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ABSTRACT 

Programs t o  develop research  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  engine h o t  sec t i ons  a r e  desc r ibed .  
These programs were i n i t i a t e d  t o  p r o v i d e  improved mea- 
surements c a p a b i l i t y  as suppor t  for  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  techno logy  l e a d i n g  t o  
improved hot 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  measurement 
systems desc r ibed  here  i n c l u d e  hea t  f l u x  sensors,  a 
dynamic gas tempera ture  measur ing systems, l a s e r  ane- 
mometry for h o t  s e c t i o n  a p p l i c a t i o n s ,  an o p t i c a l  sys- 
tem fo r  v i e w i n g  the  i n t e r i o r  o f  a combustor d u r i n g  
o p e r a t i o n .  t h l n  f i l m  sensors for  surface tempera ture  
and s t r a i n  measurements, and h i g h  tempera ture  s t r a i n  
measur ing systems. The paper w i l l  desc r ibe  the  s t a t e  
o f  development of these sensors and measur ing systems 
and, i n  some cases, w i l l  show examples o f  measurements 
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 paper covers work 
done a t  t h e  NASA Lewis Research Center and a t  va r lous  
c o n t r a c t  and g r a n t  f a c i l i t i e s .  

INTRODUCTION 

The Turb ine  Engine.Hot S e c t i o n  Technology (HOST) 
Program was s t a r t e d  by NASA i n  t h e  l a t e  1970's i n  
o r d e r  t o  deve lop  techno logy  l e a d i n g  to improved h o t  
s e c t i o n  d u r a b i l i t y .  The program 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 ,  surface p r o t e c t i o n ,  
f a t i g u e ,  combustion, hea t  t r a n s f e r ,  and ins t rumenta-  
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  program was t o  deve lop  improved measurements capa- 
b i l i t y  t o  measure t h e  environment w i t h i n  the  h o t  
s e c t i o n  and measure t h e  response o f  h o t  s e c t i o n  compo- 
nents  t o  t h a t  imposed environment.  
ment programs t h a t  r e s u l t e d  i n c l u d e d  t h e  f o l l o w i n g :  

( 1 )  Development of sensors f o r  measur ing the  heat  
f l u x  on combustor l i n e r s  and t u r b i n e  a i r f o i l s .  

(2 )  Development of a system to  measure t h e  f l u c t u -  
a t i n g  component of combustor e x i t  temperature w i t h  a 
f requency  response t o  1000 Hz. 

( 3 )  Development o f  l a s e r  anemometer techn iques  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 .  

( 4 )  Development o f  an o p t i c a l  system for  v iewtng 
t h e  i n t e r i o r  o f  a combustor d u r i n g  o p e r a t i o n .  

I ns t rumen t  develop- 

( 5 )  Development o f  h i g h  temperature s t r a i n  measur- 
i n g  systems. 

I n  a d d i t i o n  t o  t h i s ,  a major 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  develop t h i n  f i l m  
sensors for  a p p l i c a t i o n s  i n  h o t  sec t i ons ,  p a r t i c u l a r l y  
for  t h e  measurement o f  t u r b i n e  a i r f o i l  su r face  tempera- 
t u r e .  

o f  these sensors and measur ing systems and, i n  some 
cases, w i l l  show examples o f  measurements 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 desc r ibed  was done 
a t  t he  NASA Lewis Research Center and a t  v a r i o u s  con- 
t r a c t  and g r a n t  f a c i l i t i e s .  

HEAT FLUX SENSORS 

Th is  paper w i l l  d e s c r i b e  the  s t a t e  o f  development 

One o f  t h e  impor tan t  env i ronmenta l  parameters i n  
t h e  h o t  s e c t i o n  i s  hea t  f l u x .  The heat  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  hea t  ba lance equa t ion  which es tab-  
l i s h e s  the  c o o l i n g  requ i rements  and t h e  a n t i c i p a t e d  
su r face  tempera ture  o f  a h o t  s e c t i o n  component. There 
i s  n o t  s u f f i c i e n t  knowledge o f  hea t  t r a n s f e r  c o e f f i -  
c i e n t s  under engine 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 re-  
d i c t i o n  o f  su r face  temperatures t o  w i t h i n  acceptab le  
accuracy .  Th is  i s  e s p e c i a l l y  t r u e  as heat  f l u x e s  
approach 1 MW/m2. I n i t i a l  work was d i r e c t e d  a t  deve l -  
o p i n g  sensors for  use i n  combustor l i n e r s  (A tk inson  
e t  a l . ,  1983; A tk inson  and St range,  1982; A tk inson  
e t  a l . ,  1985a). I n  l a t e r  work sensors were mounted 
i n t o  a i r  coo led  b lades  and vanes (A tk inson  e t  a l . ,  
1984; A tk inson  e t  a l . .  1985b). 

which t h e  tempera ture  d i f f e r e n c e  p r o p o r t i o n a l  t o  hea t  
conduct ion  th rough t h e  sensor body i s  measured. D i f -  
f e r e n t i a l  thermocouples u s i n g  t h e  sensor body m a t e r i a l  
as p a r t  o f  t h e  c i r c u i t  were used t o  measure t h e  temper- 
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  (Holanda, 1984) were 
made o f  the  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  
eng ineer ing  a l l o y s  and these 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  approach, which cons ide rab ly  s i m p l i f i e d  f a b r i -  
c a t i o n .  

F igures  1 and 2 show t h e  sensors t h a t  were deve l -  
oped for  combustor l i n e r s .  The sensor 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 iameter  and t h e  same t h i c k -  
ness 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 he  sensor 

Sensor des igns  f o l l o w e d  conven t iona l  concepts i n  
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t he  d i s k  i s  welded i n t o  a ho le  c u t  i n  the  l i n e r .  F ig -  
u r e  1 shows the  embedded thermocouple sensor.  The 
d i s k  i s  grooved so t h a t  0 .25 mm o u t s i d e  d iameter  
sheathed, s i n g l e  conductor  thermocouple w i r e  can be 
l a i d  i n t o  the  grooves and covered w i t h  weld m a t e r i a l .  
The thermocouple w i res  a re  I S A  Type K .  Chromel-Alumel, 
and s i n g l e  conductor  leads  a r e  used so as t o  m a i n t a i n  
good i n s u l a t i o n  r e s i s t a n c e  between the  w i r e  and the  
e x t e r n a l  meta l  ;heath. Grounded Alumel j u n c t i o n s  a re  
l oca ted  on the  h o t  and c o l d  s ide  o f  t he  sensor body 
and a Chromel j u n c t i o n  i s  added t o  the  c o l d  s i d e .  A 
vo l tage  measurement between the  Alumel leadwi res  ( i . e . ,  
us ing  the  A lume l -Has te l l oy  X-Alumel d i f f e r e n t i a l  t h e r -  
mocouple) p r o v i d e s  the  ho t - to -co ld  s i d e  tempera ture  
d i f f e r e n c e  p r o p o r t i o n a l  to the  one-dimensional heat  
f l o w  th rough the  sensor body a t  t h a t  p o i n t .  A measure- 
ment u s i n g  the  conven t iona l  Chromel-Alumel thermocou- 
p l e  p rov ides  the  c o l d  s ide  temperature o f  the  sensor.  

the  sensor body has a 1 . 5  mm d iameter  c y l i n d r i c a l  
c a v i t y  on the  c o l d  s i d e  so t h a t  a t h i n  membrane of  
m a t e r i a l  i s  l e f t  on the  h o t  s ide .  Alumel w i r e s  a re  
p o s i t i o n e d  so the  j u n c t i o n s  a re  formed w i t h  t h e  
H a s t e l l o y  X a t  t h e  cen te r  o f  t he  membrane and ha l fway  
u p  t h e  s i d e w a l l  o f  the  c a v i t y .  A Chromel w i r e  j u n c t i o n  
i s  a l s o  made on t h e  s i d e w a l l  of  t h e  c a v i t y .  A f t e r  the  
thermocouples a re  i n s t a l l e d ,  t he  c a v i t y  i s  f i l l e d  w i t h  
ceramic cement. 

Sensors o f  the  embedded thermocouple and Gardon 
Gage types  have a l s o  been b u i l t  i n t o  a i r  coo led  b lades  
and vanes. I n  the  case o f  t u r b i n e  b lades ,  two-piece 
b lades  were used and the  sensors were i n s t a l l e d  from 
the  c o o l i n g  passage s i d e  o f  t h e  b lade .  
ha lves  were then j o i n e d  by b r a z i n g .  I n  the  case o f  
vanes, sec t i ons  o f  t h e  vane w a l l  oppos i te  t o  the  
d e s i r e d  sensor s i t e s  were removed and the  sensors were 
i n s t a l l e d  th rough these "windows." F i g u r e  3 d e p i c t s  
the  i n s t a l l a t i o n  process on a t u r b i n e  vane. 

The hea t  f l u x  sensors were c a l i b r a t e d  over  a hea t  
f l u x  range up t o  1.7 MW/m2 and a tempera ture  range t o  
1250 K .  The c a l i b r a t i o n s  were accompl ished by impos- 
i n g  a known r a d i a n t  heat  f l u x  on the  h o t  s i d e  su r face  
o f  t he  sensor and f l o w i n g  c o o l i n g  a i r  ove r  the  c o l d  
s i d e  su r face .  The h o t  s i d e  su r face  was coated w i t h  a 
h i g h  tempera ture  b l a c k  p a i n t  w i t h  a measured absorp- 
tance and emi t tance  o f  0.89 ove r  the  t e s t  temperature 
range.  I n  a l l  cases the  re fe rence  temperature was mea- 
sured  and used t o  es t ima te  t h e  h o t  s ide  su r face  temper- 
a t u r e  so t h a t  energy be ing  r a d i a t e d  away from the  h o t  
su r face  c o u l d  be c a l c u l a t e d  and taken i n t o  account.  
Es t imates  o f  t h e  convec t i ve  hea t  flow f rom the  h o t  sur -  
f a c e  were a l s o  made and used i n  t h e  hea t  ba lance.  

The hea t  f l u x  sensor c a l i b r a t i o n  systems used banks 
o f  t ungs ten  f i l a m e n t  lamps enc losed i n  q u a r t z  tubes as 
heat  f l u x  sources; t he  most power fu l  o f  these systems 
p rov ided  hea t  f l u x e s  up t o  1 .7  MW/m2. The q u a r t z  lamp 
r i g s  were capab le  o f  l o n g  t ime and c y c l i c  o p e r a t i o n  a t  
reduced hea 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  on these sensors u s i n g  t h i s  c a p a b i l i t y .  

sors have i n d i c a t e d  t h a t  measurements can be ach ieved 
f a i r l y  r e a d i l y  on combustor l i n e r s ,  b u t  t h a t  accura te  
measurements on a i r f o i l s  a re  d i f f i c u l t  t o  ach ieve .  
Combustor l i n e r  measurements have been made bo th  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 Lewis u s i n g  sensors 
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 th ln  4 percen t  of  
a nominal f u l l  sca le  heat  f l u x  o f  1 MW/m2. 
shows an ins t rumented combustor l i n e r  segment. 
F igu re  5 compares measured va lues  o f  heat  f l u x  con- 
duc ted  th rough a combustor l i n e r  and r a d i a n t  f l u x  i n c i -  
dent  on the  l \ n e r  a t  d i f f e r e n t  combustor p ressure  
l e v e l s .  The r a d i a n t  heat  f l u x  was measured w i t h  a com- 
m e r c i a l  rad iomete r .  The combustor l i n e r  i n  t h i s  t e s t  

F igu re  2 shows a Gardon Gage sensor.  I n  t h i s  case 

The two b lade  

C a l i b r a t i o n  and performance t e s t s  on heat  f l u x  sen- 

F igu re  4 
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was the  type  w i t h  l ouve r  l i p s  and b leed  ho les  t o  pro- 
v i d e  f i l m  c o o l i n g  o f  t he  h o t  s ide  sur face .  The da ta  o f  
F i g .  5 i n d i c a t e  t h a t  t he re  i s  s i g n i f i c a n t  convec t i ve  
c o o l i n g  o f  the  h o t  s i d e  su r face  of  t h e  combustor. 

Test r e s u l t s  f rom sensors mounted i n  t u r b i n e  a i r -  
f o i l s  i n d i c a t e  t h a t  these sensors 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 ransve rse  g rad ien ts  i n  heat  f l u x  and 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  blades and vanes must be 
c a r e f u l l y  eva lua ted .  The g r e a t e r  comp lex i t y  o f  t he  
a i r f o i l s  (e .q . ,  h i g h  su r face  cu rva tu re  and c o o l i n g  pas- 
sage s t r u c t u r e )  causes more severe g r a d i e n t s  than were 
encountered i n  combustor l i n e r s .  S e n s i t i v i t y  t o  t rans -  
verse g r a d i e n t s  i s  e s p e c i a l l y  apparent i n  the Gardon 
gage sensor because o f  i t s  l a c k  o f  symmetry. 

DYNAMIC GAS TEMPERATURE MEASURING SYSTEM 

Another impor tan t  env i ronmenta l  parameter i n  t h e  
h o t  s e c t i o n  o f  a t u r b i n e  engine i s  t he  gas temperature.  
I n  genera l ,  most a t t e n t i o n  has been d i r e c t e d  a t  t he  
time-average va lue  o f  gas temperature r a t h e r  than the  
f l u c t u a t i n g  component o f  gas temperature.  It i s  gener- 
a l l y  agreed t h a t  t h e r e  may be s i g n i f i c a n t  temperature 
f l u c t u a t i o n  i n  the  gas e x i t i n g  a combustor due t o  
incomple te  m i x i n g  of t he  combustion and d i l u t i o n  gas 
streams. I t  i s  a l s o  agreed t h a t  thermal c y c l i n g  o f  
the  su r faces  o f  t u r b i n e  a i r f o i l s  can r e s u l t  i n  s p a l l -  
i n g  o f  o x i d e  f i l m s  used f o r  c o r r o s i o n  p r o j e c t i o n  and 
thus sho r ten  the  l i f e  o f  the  a i r f o i l s .  Development o f  
a system to measure gas temperature f l u c t u a t i o n s  was 
undertaken t o  a i d  i n  model ing combustor flow and i n  
s tudy ing  t h e  thermal c y c l i n g  of a i r f o i l  sur faces .  Com- 
b u s t o r  mode l ing  requ i rements  s e t  t he  f requency  response 
goal  a t  1000 Hz. 

t o  de termine i n  s i t u  the  compensation spectrum 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 requency  response o f  a 
thermocouple probe l o c a t e d  i n  the  gas stream. Fre- 
quency compensation has o f ten  been used, e s p e c i a l l y  
w i t h  hot w i r e  anemometers, i n  the  measurement o f  
dynamic flow phenomena. The problem w i t h  t h i s  tech- 
n ique when a p p l i e d  t o  a thermal element i n  a flow 
stream i s  t h a t  t he  r e q u i r e d  compensation spectrum i s  a 
f u n c t i o n  o f  bo th  the  thermal mass o f  t he  thermocouple 
and the  c o e f f i c i e n t  for heat  t r a n s f e r  between t h e  gas 
and the  thermocouple.  Th is  hea 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 flow c o n d i t i o n s .  Each t ime 
the  flow c o n d i t i o n s  change, the  compensation spectrum 
must be redetermined.  I n  some cases es t ima tes  o f  t h e  
compensation spectrum may be s u f f i c i e n t ;  i n  t h i s  case 
i t  was impor tan t  to be ab le  t o  make i n  s i t u  determina- 
t i o n s  o f  the  compensation spectrum. 

The system t h a t  was developed (Elmore e t  a l . ,  1984; 
Elmore e t  a l . ,  1983; Elmore e t  a l . ,  1986a and b; Stocks 
and Elmore. 1986) uses a dual  e lement thermocouple 
probe such as shown i n  F i g .  6. Thermocouples a re  
formed w i t h  c a r e f u l l y  b u t t  welded j u n c t i o n s  so t h a t  
t h e r e  i s  no  v a r i a t i o n  i n  diameter i n  t h e  r e g i o n  o f  the  
j u n c t i o n .  These thermocouples a re  each supported 
across a p a i r  o f  suppor t  pos ts  so t h a t  they  a r e  p a r a l -  
l e l  c y l i n d e r s  i n  c ross  f l o w  and a re  i n  c l o s e  enough 
p r o x i m i t y  tapprox 1 mm) so t h a t  they  a re  measuring t h e  
same tempera ture .  The thermocouple w i res  and the  sup- 
p o r t  pos ts  a r e  made f rom Pt-30RhIPt-6Rh. The thermo- 
coup le  j u n c t i o n s  a re  midway between the  suppor t  pos ts .  
The two thermocouples have d i f f e r e n t  d iameters ,  com- 
monly 75 and 250 pm. N e i t h e r  o f  these thermocouples 
have the  d e s i r e d  f requency  response, b u t  a comparison 
o f  t h e i r  dynamic s i g n a l s  can lead t o  the  needed compen- 
s a t i o n  spectrum. The technique i s  based on the  use o f  
the  r a t i o  o f  the  F o u r i e r  c o e f f i c i e n t s  o f  t he  dynamic 
s i g n a l s  f o r  f requenc ies  i n  the  range where the  s i g n a l s  

The approach used i n  t h i s  work was t o  dev i se  a way 
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become a t tenua ted .  I n  t h e  svstem which has been deve- 
loped, the  s i g n a l s  a r e  recorded on magnet ic tape and 
processed i n  a genera l  purpose d i g i t a l  computer a t  a 
l a t e r  t ime.  The d a t a  r e d u c t i o n  process takes approx i  
ma te l y  5 min for  each f l o w  c o n d i t i o n  f o r  which a new 
compensation spectrum must be c a l c u l a t e d .  

Elmore e t  a l .  (1986 a and b)  desc r ibe  exper iments 
t o  demonstrate the  f requency  response o f  t h e  system. 
Measurements were made i n  a s p e c i a l l y  designed t e s t  r 
and i n  the  exhaust  o f  an a tmospher ic  burner .  Compari 
sons were made between t h e  dynamic gas temperature sy 
tem and v e r y  f i n e  w i r e  r e s i s t a n c e  thermometers ( 6  and 
12 um w i r e  d iamete rs ) .  A t  low f reauenc ies  (below 
250' Hz) w i t h  reasonab le  tempera ture  f l u c t u a t i o n s  agree- 
ments w i t h i n  *23 pe rcen t  were ob ta ined .  Poorer r e s u l t s  
were o b t a i n e d  a t  h i g h e r  f requenc ies  b u t  here  the  tem- 
p e r a t u r e  f l u c t u a t i o n s  were so smal l  as t o  make the  d a t a  
ques t i onab le .  

Th is  system has been used to measure f l u c t u a t i n g  
tempera ture  i n  b o t h  t u r b i n e  engines and i n  combustor 
t e s t  r i g s .  A sample o f  d a t a  f r o m  a t u r b i n e  eng ine  
t e s t  i s  shown i n  F i g .  7. I n  t h i s  t e s t  t he  probe was 
l o c a t e d  between f i r s t - s t a g e  t u r b i n e  vanes. For t h e  
da ta  shown i n  F i g .  7,  t he  engine 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 the  average 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  o f  f l u c t u -  
a t i n g  tempera ture  versus  t ime .  F igures  7(a) and ( b )  
shown t h e  uncompensated s i g n a l s  f rom the  75 and 250 pm 
thermocouples.  Note t h a t  t he  temperature sca les  on 
these p l o t s  have been a d j u s t e d  so as t o  show the  wave- 
fo rms.  A l s o  n o t e  t h a t  t h e  r m s  temperature f l u c t u a t i o n  
i s  l i s t e d  on each p l o t .  F igu re  7(c )  shows t h e  compen- 
sa ted  tempera ture  f l u c t u a t i o n  f r o m  the  75 pm thermocou- 
p l e ,  and F i g .  7(d) show an expanded t ime segment o f  
t h e  compensated s i g n a l .  The rms va lue  o f  t h e  compen- 
sa ted  tempera ture  f l u c t u a t i o n  i s  218 K and t h e  peak- 
to-peak f l u c t u a t i o n  i s  app rox ima te l y  2500 K. 

LASER ANEMOMETRY 

The l a s e r  anemometer (LA) has become a va luab le  
tool i n  t u r b i n e  eng ine  research ,  p r o v i d i n g  da ta  t h a t  
would be almost imposs ib le  t o  ga the 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 he  use o f  LA i n  t u r -  
bomachinery has proven t o  be one o f  i t s  m r e  d i f f i c u l t  
a p p l i c a t i o n s .  Turbomachinery components a r e  t y p i f i e d  
by smal l  passages and h i g h l y  acce le ra ted ,  h i g h - v e l o c i t y  
f l o w s .  Th is  leads  t o  the  need f o r  smal 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  the  f l o w .  U n f o r t u n a t e l y ,  
smal l  p a r t i c l e s  a r e  weak l i g h t  s c a t t e r e r s ,  which 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 ,  measurements i n  
smal l  passages r e q u i r e  g r e a t  care  i n  the  des ign  of the  
o p t i c s  to min imize  t h e  amount o f  de tec ted  sur face-  
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  these cons idera-  
t i o n s  must be i n c l u d e d  i n  the  des ign  o f  an LA to  
o b t a i n  t h e  maximum amount o f  accura te  da ta  i n  minimum 
exper imenta l  r u n  t imes .  

HOST exper iments where researchers  planned t o  use 
LA were s t u d i e d  t o  determine c r i t i c a l  techno logy  areas .  
Research programs were then conducted i n  seve ra l  o f  
these areas i n c l u d i n g  o p t i c a l  des ign ,  seed genera t i on ,  
s i g n a l  p rocess ing ,  and d a t a  a c q u i s i t i o n .  An ambient 
p ressu re ,  l abo ra to ry - t ype  combustor was used t o  eva lu -  
a t e  o p t i c a l  systems and s i g n a l  p rocessors .  

Mode l ing  o f  Fringe-Type LA 
The f r i n a e - t v o e  LA was ana lvzed (Seasho l tz  e t  a l . .  

1984) u s i n g  fhe  &amer-Rao lowe; bound for  t h e  v a r i -  
ance o f  t h e  es t ima te  o f  t he  Doppler f requency  as a 
f i g u r e  o f  m e r i t .  Mie s c a t t e r i n g  t h e o r y  was used t o  
c a l c u l a t e  t h e  Dopp ler  s i g n a l  w i t h  bo th  the  ampl i tude 
and phase o f  t h e  s c a t t e r e d  l i g h t  taken i n t o  account.  
The n o i s e  due to 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  

us ing  the  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  (8RDF) and t h e  i r r a d i a n c e  o f  the  i n c i d e n t  
beams. 
ape r tu re  s top  shape for  the  probe volume l o c a t e d  a 
g i ven  d i s t a n c e  f r o m  a w a l l .  
f u n c t i o n  o f  probe volume t o  w a l l  d i s tance  f o r  two o p t i -  
ca l  systems w i t h  optimum a p e r t u r e  masks. 

The 8RDF was measured f o r  a number o f  uncoated 
m a t e r i a l s ,  f i n i s h e s ,  and su r face  c o a t i n g .  Data were 
ob ta ined  f o r  "as machined" su r faces ,  po l  i shed sur -  
faces ,  g lossy  b l a c k  c o a t i n g s ,  and f l a t  back coa t ings .  
Based on these da ta ,  t h e  b e s t  su r face  f o r  LA a p p l i c a -  
t i o n s  appears t o  be a g l o s s y  b l a c k  c o a t i n g .  A l though 
a b l a c k  g l o s s y  su r face  has a r e l a t i v e l y  l a r g e  specu lar  
r e f l e c t i o n ,  t he  d i f f u s e l y  r e f l e c t e d  l i g h t ,  which i s  
u s u a l l y  o f  g r e a t e s t  concern i n  LA systems, i s  substan- 
t i a l l y  l e s s  than the  d i f f u s e l y  r e f l e c t e d  l i g h t  f rom a 
f l a t  b l a c k  c o a t i n g .  

Seedi n q  

LA a re  p r i m a r i l y  t h e  same as low tempera ture  LA, w i t h  
the  excep t ion  t h a t  t he  p a r t i c l e s  must r e t a i n  those 
c h a r a c t e r i s t i c s  a t  h i g h  tempera tures .  Based on a 
survey 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  grade of  
aluminum o x i d e  (nominal  1 pm d i a d  was se lec ted .  A 
commercial, high-volume f l u i d i z e d  bed was chosen t o  
d i spe rse  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  formed seed for  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  vapor was i n j e c t e d  i n t o  
the  f l o w  where i t  reac ted  w i t h  the  water  vapor t o  form 
t i t a n i u m  d i o x i d e  and h y d r o c h l o r i c  a c i d  ( H C l ) .  
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  tempera ture  seed 
m a t e r i a l ;  i t  has a sub-micron s i z e ,  and i t  i s  produced 
i n  l a r g e  q u a n t i t i e s .  However, t he  H C I ,  i f  n o t  n e u t r a l -  
i zed ,  can cause c o r r o s i o n ,  which l i m i t s  the  a p p l i c a -  
t i o n  o f  t h i s  seeding techn ique.  

A p rocedure  was developed t o  f i n d  the  optimum 

F igu re  8 shows SNR as a 

P a r t i c l e  c h a r a c t e r i s t i c s  necessary f o r  h o t  s e c t i o n  

An exper iment  was a l s o  conducted t o  de termine the  

The 

Preprocessor f o r  Fr lnge-Type 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  

deoendent on a number o f  c o n t r o l  s e t t i n s s  of  the  S i S -  
na i  p rocessor .  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  system g a i n  (de termined by t h e  pho tomu l t i -  
p l i e r  tube h i g h  v o l t a g e  and a m p l i f i e r  ga in )  and the  
e l e c t r i c a l  f i l t e r s  used t o  remove the  low f requency  
pedesta l  component and t o  reduce sho t  no ise .  A s tudy  
was made t o  q u a n t i f y  t h e  e f f e c t  of  f i l t e r s  on measure- 
ment accuracy (Ober le  and Seasho l tz ,  1985). Several  
common f i l t e r  des igns  were examined. I t  was shown 
t h a t  bo th  t h e  f i l t e r  t ype  and t h e  c u t o f f  f requenc ies  
must 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  coun te r - t ype  processors .  
these 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  probe 
volumes c o n t a i n i n g  a smal 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 l o w .  

a l l y  have h i g h  o p e r a t i o n a l  cos ts ,  so i t  i s  necessary 
t o  acqu i re  t h e  d e s i r e d  d a t a  i n  a minimum t ime.  
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  the  i n s t r u m e n t a t i o n  dur -  
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  
f o r  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 rocessor  
s e t t i n g s ,  a compu te r -con t ro l l ed  i n t e r f a c e  ( c a l l e d  a 
p reprocessor )  was designed, f a b r i c a t e d ,  and t e s t e d  
(Ober le .  1987). The preprocessor  ( F i g .  9 )  a m p l i f i e s  
the  s i g n a l  from the  pho tode tec to r ,  f i l t e r s  i t  u s i n g  
bo th  low- and high-pass f i l t e r s ,  and then rou tes  i t  to  
the  counter  p rocessor .  

The c h i e f  v i r t u e  o f  the  preprocessor  i s  t h a t  i t  
p rov ides  d i r e c t  computer c o n t r o l  o f  t he  PMT h i g h  v o l t -  
age, the  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 program- 
mable a t t e n u a t o r  a re  used t o  p rov ide  c o n t r o l  over  the  
range -77 dB t o  +50 dB i n  1 dB s teps ) ,  and s e l e c t i o n  

I t  was shown t h a t  

Exper iments i n  tu rbomach inery  t e s t  f a c i l i t i e s  usu- 

Exten- 
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o f  the  low- and high-pass f i l t e r s  ( 8  low-pass and 
8 h igh-pass) .  I n  a d d i t i o n ,  t he  preprocessor  p rov ides  
computer c o n t r o l  of  t he  seed genera tor  and a l l o w s  com- 
p u t e r  m o n i t o r i n g  of  t h e  PMT dc c u r r e n t .  With p roper  
so f tware ,  t he  preprocessor  w i l l  a l l o w  the  researcher  
t o  preprogram the  v a r i o u s  processor  s e t t i n g s  based on 
the  expected f l o w  c o n d i t i o n s .  I t  w i l l  a l s o  be poss i -  
b l e  to use "smar t "  adap t i ve  so f tware  t o  s e l e c t  t he  
proper  s e t t i n g s  based c u r r e n t  measurement parameters 
such as the  f requency ,  t u rbu lence  i n t e n s i t y ,  and no ise  
l e v e l .  

Four-Spot LA 
The conven t iona l  f r i nge - t ype  LA has a l a r g e  accept-  

ance ang le  ( i . e . ,  i t  can measure v e l o c i t i e s  hav ing  a 
wide range o f  flow ang les ) .  b u t  i t  has a r e l a t i v e l y  
l a r g e  probe volume. Th is  l a r g e  probe volume l i m i t s  
t he  c l o s e s t  measurements t o  about 1 mm from sur faces .  
The convent iona l  t i m e - o f - f l i g h t  LA (aka two-spot o r  
t r a n s i t  LA) has a much sma l le r  probe volume, which 
a l l o w s  i t  to measure much c l o s e r  t o  su r faces .  How- 
eve r ,  t he  two-spot LA has a ve ry  l i m i t e d  acceptance 
ang le ,  which g r e a t l y  reduces 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 .  

The need for  an anemometer i n c o r p o r a t i n g  the  l a r g e  
acceptance ang le  of  t h e  f r i n g e  LA and the  a b i l i t y  o f  
t h e  two-spot LA to  measure c lose  t o  w a l l s  l e d  t o  the  
development o f  a new t ype  o f  t i m e - o f - f l i g h t  LA (Lad ing ,  
1983; Wernet and Edwards, 1986). The new Four-Spot LA, 
shown i n  F i g .  10, i nco rpo ra tes  two f e a t u r e s .  One i s  
t h e  use of e l l i p t i c a l  r a t h e r  than c i r c u l a r  spots t o  
g i v e  a l a r g e  acceptance ang le .  (Th is  use o f  two e l l i p -  
t i c a l  spo ts  i s  a l s o  c a l l e d  a two-dash o r  two-sheet 
t i m e - o f - f l i g h t  LA.)  The o t h e r  f e a t u r e ,  which i s  
unique, i s  t h e  use o f  f o u r  beams arranged t o  fo rm 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  
spo ts .  Th is  a l l o w s  the  use of  an o p t i c a l  method t o  
a c c u r a t e l y  de termine t h e  s t a r t  and s top  t i m i n g  s i g n a l s .  
P r e v i o u s l y ,  de lay-and-subt rac t  techn iques  were used t o  
genera te  t h e  t i m i n g  s i g n a l s .  The o p t i c a l  method, 
u n l i k e  d e l a y  and s u b t r a c t ,  i s  independent o f  the  ve loc-  
i t y .  Th is  i s  advantageous i n  h i g h l y  t u r b u l e n t  f l o w  o r  
i n  o t h e r  flows w i t h  a wide range o f  v e l o c i t i e s .  

The Four-Spot LA was designed, 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 .  Measurements were ob ta ined  as c lose  
as 75 pm from a normal su r face  (Wernet, 1987). Compar- 
i s o n  measurements were a l s o  made u s i n g  the  fou r -spo t  
LA, a two-spot LA, and a f r i n g e - t y p e  LA i n  the  v i c i n -  
i t y  o f  a s i n g l e  t u r b i n e  vane mounted i n  the  exhaust o f  
t he  open j e t  burner  (Wernet and Ober le ,  1987). 

Windows and C o r r e c t i o n  O p t i c s  

o b t a i n  measurements w i t h o u t  a l t e r i n g  the  f l o w  be ing  
s tud ied .  Wi th  o p t i c a l  techn iques  t h i s  means t h a t  t h e  
window contour  should match t h e  i n t e r n a l  flow passage 
con tou r .  One Lewis HOST f a c i l i t y  was a 508 mm diam- 
e t e r ,  s i n g l e  stage, a x i a l  flow 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 designed t o  a l l o w  measurements 
w i t h i n  the  s t a t o r  and r o t o r  passages. These windows, 
however, a c t  as c y l i n d r i c a l  lenses t h a t  i n t roduce  aber-  
r a t i o n s  i n t o  the  LA o p t i c a l  system. I f  n o t  co r rec ted ,  
these a b e r r a t i o n s  can g r e a t l y  degrade the  measurements 
o r  even p reven t  any measurements. A monochromatic cor- 
r e c t i o n  o p t i c  ( F i g .  1 1 )  was designed for  t h i s  app l i ca -  
t i o n  (Wernet and Seasho l tz ,  1987). The a d d i t i o n  o f  the  
c o r r e c t i o n  o p t i c  r e s t o r e s  the  d i f f r a c t i o n  l i m i t e d  per -  
formance o f  t he  o p t i c a l  system. 

COMBUSTOR V I E W I N G  SYSTEM 

I n  tu rbomach inery  s t u d i e s  i t  i s  h i g h l y  d e s i r a b l e  t o  

Another way t o  determine the  response o f  a compo- 
nen t  t o  the  h o t  s e c t i o n  environment i s  t o  mon i to r  v i s -  
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ua l  images o f  t he  component d u r i n g  o p e r a t i o n .  Th is  i s  
n o t  l i k e l y  t o  produce q u a n t i t a t i v e  da ta  bu t ,  i n  some 
cases, q u a l i t a t i v e  da ta  a r e  s u f f i c i e n t  o r  even p r e f e r a -  
b l e .  A case i n  p o i n t  i s  t he  Combustor Viewing System 
(Morey, 1984; Morey, 1985).  Th is  system was designed 
t o  p r o v i d e  recorded 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  produce a 
v i s u a l  r e c o r d  of  some o f  the  causes o f  premature h o t  
s e c t i o n  f a i l u r e .  

The Combustor V iewing  System c o n s i s t s  o f  a water 
coo led  o p t i c a l  p robe,  a probe a c t u a t o r ,  an o p t i c a l  i n -  
t e r f a c e  u n i t  t h a t  couples t h e  probe t o  cameras and t o  
an i l l u m i n a t i o n  source, and system c o n t r o l s .  
w i t h  i t s  a c t u a t o r  i s  des igned t o  mount d i r e c t l y  on an 
engine o r  a combustor. The probe i s  12.7 mm i n  diam- 
e t e r ,  smal 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 rov ides  a r o t a t i o n a l  mo t ion  o f  e180" and 
r a d i a l  i n s e r t i o n  t o  a maximum depth  o f  7 .6  cm. Two 
probes were b u i l t  t o  use w i t h  the  system. The wide 
f i e l d - o f - v i e w  probe can be f i t t e d  w i t h  lenses for  90" 
and 60" f ie lds-o f -v iew,  w i t h  t h e  v iew ing  a x i s  o r i e n t e d  
45" t o  the  a x i s  of the  probe.  The narrow f i e l d - o f - v i e w  
probe has lenses fo r  35" and 13" f i e l d s - o f - v i e w  t h a t  
a re  o r i e n t e d  60' r e l a t i v e  t o  t h e  probe a x i s .  Both 
probes a r e  water coo led  and gas purged and a re  capable 
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  combust ion zone o f  a 
combustor. 

F igu res  12(a) and (b )  show cross  s e c t i o n  v iews o f  
the  two probes. I n  each case an image condu i t  i s  used 
to t r a n s f e r  t he  image th rough t h e  l e n g t h  o f  the  probe. 
The image condu i t  i s  a fused  bund le  o f  f i b e r s  3 mm i n  
d iameter  and c o n s i s t s  o f  about 75 000 f i b e r s  10 pm i n  
d iameter .  Each of these f i b e r s  corresponds to a p i c -  
t u r e  element.  The image c o n d u i t  i s  33 cm long  and i s  
coupled to a f l e x i b l e  f i b e r  bund le  which connects the  
probe t o  the  o p t i c a l  i n t e r f a c e  u n i t .  Each probe i s  
a l s o  equipped w i t h  two 1 mm d iameter  p l a s t i c  c l a d  fused  
q u a r t z  f i b e r s  used for  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 an i l l u m i n a t i o n  source. E i t h e r  f i l m  or 
v ideo  cameras can be remote 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  can be i n s e r t e d  i n t o  t h e  v iew ing  pa th .  The 
i l l u m i n a t i o n  source i s  a mercury a rc  lamp which i s  
focused on the  ends of  t he  i l l u m i n a t i o n  f i b e r s .  

Th is  system has been used i n  bo th  combustor and 
f u l l  sca le  engine t e s t s .  A l though t h e  o r i g i n a l  use for  
t h e  system was i n  combustor l i n e r  d u r a b i l l t y  s tud ies ,  
t he  system 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  diagnos- 
t i c  dev ice .  I t  has been used t o  examine l i g h t  o f f  and 
b lowout  c h a r a c t e r i s t i c s  and appears t o  have cons idera-  
b l e  p o t e n t i a l  f o r  o t h e r  t ime  dependent phenomena and 
for  f lame rad iomet ry .  Subsequent t o  t h e  i n i t i a l  deve l -  
opment program, a d d i t i o n a l  systems 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  engine development work and 
i n  t e s t i n g  t u r b i n e  engines used t o  genera te  e l e c t r i c a l  
power. 

H I G H  TEMPERATURE S T R A I N  MEASURING SYSTEMS 

The most amb i t i ous  i n s t r u m e n t a t i o n  development 
e f fo r t  i n  t h i s  program i s  t he  development o f  high-tem- 
p e r a t u r e  s t r a i n  measur ing systems. The t a r g e t  goal  f o r  
t h i s  work i s  to measure s t r a i n  (approx 2000 mic ro-  
s t r a i n ,  maximum) a t  temperatures up t o  1250 K w i t h  an 
u n c e r t a i n t y  of  + l o  pe rcen t .  Th is  requ i rement  i s  for  
r e l a t i v e l y  s h o r t  t e rm t e s t i n g ;  a 50 h r  sensor l i f e  i s  
cons idered 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 rde r  
o f  3 mm i s  des i red  and where measurements a re  r e q u i r e d  
on b lades  or vanes, l a r g e  temperature g r a d i e n t s  a re  
a n t i c i p a t e d .  I n  genera l ,  t he  requ i rement  i s  f o r  
s teady-s ta te  measurements 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 )  measurements. 

The probe 

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 -  
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The principal candidate for making such measure- 
ments under similar but lower temperature conditions 
(less than approx 700 K) is the resistance strain gage. 
However, at the higher temperatures, strain measure- 
ments become increasingly difficult and the commonly 
used strain gages are marginal at best. A s  the re- 
quired temperature range increases, the magnitude of 
the correction for apparent strain becomes 
substantially larger than the strain signal and the 
uncertainty of the correction is excessive. To meet 
the goals listed above, the uncertainty of the 
apparent strain correction must be less than t2CO 
microstrain. This requirement translates t o  a repeat- 
ability of the resistance versus temperature for the 
mounted strain gage to be well within 2400 parts per 
million (ppm), based on a gage factor of two. 

We made an extensive study of potentially useful 
high-temperature static strain measurement techniques 
(Hulse et al., 1987a). As a result of this study, we 
are pursuing the following to improve our high tempera- 
ture strain measuring capability: 

( 1 )  developing improved high temperature strain 

( 2 )  learning how better t o  use available strain 

(3) developing optical strain measuring systems as 

gages 

gages 

alternatives t o  strain gages 
The following section will discuss these three areas of 
work. 

Development of Improved High Temperature Strain Cages 
In attempting t o  develop improved high temperature 

strain gages, we are emphasizing development of alloys 
with very repeatable resistance versus temperature 
characteristics (Hulse et al., 1985; Hulse et al., 
1987b). We tested a number of alloy compositions from 
five alloy families. These alloy families are FeCrAl, 
NiCrSi (Nicrosil), PtPdMo, PdCr, and PtW. In all cases 
except for the thermocouple alloy Nicrosil, we looked 
at a range of compositions. Alloy sample were cast into 
rods and then machined into suitable test samples. 
Measurements were made of resistance versus temperature 
over a number of cycles in which cooling rates were 
varied from 5 0  t o  250 Klminute. Additional tests 
included oxidation (weight gain method) and resistance 
drift for up t o  3 hr in air at 1250 K. The results of 
these tests indicated that two alloys, one in the 
FeCrAl family and one in the PdCr family, had the best 
potential for high temperature strain gage 
applications. 

fractional resistance change with temperature for this 
alloy at temperatures up t o  1250 K is compared with the 
commercial Kanthal A-1 (also FeCrAl) alloy in Fig. 13. 
In this case both alloys were annealed for 2 hr at 
1150 K prior t o  testing. The resistance change o f  the 
Mod 3 alloy is much less than that of the Kanthal A-1 
alloy and shows comparatively little change for differ- 
ent cooling rates. This alloy does, however, exhibit 
different resistance versus temperature characteris- 
tics, depending on previous thermal history. Figure 14 
illustrates this effect for exposure t o  1250 K air for 
times ranging from 10 t o  105 hr. Because of this 
effect, work on this alloy has been de-emphasized in 
favor of the PdCr alloy. 

curve which is characteristic of a solid solution 
alloy with no phase or internal structure changes 
being evident. The resistance is essentially linear 
with temperature and not affected by changes in cool- 
ing rate or previous thermal history. Cycle-to-cycle 
repeatability of the fractional change in resistance 
with temperature is excellent. Tests over four ther 

The FeCrAl alloy was designated as "Mod 3." The 

The PdCr alloy has a resistance versus temperature 

mal cycles showed an average (over the temperature 
range) standard deviation of 130 ppm. The greatest 
variation was at approximately 700 K w th a standard 
deviation o f  245 ppm. The long term d ift of cast sam- 
ples of this alloy at 1100 and 1250 K n air and in 
argon is shown in Fig. 15. It should be noted that 
these data imply a repeatability in resistance measure- 
ment t o  the order of 100 ppm; it is likely that some of 
the fluctuation i n  these curves is attributable to the 
measuring system rather than the resistance of the 
alloy samples. 

perty that we feel is essential for high-temperature 
strain gage work. However, there are other properties 
required for good strain gages and the PdCr alloy may 
not be ideal considering these properties. The temper- 
ature coefficient o f  resistance is high enough that 
temperature compensation will be required; the added 
complication and the larger gage size required for this 
will have t o  be accommodated. Other potential problems 
such as oxidation resistance o f  high surface-to-volume 
ratio thin films and fine wires, gage factor changes 
with temperature, and the elastic/plastic strain prop- 
erties are still under investigation. 

The repeatability of the PdCr alloy is the pro- 

Work With Available Strain Gaqes 
Learning how best t o  use available strain gages in 

high-temperature applications requires that consider-' 
able experimental work be done t o  explore strain gage 
characteristics and devise optimum procedures for spec- 
ific applications. Such work i s  very time consuming, 
especially when tests at many different temperatures 
are required. Consequently, one of our objectives in 
this work was t o  establish a computer controlled test- 
ing capability at NASA Lewis so that testing could be 
accomplished with minimal operator attention. 

The automated strain gage test laboratory has the 
capability t o  measure apparent strain and gage factor 
over a range of temperatures from 300 t o  1370 K. The 
laboratory has two ovens (one of which contains a test 
fixture for a constant strain beam), a computer con- 
trolled actuator for deflecting the beam, strain gage 
and temperature instrumentation, and a personal com- 
puter for controlling the tests and collecting the 
data. Communication between various parts of the sys- 
tem is accomplished using both an IEEE-488 data bus and 
an RS-232 serial interface. A very versatile control 
program was developed that allows us to construct a 
variety o f  test profiles by entering a series of tem- 
peratures and command statements into a data set. 
Figure 16 shows a block diagram of the system. 

One approach t o  better utilization o f  available 
strain gages is outlined by Stetson (1984). In this 
work using Kanthal A-1 alloy. it was determined that 
the apparent strain of the gage was strongly affected 
by the rate at which the gage was cooled from the high- 
est use temperature. Further, the apparent strain for 
the next thermal cycle followed that established by the 
cooling part of the previous cycle; a repeatable appar- 
ent strain could be obtained if the cooling rate could 
be reproduced during each thermal cycle. This implies 
that an accurate apparent strain correction could be 
obtained by matching the cooling rate during calibra- 
tion t o  that which would be impressed on the strain 
gage during use. 
cooling rates be controllable during use and that is 
not always possible. 
(1984). the cooling rates could be matched and, 
although it took considerable effort, the result was 
usable static strain measurements at temperatures up 
to 9 5 0  K. 

been undertaken at NASA Lewis. Hastelloy X plates 13 

It is necessary, o f  course, that the 

But for the work of Stetson 

Work based on control 1 ed cool i ng rates has a1 so 
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by 20 cm w e r e  ins t rumented w i t h  Kanthal  A-1 and 
Chinese FeCRAl 700 " C  (Wu e t  a l . ,  1981) s t r a i n  gages. 
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  coo l -  
i n g  gas t o  f l o w  over  the  p l a t e  u n i f o r m l y  so as t o  g e t  
c o n t r o l l e d  c o o l i n g  r a t e s .  The Kanthal  A - I  gages were 
mounted u s i n g  a f lame sprayed alumina and ceramic 
cement process and the  Chinese gages w e r e  mounted w i t h  
a Chinese ceramic cement us ing  d i r e c t i o n s  supp l i ed  w i t h  
the  gages. The p l a t e s  were a l s o  i ns t rumen ted  w i t h  10 
thermocouples so as t o  measure the  tempera ture  d i s t r i -  
b u t i o n  a t  t he  s t r a i n  gages. Apparent s t r a i n  measure- 
ments were made over  a temperature range f r o m  300 t o  
950 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 /sec .  F igu re  1 7  shows the  r e s u l t i n g  r e s i s t a n c e  
versus tempera ture  da ta .  P l o t t e d  here  a r e  f r a c t i o n a l  
changes i n  r e s i s t a n c e  for  one each o f  the  Kantha l  A - I  
and Chinese gages f o r  t he  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 da ta  show the  Kanthal  gage t o  be s t r o n g l y  
dependent on c o o l i n g  r a t e  b u t  repea tab le  i n  r e s i s t a n c e  
a t  t he  maximum temperature.  The r e s i s t a n c e  of  t h e  
Chinese gage i s  independent o f  c o o l i n g  r a t e  a t  bo th  
300 and 950 K, b u t  a t  i n te rmed ia te  tempera tures  the  
curves d e v i a t e  depending on 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  these curves occur  i n  the  tempera ture  
range from 650 t o  800 K, rough ly  the  same r e g i o n  f o r  
which h i g h  d r i f t  r a t e s  have been r e p o r t e d  f o r  t he  
Chinese gages (Hobar t ,  1985). 

O p t i c a l  S t r a i n  Measurement 
O o t i c a l  svstems mav n o t  o rov ide  exac t  a l t e r n a t i v e s  

t o  r e s i s t a n c e - s t r a i n  gages f o r  a1 1 t u r b i n e  eng ine  
a p p l i c a t i o n s ,  b u t  they  appear t o  have h i g h  p o t e n t i a l  
f o r  p r o v i d i n g  h i g h  tempera ture ,  noncontac t ,  two- 
d imens iona l  s t r a i n  measur ing systems 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  range. An o p t i c a l  techn ique t h a t  
r e q u i r e s  no  m o d i f i c a t i o n  t o  t h e  su r face  under t e s t  
uses l a s e r  speck le  p a t t e r n s .  These p a t t e r n s  a re  formed 
by 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  f rom a d i f f u s e  su r face .  The source o f  
t he  p a t t e r n  i s  t he  i r r e g u l a r i t i e s  i n  t h e  sur face ;  when 
the  su r face  i s  d i s t o r t e d ,  for  example by s t r a i n  i n  the  
p lane o f  the  su r face ,  t he  speck le  p a t t e r n  changes. 
P rec i se  measurements o f  changes i n  recorded speck le  
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  on the  s t r a i n  imposed 
on the  su r face .  A p r a c t i c a l  imp lementa t ion  o f  t h i s  
techn ique i s  a l a s e r  speck le  photogrammetr ic system i n  
which speck le  p a t t e r n s  a r e  recorded on photograph ic  
f i l m  (S te tson ,  1983). Speckle p a t t e r n  photographs 
( c a l l e d  specklegrams) a re  made a t  d i f f e r e n t  increments 
o f  l o a d i n g  o f  t he  t e s t  sample and then p a i r s  o f  speck- 
legrams a r e  examined i n  an automated i n t e r f e r o m e t r i c  
photocomparator.  
n iques  t o  ach ieve  accura te  measurements t o  a f r a c t i o n  
of an i n t e r f e r e n c e  f r i n g e .  No a t tempt  w i l l  be made 
here  t o  desc r ibe  t h i s  system i n  d e t a i l ;  i t  has been 
tho rough ly  desc r ibed  i n  the  open 1 i t e r a t u r e  (S te tson ,  
1983) . 

The l a s e r  speck le  photogrammetr ic system has 
s u c c e s s f u l l y  measured h igh- tempera ture  su r face  deforma- 
t i o n .  S te tson  (1983) desc r ibes  an exper iment  t o  meas- 
u r e  t h e  thermal expansion o f  an 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  temperatures up t o  1150 K.  
was heated i n  a l a b o r a t o r y  fu rnace  t o  1150 K and then 
a l l owed  t o  coo l  t o  500 K over  a p e r i o d  o f  severa l  
hours .  
i n t e r v a l s  d u r i n g  the  h e a t i n g  and c o o l i n g  and suc- 
ceed ing  specklegram p a i r s  were used t o  determine the  
thermal expansion o f  the  p l a t e .  Measured thermal 
expanison agreed w i t h  values c a l c u l a t e d  f rom the  meas- 
u red  tempera ture  and the  thermal expansion c o e f f i c i e n t  
t o  w i t h i n  3 pe rcen t .  

grammetr ic system i n  t e s t  c e l l  environments.  

The system uses heterodyne tech- 

The p l a t e  

Specklegrams were recorded a t  r o u g h l y  200 K 

We have a t tempted t o  use the  l a s e r  speck le  photo- 
I n  one 

a t tempt  we recorded specklegrams of  a combustor l i n e r  
i n  a h igh- tempera ture ,  h igh-pressure  combustor t e s t  r i g  
(S te tson ,  1984). The specklegrams were taken th rough  
a v iew ing  p o r t  i n  the  pressure  vesse l  o f  t h e  t e s t  r i g  
as combustor p ressure  and temperature were v a r i e d .  A 
p o t e n t i a l  p rob lem 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 igh-  
p ressure  c o o l i n g  a i r  f l o w i n g  over  t h e  e x t e r i o r  su r face  
o f  the  combustor l i n e r  i s  i n  the  o p t i c a l  v iew ing  pa th ,  
and tu rbu lence  i n  the  gas f l o w  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 revent  c o r r e l a t i o n  o f  succeed- 
i n g  p a i r s  o f  specklegrams. Examples o f  u n d i s t o r t e d  
and d i s t o r t e d  specklegrams a re  shown i n  F igs .  18 ta )  
and ( b ) .  Th i s  e f f e c t  proved to be a fundamental l i m i -  
t a t i o n  f o r  t he  measuring system i n  t h i s  a p p l i c a t i o n  
when combustor p ressure  was h ighe r  than approx ima te l y  
3 atm. We i n t e n d  t o  exp lo re  f u r t h e r  h i g h  tempera ture  
a p p l i c a t i o n s  o f  o p t i c a l  s t r a i n  measur ing systems. 

T H I N  FILM SENSORS 

One o f  t he  fundamental p recepts  of  exper imen ta t i on  
i s  t h a t  t he  sensors used t o  ge t  exper imenta l  d a t a  must 
n o t  p e r t u r b  t h e  s u b j e c t  o f  t he  exper iment from i t s  con- 
d i t i o n  p r i o r  t o  the  i n t r o d u c t i o n  o f  the  sensors.  I n  
t u r b i n e  engine t e s t i n g  the re  a re  many s i t u a t i o n s  i n  
which t h i s  p recep t  may be v i o l a t e d .  A p r ime example i s  
t he  measurement o f  t u r b i n e  a i r f o i l  surface temperature.  
Convent iona l  techno logy  i nvo l ves  l a y i n g  sheathed t h e r -  
mocouple w i r e  i n t o  grooves c u t  i n t o  the  su r face  o f  t h e  
a i r f o i l ,  then  cove r ing  t h e  i n s t a l l a t i o n  and smoothing 
the  a i r f o i l  con tou r .  Al though the  a i r f o i l  con tour  i s  
r e s t o r e d ,  t he  thermocouple d i s t u r b s  the  tempera ture  
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 of t he  ou t -  
s ide  su r face  tempera ture ,  and th rea tens  t h e  i n t e g r i t y  
o f  t he  s t r u c t u r e  o f  t h i n  wa l l ed  b lades  and vanes. 

appears t o  be an i d e a l  s o l u t i o n  for  b lade and vane sur-  
face tempera ture  measurement (Grant  and Przybyszewski ,  
1980; Grant  e t  a l . ,  1981; Grant e t  a l . ,  1982). A s  seen 
i n  the  c ross -sec t i ona l  ske tch  o f  t h e  sensor i n  F i g .  20, 
t he  sensor has minimal i n t r u s i v e n e s s .  I n  t h i s  case t h e  
b lade o r  vane, coated  w i t h  an M C r A l Y  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 then o x i d i z e d  t o  form an 
adherent su r face  c o a t i n g  o f  aluminum ox ide .  Addi-  
t i o n a l  aluminum ox ide  i s  depos i ted  over  t h i s  f i l m  t o  
form an 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 
th i ckness .  F i l m s  o f  thermocouple a l l o y  ( P t  and 
PtlOXRh) a re  s p u t t e r  depos i ted  th rough a p p r o p r i a t e  
masks so t h a t  t he  f i l m s  o v e r l a p  a t  one p o i n t  t o  form 
the  thermocouple j u n c t i o n .  The thermocouple f i l m s  
ex tend t o  the  r o o t  o f  the  vane where connect ions  t o  
convent iona l  l eadw i res  a re  made. F i lm- to - l eadw i re  con- 
nec t i ons  a re  made by p a r a l l e l - g a p  we ld ing .  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 thermocouple 
a l l o y  f i l m s  has a th i ckness  o f  l e s s  than 20 pm. The 
i n s t a l l a t i o n  has n o t  changed the  contour  or t h e  
s t r e n g t h  of  the  component and the  g r e a t e s t  thermal  
changes apparent a re  the  d i f f e r e n t  absorptance and 
emi t tance o f  t he  thermocouple f i l m s  compared t o  t h e  
o x i d i z e d  M C r A l Y  su r face .  The techno logy  for  t h i n  f i l m  
thermocouples and t u r b i n e  a i r f o i  1 s has been developed 
t o  t h e  e x t e n t  t h a t  ins t rumented vanes and b lades  a r e  
be ing  used i n  t u r b i n e  engine t e s t s  a t  temperatures up 
to 1250 K.  

Th in  f i l m  sensor development work i s  go ing  on bo th  
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 Lewis.  f i g u r e  21 
shows the  t h i n  f i l m  sensor l a b o r a t o r y  a t  NASA Lewis.  
The l a b o r a t o r y  i s  housed i n  a c lean  r o o m  i n  which bo th  
temperature and humid 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  the  photograph a re  t h r e e  vacuum s p u t t e r i n g  machines 
for  d e p o s i t i o n  o f  bo th  i n s u l a t o r  and sensor f i l m s .  I n  
the  r i gh t -hand  corner  o f  t he  room i s  equipment for  
p h o t o l i t h o g r a p h y  o f  sensors; convent iona l  p h o t o - r e s i s t  

The t h i n  f i l m  thermocouple shown i n  F i g .  19 
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techn iques  a re  used. 
tograph i s  a welder f o r  connec t ing  l eadw i res  t o  sensor 
f i l m s .  

CONCLUDING REMARKS 

A t  t he  f a r  r i g h t  edge o f  the  pho- 

Th is  paper has reviewed the  s t a t e  o f  development of 
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  sec t i ons  o f  t u r b i n e  eng ines .  
these p r o j e c t s  a r e  complete and the  i n s t r u m e n t a t i o n  i s  
i n  use. Th is  i s  t h e  case for  the  Combustor V iewing  
System, t h e  Dynamic Gas Temperature Measur ing System, 
t o t a l  hea t  f l u x  sensors,  t he  l a s e r  anemometry p r o j e c t s  
desc r ibed  here ,  and t h i n  f i l m  thermocouples.  Work i n  
the  genera l  a rea  o f  t h i n  f i l m  sensors i s  c o n t i n u i n g  i n  
o rde r  t o  f u r t h e r  improve the  techno logy  and expand sen- 
sor types  and a p p l i c a t i o n s .  The work t o  improve ou r  
h igh- tempera ture  s t r a i n  measur ing c a p a b i l i t y  i s  s t i l l  
i n  p rog ress .  
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FIGURE 1. - EMBEDDED THERMOCOUPLE HEAT FLUX SENSOR. 
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FIGURE 2. - GARDON GAGE HEAT FLUX SENSOR. 

FIGURE 3. - HEAT FLUX SENSORS INSTALLED I N  T U R B I E  VANE. 
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FIGURE 4. - COMBUSTOR SEGMENT INSTRU- 
MENTED WITH HEAT FLUX SENSORS. 
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FIGURE 5. - COMPARISON OF HEAT FLUX CONDUCTED THROUGH THE 
COMBUSTOR L I N E R  AND INCIDENT RADIANT HEAT FLUX FOR V A R I -  
OUS LEVELS OF COMBUSTOR PRESSURE. RADIANT HEAT FLUX WAS 
MEASURED WITH A COMMERCIAL RADIOMETER. 

FIGURE 6. - DUAL ELEMENT THERMOCOUPLE PROBE FOR MEASURING FLUCTUATING 
GAS TEMPERATURE. 
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FIGURE 7 .  - DYNAMIC GAS TEM'ERATURE SIGNALS F R W  AN ENGINE TEST. 
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FIGURE 8. - SIGNAL-TO-NOISE RATIO 
(SNR) FOR OPTIMUM MASK VERSUS 
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FIGURE 10. - SCHEMTIC VIEW OF THE TRANSNITTING AND RECEIVING OPTICS, 

FIGURE 11. - SCHEMTIC VIEW OF A LASER ANENOETER SYSTEH APPLIED TO A TURBINE RIG INCORPORATING A CURVE CASING WINDOW. THE ABERRATIMS 
INDUCED BY THE TURBINE WINDOW ARE CWENSATED FOR BY THE CORRECTION OPTIC. 
PASSAGE, THE CORRECTION OPTIC POSITION I S  ADJUSTED BY ANOTHER ACTUATOR. I N  THIS POSITION. THE PROBE V O L W  I S  JUST INSIDE THE T U R B I R  
WINDOW, AND THE ACTUATOR I S  AT I T S  FURTHEST POSITION FRM THE F/5 LENS. 

AS THE 3-AXIS TABLE SCANS THE PROBE VOLUE THROUGH THE MAC4 
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FIGURE 18(A) .  - SPECKLEGRAM OF COMBUSTOR LINER WITH NO DISTORTION DUE TO FLOW. 

FIGURE 18(B) .  - SPECKLEGRAM OF COMBUSTOR LINER WITH DISTORTION FROM 
TURBULENT GAS FLOW. I 
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FIGURE 19. - A TURBINE VANE INSTRUMENTED WITH THIN F I L M  THERMOCOUPLES. 
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FIGURE 20. - T H I N  FILM THERMOCOUPLE CROSS SECTION. 
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