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Abs t rac t  

The f e a s i b i l i t y  of combustion gas  temperature 
measurements i n  t h e  SSME f u e l  preburner  using 
non-intrusive o p t i c a l  d i agnos t i c s  is being i n v e s t i -  
gated.  Temperature p r o f i l e s  a r e  des i r ed  i n  t h e  high 
p re s su re ,  hydrogen-rich preburner  s t ream t o  eva lua t e  
des igns  t o  a l l e v i a t e  thermal s t r e s s i n g  of t h e  f u e l  
pump t u r b i n e  blades.  Considering t h e  preburner  
ope ra t i ng  cond i t i ons  and o p t i c a l  acces s  r e s t r i c t i o n s ,  
a spontaneous Raman backsca t t e r ing  system, implement- 
ed w i th  o p t i c a l  f i b e r s  t o  couple t o  t h e  combustion 
device ,  was s e l e c t e d  a s  t he  most p r a c t i c a l  f o r  gas  
temperature  probing. A system i s  descr ibed which 
employs a remotely-located argon-ion l a s e r  t o  e x c i t e  
t h e  molecular  hydrogen Raman spectrum. The l a s e r  
r a d i a t i o n  i s  conveyed t o  t h e  combustor through an  
o p t i c a l  f i b e r  and focused through a window i n t o  t h e  
chamber by an  o p t i c a l  head a t t ached  t o  t h e  combustor. 
Backscat tered Raman r a d i a t i o n  from a l o c a l i z e d  reg ion  
i s  c o l l e c t e d  by t h e  head and t r ansmi t t ed  through 
f i b e r  o p t i c s  t o  remotely-located spec t rographic  
i n s t rumen ta t i on  f o r  ana lys i s .  The gas  temperature is  
determined from t h e  d i s t r i b u t i o n  of r o t a t i o n a l  
popula t ions  represen ted  i n  t h e  Raman spectrum. 

In t roduc t ion  

SSME Opt i ca l  Temperature Diagnost ics  

Temperature nonuniformi t y  i s  one hypothes i s  
advanced t o  exp la in  t h e  cracking encountered i n  t h e  
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SSME f u e l  pump t u r b i n e  blades.  The development of 
modi f ica t ions  lead ing  t o  more uniform temperature  
p r o f i l e s  would be g r e a t l y  f a c i l i t a t e d  by a  diagnos- 
t i c  capable  of s p a t i a l l y - p r e c i s e  gas  temperature  
measurements i n  t h e  combustor. A non-intrusive 
technique is  des i r ed  t o  prevent  f low and measurement 
d i s tu rbances  and t o  i n s u r e  s u r v i v a l  of t h e  
appara tus .  These cons ide ra t i ons  sugges t  t h e  use of 
o p t i c a l  methods f o r  remote d iagnos t ics .  

S ince  t h e  advent of high power and tunable  
l a s e r s  a  number of p  i c a l  d i agnos t i c  techniques 
have been developede2. Typica l ly ,  each of t h e  
techniques possesses  advantages and disadvantages 
w i th  r e spec t  t o  a  p a r t i c u l a r  app l i ca t i on .  The 
o b j e c t i v e  of t h e  s tudy  reported h e r e i n  is  t h e  
development of an  o p t i c a l  system f o r  temperature 
p r o f i l i n g  measurements i n  t h e  SSME preburner  and 

5 s i m i l a r  rocke t  combustors . This  r epo r t  d e t a i l s  
i n t e r i m  progress  t h a t  has  been made on t h e  
cons t ruc t  i on  and t e s t i n g  of breadboard hardware. 

Environment Cons idera t ions  

A l a r g e  f r a c t i o n  of t h e  hydrogen flow r e a c t s  
wi th  a  sma l l e r  f r a c t i o n  of t h e  oxygen flow i n  t h e  
preburner  t o  provide a  hot  ga s  s t ream t o  d r i v e  t h e  
p r o p e l l a n t  turbopumps. The gas  temperature  i n  t h e  
preburners  i s  approximately 970 K (1750 R) a t  t h e  
nominal power l e v e l .  Equi l ibr ium c a l c u l a t i o n s  
i n d i c a t e  t h a t  molecular hydrogen r e p r e s e n t s  89.4 
percent  of t h e  burn t  gases  and water  vapor 10.6 
percent .  Atomic hydrogen and hydroxyl r a d i c a l  
concen t r a t i ons  a r e  ca l cu l a t ed  t o  be less than  1 ppb. 

A c r o s s  s e c t i o n a l  view of t h e  f u e l  preburner ,  
presented i n  Fig.  1, shows t h e  l i m i t e d  o p t i c a l  
a c c e s s  ava i l ab l e .  Fuel and o x i d i z e r  a r e  i n j e c t e d  
i n t o  t h e  combustion chamber through t h e  f a c e  p l a t e .  
Located w i th in  t h e  chamber a r e  t h r e e  b a f f l e s ,  and a  
l i n e r ,  both of which a r e  cooled by a  supply of 
hydrogen. Two t r ansduce r  p o r t s  i n  t h e  chamber wa l l s  
a f f o r d  o p t i c a l  acces s  t o  t h e  combustion medium. 
These p o r t s  a r e  loca ted  i n  a  p lane  a t  t h e  end of t h e  
b a f f l e s ,  and a r e  pos i t ioned  a t  165 and 360 degrees  



with  r e spec t  t o  t h e  f u e l  i n l e t  f l ange .  Therefore  
o p t i c a l  acces s  does not  e x i s t  d i a m e t r i c a l l y  a c r o s s  
t h e  combustor. These r e s t r a i n t s  c l e a r l y  f avo r  
s i n g l e  po r t  o p t i c a l  techniques.  

Other problems a s soc i a t ed  w i th  measurements on 
a  f u l l  s c a l e  ope ra t i ng  rocke t  engine cha l lenge  t h e  
d i a g n o s t i c s  designer .  The engine may move i n  t h e  
t e s t  s tand  due t o  gimbaling and t h r u s t  loads.  P r i o r  
t o  and during ope ra t i on ,  a  condensat ion cloud 
surrounds t h e  engine and i c e  may form on engine 
p a r t s  near  cryogenic  p r o p e l l a n t  l i n e s .  F i n a l l y  very 
h igh  v i b r a t i o n  and no i se  l e v e l s  a r e  experienced by 
any equipment near  t h e  engine. 

A s  a  f i n a l  cavea t ,  i t  should be  pointed ou t  
t h a t  l i t t l e  is known about t h e  o p t i c a l  p r o p e r t i e s  of 
t h e  f low i n  t h e  combustor. Nonuniformities i n  t h e  
r e f r a c t i v e  index r e s u l t i n g  from incomplete 
combustion and p o s s i b l e  two-phase f low may be 
problematic .  The magnitude of gas-phase dens i ty  
g r a d i e n t s  due t o  tu rbulence  o r  compres s ib i l i t y  
e f f e c t s  a l s o  a r e  unknown. 

Technique S e l e c t i o n  

Severa l  l a s e r - o p t i c a l  techniques a r e  a v a i l  b l e  
f o r  remote pointwise temperature  measurements 1-55 
i n  combustion systems. Raman, f luorescence ,  and 
non l inea r  o p t i c a l  techniques such a s  coherent  a n t i -  
Stokes Raman spectroscopy (CARS) and s t imula ted  
Raman ga in  (SRG) have received the  g r e a t e s t  
a t t e n t i o n ,  r ecen t ly .  

4  CARS and SRG a r e  a r e  very powerful tech- 
niques when used wi th  high power l a s e r s  because a  
coheren t ,  beam-like r a d i a t i o n  i s  produced which can 
be captured wi th  high e f f i c i ency .  However t he se  
technfques r e q u i r e  l ine-of -s igh t  o p t i c a l  access ,  
l i m i t i n g  t h e i r  use when such is not  a v a i l a b l e .  

~ l u o r e s c e n c e l ' ~ ~ ~  i s  t h e  emission of l i g h t  from 
a n  atom o r  molecule promoted t o  an  exc i t ed  s t a t e .  
I n  laser-induced f luorescence ,  emission t akes  p l ace  
fo l lowing  the  abso rp t ion  of a  l a s e r  photon. The 



hydroxyl  r a d i c a l  i s  t h e  on ly  s p e c i e s  i n  t h e  pre- 
b u r n e r  which i s  amenable t o  probing by e x i s t i n g  
l a s e r  s o u r c e s ,  However i t s  c o n c e n t r a t i o n  i s  t o o  low 
f o r  p r a c t i c a l  measurements, 

Raman s c a t t e r i n g S , '  i s  a n  i n e l a s t i c  s c a t t e r i n g  
p r o c e s s  i n  which a n  i n c i d e n t  photon l o s e s  o r  g a i n s  
a quantum of energy from t h e  s c a k t e r e r ,  Of ten  Waman 
s c a t t e r i n g  i s  weak and e a s i l y  overwhelmed by back- 
ground l u m i n o s i t y  o r  l a s e r  induced i n t e r f  e r e n c e s  i n  
combustion sys tems ecau e  of t h e  s m a l l  s c a t t e r i n g  
cross s e c t i o n  (--10-" cm3/sR). Flame l u m i n o s i t y  i s  
small  i n  02JR2  combust ion and p a r t i c u l a t e s  a r e  
a b s e n t ,  The high g a s  d e n s i t y  o f f s e t s  t h e  s m a l l  
c r o s s  s e c t i o n ,  The t echn ique  c a n  be  used w i t h  a  
s l n g l e  a c c e s s  p o r t  and f u r t h e r m o r e ,  a s  w i l l  be 
shown, a p p e a r s  t o  be f e a s i b l e  w i t h  r e l a t i v e l y  low 
l a s e r  power s o  t h a t  o p t i c a l  f i b e r s  may b e  used t o  
t r a n s p o r t  t h e  probe r a d i a t i o n  t o  t h e  pseburner ,  

Waman System Performance 

The d i a g n o s t i c  c a p a b i l i t i e s  of a  sys tem employ- 
ing Raman s c a t t e r i n g  can  be  e s t i m a t e d  based on t h e  
f low c o n d i t i o n s  i n  t h e  p r e b u r n e r  and known Raman 
p r o p e r t i e s  of molecu la r  hydrogen,  The d e t e m i n a t i o n  
of t h e  t e m p e r a t u r e  from Raman s c a t t e r i n g  proceeds  
from a n  a n a l y s i s  of t h e  s p e c t r a l  d i s t r i b u t i o n ,  is@, 
the Waman i n t e n s i t y  v a r i a t i o n  w i t h  wavelength,  

S i p n a l  Bevel -22 

The Raman s c a t t e r e d  power of a  p a r t i c u l a r  r o t a -  
tional component w i t h  qmntum number J i s  r e l a t e d  t o  
the i n c i d e n t  o p t i c a l  power PL by 

pR 
(1) 

where Uy i s  t h e  Waman s c a t t e r e d  f requency ,  NVJ i s  
the popula!:ion of t h e  sub- leve l ,  Cb i s  a f a  t o r  which 
depends on t h e  r i g i d  r o t a t o r  p o l a r i z a b i l i t y 8 ,  S ( J )  i s  
t h e  r o t a t i o n a l  P ine  s t r e n g t h  and f ( J )  i s  a  c o r r e c t i o n  
f o r  ehe c e n t r i f u g a l  d i s t o r t i o n  caused by v i b r a t i o n a l -  



9 r o t a t i o n a l  i n t e r a c t i o n  . These f a c t o r s  a r e  a l l  
known f o r  hydrogen and a r e  summarized i n  Ref,  5 ,  

Temperature Measurements 

The g a s  t empera tu re  i s  deduced from t h e  
d i  s t r i b u t i o n  of i n t e n s i t y  of t h e  r o t a t i o n a l  
s u b - l e v e l s ,  The s e n s i t i v i t y  of t h e s e  r o t a t i o n a l  
t r a n s i t i o n s  t o  t empera tu re  i s  d e p i c t e d  i n  F i g ,  2,  
which shows t h e  i n t e n s i t y  of t r a n s i t i o n s  c a l e u l a  t ed  
f o r  SSME p r e b u r n e r  c o n d i t i o n s ,  Two t y p e s  of 
t r a n s i t i o n s  o r  branches  a r e  shown a s  a f u n c t i o n  of 
Raman frequency s h i f t ,  The l i n e s  grouped n e a r  z e r o  
f requency  belong t o  pure  r o t a t i o n a l  t r a n s i t i o n s ,  i n  
which t h e  r o t a t i o n a l  quantum number changes by 2 i n  
t h e  s c a t t e r i n g  p r o c e s s  (4-2 f o r  t h e  S-branch and -2 
f o r  t h e  0-branch),  V i b r a t i o n a l  t r a n s i t i o n s  repre -  
s e n t i n g  t h e  Q-branch (Av = I , B J  = 0 )  a r e  shown 
s h i f t e d  by about  4160 em"'- Temperatures would be  
d e t e m i n e d  by comparing measured s p e c t r a  t o  t h e o r e t -  
i c a l  d i s t r i b u t i o n s ,  Any of t h e  branches  shown 
could  be used ,  b u t  t h e  r o t a t i o n a l  S-branch i s  t h e  
s t r o n g e s t .  The f r e q u e n c i e s  i n  hydrogen a r e  w e l l  
s e p a r a t e d  enough ( e x c e p t  pos s ibEy i n  t h e  Q-branch 
band head)  t o  make a n a l y s i s  by s p e c t r a l  i n t e g r a t i o n  
a c r o s s  t h e  l i n e  s t r a i g h t f o r w a r d ,  

Ortho-Para M o d i f i c a t i o n s  

Molecular  hydrogen e x i s t s  i n  two m o d i f i c a t i o n s  
depending on he o r i e n t a t i o n  of t h e  n u c l e a r  s p i n s  of 
t h e  two atomsEo. A t  room tempera tu re  and h i g h e r  
hydrogen i s  75 p e r c e n t  o r t h o ,  i n  which t h e  two s p i n s  
a r e  a l i g n e d  a n t i - p a r a l l e l ,  bu t  a t  t h e  nonnal b o i l i n g  
p o i n t  ( 2 0 , 4  Kelv in)  hydrogen i s  99,79 p e r c e n t  p a r a ,  
i n  which t h e  s p i n s  a r e  b o t h  i n  t h e  same d i r e c t i o n ,  
The con e r s i o n  t o  t h e  high t empera tu re  composi t ion 
i s  slot$' and may no t  be complete  i n  p reburner  
combustion. I n  p r a c t i c e  t h i s  means t h a t  t h e  even J 
t r a n s i t i o n s ,  which a r e  p a r a  w i l l  be more i n t e n s e  
t h a n  t h e  odd t r a n s i t i o n s ,  depending on t h e  amount of 
s p i n  convers ion ,  I n  t h e  a n a l y s i s  of t h e  s p e c t r a l  
d a t a ,  t h e  even and odd manifolds  w i l l  need t o  be 
ana lysed  s e p a r a t e l y ,  b u t  shou ld  y i e l d  t h e  same 
t empe r a t u r  e , 



Backsca t te r ing  System Performance Es t imate  - 
The performance of d i agnos t i c s  based on a  Raman 

s c a t t e r i n g  system can be determined wi th  r e spec t  t o  
c r i t e r i a  e s t a b l i s h e d  f o r  a  u s e f u l  system. These 
s p e c i f y  a  measurement w i th  1 c m  s p a t i a l  r e s o l u t i o n ,  
10 mil l i second  temporal r e s o l u t i o n ,  and a  6 Kelvin 
temperature  accuracy. The e x i s t i n g  o p t i c a l  acces s  
i n  t h e  preburner  determines t h e  c o l l e c t i o n  e f f i -  
c iency of t h e  envis ioned backsca t t e r ing  sys  tem 
i n  which t h e  e x c i t i n g  l a s e r  and t h e  c o l l e c t i o n  of 
t h e  Raman s c a t t e r e d  r a d i a t i o n  t ake  p l ace  through t h e  
same window. 

The r e s u l t s  of c a l c u l a t i o n s  f o r  t h e  Raman 
s p e c t r a l  i r r a d i a n c e  f o r  r e a l i s t i c  i npu t  condi t ions  
is shown i n  Fig.  3  f o r  one of t h e  lowest  populated 
rc l ta t iona l  l e v e l s .  The l a s e r  i n t e n s i t y  has  been 
chosen t o  be t y p i c a l  of va lues  which can be a t t a i n e d  
wi th  c u r r e n t  technology o p t i c a l  f i b e r s .  The Raman 
system i s  cons t ra ined  t o  s a t i s f y  system s p a t i a l  (0.5 
- I cm) and temporal (10 mi l l i s econd)  r e s o l u t i o n  
des ign  goals .  Shown f o r  comparison i s  a  c a l c u l a t i o n  
of t h e  thermal r a d i a t i o n  from a  s o l i d  w i th  emis- 
s i v i t y ,  E .  This  may r ep re sen t  a ho t  w a l l  o r  p a r t i -  
c l e s  i n  t h e  flow. Note t h a t  an a n  emis s iv i t y  of 0.3 
would t y p i f y  a  p f 5 t i c l e  loading of 25 micrograms pe r  
cubic  cen t imeter  , a  high l e v e l .  Therefore  Raman 
s i g n a l s  should exceed t h e  background by l a r g e  
margins . 

Raman System Design 

The d i agnos t i c  sys  tem i s  conceived t o  c o n s i s t  
of a  high power l a s e r ,  o p t i c a l  head mounted d i r e c t -  
By on t h e  preburner ,  and a  spec t rog raph /op t i ca l  
mult ichannel  d e t e c t o r  combination. The l a s e r  and 
t h e  spectrograph/OMD would be loca ted  remotely,  and 
would be joined t o  t h e  head by o p t i c a l  f i b e r  l i nks .  
F igure  4 shows a  schematic diagram of t h e  apparatus .  
The design of t h e  components is  considered i n  t h i s  
s e c t i o n .  Curren t ly  t h e s e  a r e  being evaluated 
exper imenta l ly  i n  a  breadboard i n v e s t i g a t i o n .  



Opt i ca l  F ibe r  Link 

The use  of o p t i c a l  f i b e r s  i s  growing i n  a  wide 
v a r i e t y  of app l i ca t i ons .  The use  of o p t i c a l  f i b e r s  
i n  t h e  p re sen t  a p p l i c a t i o n  a f f o r d s  l o c a t i o n  of t h e  
more d e l i c a t e  ins t rumenta t ion  away from t h e  high 
n o i s e  rocke t  environment, while  a t  t h e  same time t h e  
i n t e g r i t y  of t h e  o p t i c a l  beam i s  insured.  The low 
power requirements of Raman s c a t t e r i n g  f o r  t h i s  high 
p re s su re  a p p l i c a t i o n  permit t h i s  bene f i t .  

Na tu ra l l y  t h e  f i b e r  must be capable  of t rans-  
m i t t i n g  t h e  l a s e r  without s e r i o u s  a t t enua t ion .  
Op t i ca l  f i b e r s  possess  e x c e l l e n t  t ransmiss ion  
c h a r a c t e r i s t i c s  i n  t h e  near i n f r a r e d  reg ion  of t h e  
spectrum, having a t t e n u a t i o n s  a s  low a s  0.5 dB/km. 
Raman s c a t t e r i n g  i s  s t ronge r  f o r  s h o r t  wavelengths 
however, s o  t h a t  ope ra t i on  is  des i r ed  away from t h e  
b e s t  t ransmiss ion  windows f o r  t h e  f i b e r ,  Attenua- 
t i o n  i n  t h e  f i b e r  gene ra l l y  fol lows a n  i nve r se  
f o u r t h  power r e l a t i o n  w i th  wavelength because t h e  
dominant l o s s  mechanism i s  Rayleigh s c a t t e r i n g .  
Applying t h i s  s c a l i n g ,  good f i b e r  a t t e n u a t i o n  
f a c t o r s ,  i n  t h e  ope ra t i ng  range uf argon i o n  l a s e r s  
being considered f o r  t h i s  a p p l i c a t i o n ,  would be on 
t h e  o r d e r  of 20 dB/km. 

The t ransmiss ion  of s e v e r a l  commercially 
a v a i l a b l e  multimode f i b e r s  has  been measured. The 
r e s u l t s  f o r  f i b e r s  w i th  co re  diameters  of 100 
microns a r e  presented i n  Fig.  5. Measurements have 
been made on sma l l e r  f i b e r s  a s  w e l l .  The lowest 
a t t e n u a t i o n  observed is  32 dB/km f o r  t h e  488 
nanometer l i n e  of an  argon-ion l a s e r .  The required 
l e n g t h  of t h e  f i b e r  i s  about 40 meters  s o  t h a t  t h e  
t r ansmis s ion  i s  expected t o  be on t h e  o r d e r  of 45 
percent  inc lud ing  F re sne l  r e f l e c t i o n  l o s s e s  a t  t h e  
ends of t he  f i b e r .  

The f a i l u r e  of s e v e r a l  f i b e r s  has  been exper- 
ienced.  Melting a t  e i t h e r  end of t h e  f i b e r  has  been 
observed,  a l though t y p i c a l l y  t h e  f a i l u r e  occurs by 
mel t ing  a t  t h e  ou tput  end of t h e  f i b e r .  One f i b e r  
e x h i b i t e d  non l inea r  t ransmiss ion  c h a r a c t e r i s t i c s  
perhaps due t o  s t imula ted  B r i l l o u i n  s c a t t e r i n g .  13 



Opt i ca l  Head 

The func t ion  of t h e  o p t i c a l  head is twofold. 
F i r s t  is  t o  t a k e  l i g h t  from t h e  l a s e r  and focus  i t  
a t  t h e  measurement po in t  i n  t h e  preburner.  Second 
i s  t o  c o l l e c t  Raman backsca t te red  l i g h t  and focus  i t  
i n t o  a  f i b e r  f o r  t ransmiss ion  t o  t h e  spectrometer /  
d e t e c t o r .  The design of t h e  o p t i c a l  head w i l l  
d e f i n e  t h e  measurement volume. 

The des ign  of t h e  o p t i c a l  head is  shown i n  
Fig.  6 .  The beam from t h e  l a s e r  is co l l imated  and 
d i r e c t e d  along t h e  main o p t i c a l  a x i s  of t h e  head by 
a  small prism. An in t e rmed ia t e  l e n s  b r ings  t h e  beam 
t o  a  r e a l  focus  and, f i n a l l y ,  t h e  focusing l e n s  
p r o j e c t s  i t  i n t o  t h e  measurement volume. The focus- 
ing l e n s  c o l l e c t s  t h e  Raman backsca t te red  l i g h t  and 
focuses  u l t i m a t e l y  on an  o p t i c a l  f i b e r .  An absorp- 
t i v e  g l a s s  f i l t e r  can be used t o  block unsh i f t ed ,  
s c a t t e r e d  l a s e r  l i g h t .  By moving e i t h e r  t h e  
i n t e rmed ia t e  l e n s  o r  t h e  focus ing  l e n s  a long t h e  
a x i s ,  t h e  f o c a l  po in t  of t h e  l a s e r  can be changed s o  
t h a t  t h i s  design can be used t o  probe po in t s  a c r o s s  
t h e  diameter  of t h e  combustor. 

The o p t i c a l  head i s  forced by c o n s t r a i n t s  of 
t h e  preburner  t o  ope ra t e  a t  l a r g e  f-numbers when 
viewing a c r o s s  t h e  combustor. This  i nc reases  t h e  
e x t e n t  of t h e  measurement volume along t h e  a x i s ,  
which determines t h e  s p a t i a l  r e so lu t ion .  It is  
d e s i r e d  t o  keep t h e  r e s o l u t i o n  smal l ,  0.5 t o  1.0 cm. 
I n  a  high f-number system, t h e  on-axis rays  con t r i -  
bu t e  g r e a t l y  t o  t h e  sampling length .  I f  t h e  cen 
r ays  a r e  blocked t h e  r e s o l u t i o n  can be improved. 
The obscu ra t i on  d i s k ,  shown i n  t h e  f i g u r e ,  s e r v e s  
t h i s  purpose. 

Measurements of t h e  s p a t i a l  r e s o l u t i o n  of a n  
i n i t i a l  v e r s i o n  of t h e  head have been made by 
s imu la t i ng  Raman s c a t t e r i n g  i n  t h e  measurement 
volume by a c e l l  conta in ing  a  dye t h a t  f l uo re sces  i n  
t h e  i n c i d e n t  l a s e r  l i g h t .  The c e l l  i s  t h i n  ( 2  mm) 
I n  t h e  d i r e c t i o n  of t h e  a x i s  and i s  t r a n s l a t e d  along 
t h e  a x i s  t o  map out  t h e  s p a t i a l  e x t e n t  of t h e  



o p t i c a l  response. The r e s u l t s  of t h e s e  tests a r e  i n  
accord wi th  t h e  s imple r e l a t i o n  der ived  i n  Ref. 14: 

Here A is  t h e  c o l l e c t i n g  a p e r t u r e  ( t h e  f i b e r  c o r e  
d iameter ) ,  B is t h e  diameter  of t h e  l a s e r  f o c a l  
volume, f  i s  t h e  d i s t a n c e  of t h e  f o c a l  po in t  from 
t h e  focus ing  l e n s ,  and Do i s  t h e  d iameter  of t h e  
obscu ra t i on  disk.  R e s t r i c t i n g  t h e  focusing l e n s  t o  
ope ra t e  a t  an f-number of 25, corresponding t o  
viewing completely a c r o s s  t h e  preburner  through a  1 
cm c l e a r  a p e r t u r e  window, i t  can be shown t h a t  t h e  
s p a t i a l  r e s o l u t i o n  i s  g iven  by 19 Af/Do. I n  o rde r  
f o r  t he  s p a t i a l  r e s o l u t i o n  i n  t h i s  system t o  be less 
than 1 c m  and t h e  obscura t ion  diameter  no g r e a t e r  
than  0.75 cm, t h e  f o c a l  d i s t a n c e  must be r e s t r i c t e d  
t o  l e s s  than 4 cm. Although t h i s  may be accep tab l e  
f o r  some measurements, o t h e r  con f igu ra t i ons  us ing  
of f -ax is  i l l u m i n a t i o n  and a f fo rd ing  b e t t e r  resolu-  
t i o n  wi th  l e s s  r e s t r i c t i o n  w i l l  be sought.  

Spectrograph 

The spec t rograph  used t o  d i s p e r s e  t h e  Raman 
s i g n a l  f o r  a n a l y s i s  must couple  e f f i c i e n t l y  t o  t h e  
o p t i c a l  f i b e r .  This  r e q u i r e s  f a s t  ( l a r g e  a p e r t u r e )  
o p t i c s  i n  t h e  instrument .  Recently f a s t  holographic  
g r a t i n g s  have been developed t o  couple t o  a  f i b e r  
( f l 3 )  d i s p e r s i n g  t h e  r a d i a t i o n  onto a  f l a t - f i e l d  
requi red  by an  o p t i c a l  mult ichannel  d e t e c t o r .  The 
spec t rograph  i s  designed wi th  a  d i s p e r s i o n  of 2.5 
nmlmm, so  t h a t  t h e  e n t i r e  r o t a t i o n a l  branch w i l l  be 
spread over t h e  c e n t r a l  p o r t i o n  of t h e  o p t i c a l  
mult ichannel  de t ec to r .  F igure  7 shows a  schematic 
of t he  spectrograph.  

High P re s su re  S imula t ion  T e s t s  

The d i agnos t i c  c a p a b i l i t i e s  of t h e  Raman back- 
s c a t t e r i n g  system w i l l  be eva lua ted  by t e s t i n g  w i t h  
a  high p re s su re  hydrogen c e l l  s imu la t i ng  cond i t i ons  
i n  t h e  preburner.  The e l e c t r i c a l l y  heated cel l ,  
shown i n  Fig.  8, can be heated t o  1000 K and may be 



pressur ized  t o  6000 ps ia .  The 1 cm diameter  by 25 
e m  l eng th  d u p l i c a t e s  t h e  o p t i c a l  acces s  of t h e  
preburner  combustor. A m e t a l l i c  plug can be 
i n s e r t e d  i n t o  t h e  c e l l  t o  s imu la t e  t h e  preburner  
l i n e r .  

Summary 

The f e a s i b i l i t y  of remote o p t i c a l  d i agnos t i c  
i n  t h e  SSME f u e l  preburner  has  been inves t i ga t ed .  3 
The use of t h e  l a s e r  Raman technique i n  a back- 
s c a t t e r i n g  con f igu ra t i on  appears  t o  have t h e  b e s t  
chance of meeting program ob jec t ives .  The sys  tem 
would have r a d i a t i o n  from a nominal 10 Watt argon 
i o n  l a s e r ,  propagate  through an  o p t i c a l  f i b e r  t o  a n  
o p t i c a l  head a t tached  t o  t h e  combustor. The o p t i c a l  
head w i l l  c o l l e c t  Raman s c a t t e r e d  l i g h t  and couple 
i t  i n t o  ano the r  f i b e r  f o r  t ransmiss ion  t o  a n a l y s i s  
equipment, The o p t i c a l  head w i l l  r e q u i r e  a d d i t i o n a l  
refinement t o  achieve 1 c m  s p a t i a l  r e s o l u t i o n  over 
d i s t a n c e s  g r e a t e r  than 5 em. 

It appears  f e a s i b l e  t o  focus  4 t o  5 Watts of 
o p t i c a l  power from t h e  e x i t  of t h e  f i r s t  f i b e r ,  and 
make temperature  measurements i n  about  10 m i l l i -  
seconds. Addit ional  development of t h e  head o p t i c s  
w i l l  b e t t e r  determine any t rade-of fs  which may be 
requi red  i n  t h e  program goa l s ,  
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Figure  1 - Cross s e c t i o n  view of SSME f u e l  preburner.  
The t r ansduce r  a r e  p o r t s  a t  165' and 300'. 

F igure  2 - Temperature dependence of ca l cu l a t ed  Raman 
s p e c t r a ,  P re s su re  = 5500 ps i a .  



TEMPERATURE, O K  

F i g u r e  3 - Comparison of p r e d i c t e d  Raman and thermal  
r a d i a t i o n  i r r a d i a n c e s .  
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F i g u r e  4 - Schematic diagram of t h e  Raman back- 
s c a t t e r i n g  d i a g n o s t i c s  s y s  tem. 



INPUT LASER POWER, WATTS 

F i g u r e  5 - O p t i c a l  f i b e r  t r a n s m i s s i o n  t e s t  r e s u l t s .  
L a s e r  wavelength 488 nm l i n e  of A=+. 
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F i g u r e  6 - O p t i c a l  head design.  
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.gure 7 - Raman spectrograph designed for  use w i  

optical  f iber .  
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Figure 8 - Internally heated high presure c e l l  for  
Raman diagnostics test ing.  Operating 
conditions: 1300 K ,  6000 psia.  




