead-  
i n g  edge may be due t o  boundary l a y e r  t r a n s i t i o n  o r  
boundary l a y e r  s e p a r a t i o n .  I n  any e v e n t ,  these sen- 
sors a p p a r e n t l y  measured a r e a l  phenomenon. On the  
s u c t i o n  s u r f a c e  ( F i g .  1 7 ( b ) ) ,  t h e  h e a t  t r a n s f e r  coe f -  
f i c i e n t s  o b t a i n e d  f r o m  t h e  t h i n - f i l m  thermocoup les  
agreed w i t h  t h e  STANS p r e d i c t i o n s ,  w i t h  t h e  e x c e p t i o n  
of one d a t a  p o i n t  a t  t h e  t r a i l i n g  edge (an  X / L  va lue  
of 0 .82 ) .  Gladden and P r o c t o r  n o t e d  t h a t  i t  i s  n o t  
uncommon f o r  t h e r e  t o  be a sudden i n c r e a s e  i n  hea t  
t r a n s f e r  c o e f f i c i e n t  a t  t h e  s u c t i o n  s u r f a c e  t r a i l i n g  
edge, p o s s i b l y  due t o  secondary flow e f f e c t s .  Con- 
s i d e r i n g  t h e  exper imen ta l  u n c e r t a i n t y  o f  $15 p e r c e n t ,  
based p r i m a r i l y  on the  u n c e r t a i n t y  i n  t h e  t r a n s f e r  
f u n c t i o n ,  t h e  agreement i s  rega rded  as good. 

Th is  techn ique  has been shown to  be a good 
method o f  measur ing  t h e  hea t  f l u x  i n  a h i g h  tempera- 
t u r e  and p r e s s u r e  env i ronment .  
c o u l d  be o b t a i n e d  by r e d u c i n g  t h e  s i z e  o f  the  thermo- 
coup le  j u n c t i o n  and i n c r e a s i n g  t h e  d e n s i t y  of sensors 
on  a g i v e n  a i r f o i l .  

B e t t e r  r e s o l u t i o n  

Gas Temperature Measurements 

Dua l -e lement  p robe.  F i g u r e  19 shows a t y p i c a l ,  
t i m e - r e s o l v e d ,  compensated, gas tempera tu re  f l u c t u a -  
t i o n  as measured by  t h e  dua l -e lement  p robe .  These 
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F i g .  19 T y p i c a l  t i m e - r e s o l v e d ,  compensated, gas t e m -  
p e r a t u r e  f l u c t u a t i o n  (76-pm thermocoup le ,  p a r t i a l  
t i m e  r e c o r d  f o r  1159 K )  

d a t a  a r e  taken  f r o m  combustor exper iments  r e p o r t e d  by 
Elmore e t  a l .  The o v e r a l l  peak-to-peak amp l i t ude  of 
t h e  tempera tu re  measurement was 1250 K superimposed 
on a mean tempera tu re  o f  1150 K.  The maximum uncer -  
t a i n t y  o f  t h e  f l u c t u a t i o n  component i s  3 K /  m. A t  
t h e  des ign  f requency  o f  1 kHz, t h i s  u n c e r t a i n t y  i s  
abou t  30 K .  Th i s  p robe was used t o  o b t a i n  hea t  
t r a n s f e r  c o e f f i c i e n t  measurements i n  c o n j u n c t i o n  w i t h  
t h e  t h i n - f i l m  thermocoup les .  However, t h e  h fgh -  
f requency  d a t a  f r o m  these exper iments  has n o t  y e t  
been compensated t o  p r o v i d e  t h e  t r u e  peak-to-peak 
tempera tu re  o s c i l l a t i o n  c h a r a c t e r i s t i c s  o f  t h i s  com- 
b u s t o r .  I t  shou ld  be n o t e d  t h a t  t h e  probe proved t o  
be d u r a b l e ,  and s u r v l v e d  t h e  many thermal  c y c l e s  i n  
t h e  h o s t i l e  HSF env i ronmen t .  

A s p i r a t e d  Probe. F i g u r e  20, reproduced from 
Gladden e t  a l .  (1985) shows t h e  mains t ream gas t e m -  
p e r a t u r e  p r o f i l e  a t  t h e  combustor e x i t .  Measured 
tempera tures  f r o m  t h e  a s p i r a t e d  probe a r e  compared 
w i t h  u n p u b l i s h e d  r e s u l t s  o b t a i n e d  f r o m  a r e s e a r c h  
combustor o f  t h e  same d e s i g n  and t e s t e d  i n  the  
combustor r e s e a r c h  l e g  o f  t h e  HSF. The r e s e a r c h  ccm- 
b u s t o r  t e s t  d a t a  were o b t a i n e d  f r o m  a comple te  c i r -  
c u m f e r e n t i a l  and r a d i a l  su rvey  o f  t h e  gas tempera ture  
a t  t h e  combustor e x i t  p l a n e  r e p o r t e d  by Wear e t  a i .  
(1983) .  F i g u r e  20 shows t h e  c i r c u m f e r e n t i a l l y  ave r -  
aged r a d i a l  t empera tu re  p r o f i l e  and the  maximum 
tempera tu re  p r o f i l e  o b t a i n e d  f r o m  t h i s  r e s e a r c h  
combustor .  The f i g u r e  a l s o  shows the  measured t e m -  
p e r a t u r e  p r o f i l e s  f r o m  two t r a v e r s i n g  a s p i r a t e d  t e m -  
p e r a t u r e  probes  l o c a t e d  a t  t h e  combustor e x i t  
( s t a t o r  i n l e t )  p l a n e  o f  t h e  cascade. A c a l c u l a t e d  
tempera tu re ,  based on  combustor e f f i c i e n c y  and a 
t h e o r e t i c a l  gas tempera tu re ,  i s  a l s o  shown as a 
dashed l i n e .  The t h e o r e t i c a l  gas tempera ture  i s  
o b t a i n e d  f r o m  thermodynamic c o n s i d e r a t i o n s  o f  t h e  
f u e l  p r o p e r t i e s ,  t h e  combust ion  a i r  i n l e t  tempera- 
t u r e ,  and t h e  f u e l - t o - a i r  r a t i o  f r o m  Sveh la  and 
McBr ide .  The c a l c u l a t e d  tempera tu re  cor responds t o  
t h a t  o b t a i n e d  f r o m  t h e  r e s e a r c h  combustor f o r  s i m i -  
l a r  c o n d i t i o n s .  

p r o v i d e  a good measurement of t h e  gas s t ream tempera- 
t u r e  up t o  l e v e l s  o f  1980 K.  However, because o f  t h e  
c i r c u m f e r e n t i a l  v a r i a t i o n s  t h a t  e x i s t  i n  r e a l  h igh -  
tempera tu re  env i ronmen ts  ( i . e . ,  p a t t e r n  f a c t o r ) ,  i t  

The t y p e  R a s p i r a t e d  t o t a l  t empera tu re  probes  

0 
0 
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F i g .  20 T y p i c a l  gas t o t a l  t empera tu re  p r o f i l e  a t  
s t a t i o n  4 (combustor e x i t ;  ccw i s  c o u n t e r c l o c k w i s e  
from t o p  dead c e n t e r ,  l o o k i n g  downstream) 

i s  d i f f i c u l t  t o  e s t i m a t e  t h e  gas tempera ture  a t  l oca -  
t i o n s  o t h e r  t h a n  where probes  a r e  l o c a t e d .  

Gas Pressu re  Measurement 
The aerodynamic per fo rmance o f  the  a i r f o i  

c h a r a c t e r i z e d  by  t h e  s u r f a c e  s t a t i c  p ressu re  d 
b u t i o n  shown i n  F i g .  2 1 .  Da ta  a r e  l o t t e d  for  

f o r  t h e  d e s i g n  f low c o n d i t i o n s .  A l s o  shown i s  
des ign  p r e s s u r e  d i s t r i b u t i o n  f o r  t h i s  a i r f o i l  

d i f f e r e n t  Reynolds numbers ( 0 . 5 5 ~ 1 0  E and 2 . 5 0 ~  
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F i g .  21 Sur face  s t a t i c - t o - t o t a l  p r e s s u r e  d i s t r i b u t i o n  
(Re = 0 . 5 5 ~ 1 0 6  and 2 . 5 0 ~ 1 0 ~ )  
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r e p o r t e d  by Whitney e t  a l .  (1967) .  W i th  t h e  excep- 
t i o n  o f  one p o i n t ,  a t  an X/L  o f  0.188 on t h e  s u c t i o n  
su r face ,  t h e  p r e s s u r e  d i s t r i b u t i o n  compares favora-  
b l y  w i t h  t h e  p r e d i c t e d  v a l u e s .  The agreement between 
exper imen ta l  and p r e d i c t e d  aerodynamic per fo rmance 
lends  assurance t h a t  t h e  o p e r a t i o n  o f  t h e  cascade 
was s a t i s f a c t o r y  as t h e  exper imen ta l  d a t a  were be ing  
taken .  

CONCLUDING REMARKS 

Heat t r a n s f e r  r e s e a r c h  i n  a h igh - tempera tu re ,  
h igh -p ressu re  gas t u r b i n e  env i ronment  can be used as 
a code c a l i b r a t i o n  exper imen t .  G e n e r a l l y ,  code c a l i -  
b r a t i o n  can be accompl ished i f  s u f f i c i e n t  ca re  and 
a t t e n t i o n  a r e  g i v e n  t o  t h e  i n s t r u m e n t a t i o n  i n s t a l l a -  
t i o n  techn iques  i n  a v e r y  c h a l l e n g i n g  env i ronmen t .  
These measurements must be made i n  a s y s t e m a t i c ,  
w e l l - t h o u g h t - o u t  approach i n  o r d e r  t o  o b t a i n  opt imum 
r e s u l t s .  The NASA Hot S e c t i o n  F a c i l i t y  has used 
b o t h  c o n v e n t i o n a l  and nonconven t iona l  i n s t r u m e n t s  t o  
demonst ra te  e x p e r i m e n t a l l y  t h a t  t hese  measurements 
can be made i n  an e x t r e m e l y  h o s t i l e  env i ronment .  
T h i n - f i l m  thermocoup les  were shown t o  be d u r a b l e  and 
t o  p r o v i d e  r e l i a b l e  vane s u r f a c e  tempera tu re  measure- 
ments t h r o u g h o u t  t h e  t e s t  program. Heat f l u x  gages, 
b o t h  t h e  Gardon t y p e  and t h e  p a i r e d  thermocoup les  
t ype ,  p r o v i d e d  l o c a l ,  s t e a d y - s t a t e  h e a t  t r a n s f e r  
c o e f f i c i e n t s .  The dua l -e lement .  f as t - response  gas 
t empera tu re  p robe ,  used i n  c o n j u n c t i o n  w i t h  t h e  t h i n -  
f i l m  thermocoup les ,  a lso p r o v i d e d  a method o f  o b t a i n -  
i n g  h e a t  t r a n s f e r  c o e f f i c i e n t s .  T h i s  techn ique  
p r o v i d e d  d a t a  t h a t  g e n e r a l l y  agree  w i t h  t h e  s teady-  
s t a t e  measurements as w e l l  as w i t h  a n a l y t i c a l  p r e d i c -  
t i o n s  from t h e  STAN5 boundary  l a y e r  program. These 
nonconven t iona l  measurement techn iques  m e r i t  f u r t h e r  
s tudy  and development fo r  us2 i n  a h igh - tempera tu re ,  
h igh -p ressu re  gas t u r b i n e  eng ine  env i ronmen t .  
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