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A b s t r a c t  

Because o f  one-engine- inoperat ive ( O E I )  
requirements,  t oge the r  w i t h  hot-gas r e i n g e s t i o n  and 
hot-day, h i g h - a l t i t u d e  t a k e o f f  s i t u a t i o n s ,  power 
augmentat ion f o r  m u l t l e n g i n e  r o t o r c r a f t  has always 
been o f  c r i t i c a l  i n t e r e s t .  However, power augmen- 
t a t i o n  u s i n g  over temperature a t  t h e  t u r b i n e  i n l e t  
w i l l  sho r ten  t u r b i n e  l i f e  un less a method o f  l i m i t -  
i n g  thermal  and mechanical  s t resses i s  found. A 
p o s s i b l e  s o l u t l o n  I n v o l v e s  a l l o w i n g  t h e  t u r b i n e  
i n l e t  temperature t o  r i s e  t o  augment power w h i l e  
i n j e c t i n g  water i n t o  t h e  t u r b i n e  c o o l i n g  a i r  t o  
l i m i t  h o t - s e c t i o n  meta l  temperatures.  An exper l -  
mental  water  i n j e c t i o n  dev i ce  was i n s t a l l e d  i n  an 
engine and s u c c e s s f u l l y  t e s t e d .  A l though concern 
f o r  unprotected subcomponents i n  t h e  engine h o t  
s e c t i o n  prevented demonstrat ion o f  t h e  technique 's  
maximum p o t e n t i a l ,  i t  was s t i l l  p o s s i b l e  t o  demon- 
s t r a t e  increases i n  power w h i l e  m a i n t a i n i n g  near ly  
cons tan t  t u r b i n e  r o t o r  b lade  temperature.  

I n t r o d u c t i o n  

Because o f  one-engine- inoperat ive (DEI) 
requirements,  t oge the r  w i t h  hot-gas r e i n g e s t i o n  and 
hot-day, h i g h - a l t i t u d e  t a k e o f f  s i t u a t i o n s .  power 
augmentat ion f o r  m u l t i e n g l n e  r o t o r c r a f t  has always 
been o f  c r i t i c a l  i n t e r e s t .  Accord ing t o  an e a r l i e r  
s tudy . l  one method o f  power augmentat ion l s  over- 
speed and overtemperature a t  t h e  t u r b i n e  i n l e t .  
However. power augmentat ion us ing  overtemperature 
a t  t h e  t u r b i n e  i n l e t  w i l l  sho r ten  t u r b i n e  l i f e  
un less a method o f  l i m i t i n g  thermal  and mechanical 
s t resses  i s  found. 

A p o s s i b l e  s o l u t i o n  o f  t h i s  d i l e n a 2  involves 
a l l o w i n g  t h e  temperature a t  t h e  t u r b i n e  i n l e t  t o  
r i s e  t o  augmented power w h i l e  i n j e c t i n g  water i n t o  
t h e  t u r b i n e  c o o l i n g  a i r  t o  m a i n t a i n  t h e  ho t - sec t i on  
meta l  temperatures.  The l a t e n t  heat  o f  vapor iza- 
t i o n  o f  t h e  i n j e c t e d  water i s  used as a heat sink 
t o  coo l  t h e  compressor b leed  a i r  used f o r  coo l i ng  
the  h o t  s e c t i o n .  NASA Lewis has conducted a 
research s tudy i n t o  t h e  f e a s i b i l i t y  o f  supplement- 
i n g  t u r b i n e  c o o l i n g  by water  i n j e c t i o n  d u r i n g  con- 
t i ngency  power events on t u r b o s h a f t  engines. T h i s  
study has i nc luded  aspects o f  bas ic  heat  t r a n s -  
f e r 3 e 4  and a n a l y t i c a l  f e a s i b i l i t y  and design,5*6 

as w e l l  as t h e  exper imenta l  demonstrat ion t h a t  i s  
t h e  s u b j e c t  o f  t h i s  r e p o r t .  The demonstrat ion was 
made on a T700 GE-701 t u r b o s h a f t  engine as an 
a d j u n c t  t o  an ongoing Army and NASA Small Turbo- 
s h a f t  Engine Program. 

demonstrat ion was c o n f i n e d  t o  a study o f  water  
i n j e c t i o n  i n t o  t h e  compressor b leed  a i r  used f o r  
c o o l i n g  t h e  f i r s t - s t a g e  h i g h  pressure t u r b i n e  
b lades.  These r o t o r  b lades were chosen f o r  s tudy 
because t h e  e f f e c t  on l i f e  and t h e  p o s s i b l e  conse- 
quences d u r i n g  cont ingency power use, w i t h  s i g n i f i -  
can t  increases i n  temperature,  would be more severe 
than f o r  any o the r  component. The s t u d i e s  com- 
p l e t e d  on t h e  engine c y c l e ,  hea t  t r a n s f e r ,  and l i f e  
a n a l y s i s  i n d i c a t e  t h a t  t h e  concept i s  f e a s i b l e .  
However, t h e  l o g i s t i c s  o f  c a r r y i n g  water  f o r  t h i s  
technique and t h e  m o d i f i c a t i o n s  t o  the  engine con- 
t r o l  f o r  cont ingency power s i t u a t i o n s  must be 
addressed b e f o r e  a system can become o p e r a t i o n a l .  
Such issues a r e  beyond t h e  scope o f  t h i s  r e p o r t .  

The o b j e c t i v e  o f  t h e  t e s t s  was t o  demonstrate 
h ighe r  power o u t p u t  o f  a t u r b o s h a f t  engine w h i l e  
m a i n t a i n i n g  t h e  t u r b i n e  b lade  temperature by 
i n j e c t i n g  water i n t o  t h e  t u r b i n e  c o o l i n g  a i r .  The 
r e s u l t s  o f  these t e s t s  a r e  presented i n  terms o f  
t h e  response o f  augmented power and t u r b i n e  b lade  
meta l  temperature t o  humid-aI r  c o o l i n g  d u r i n g  
engine o p e r a t i o n  over a range o f  power s e t t i n g s .  
The exper imenta l  r e s u l t s  o f  these t e s t s  a r e  com- 
pared w i t h  t h e  a n a l y t i c a l  r e s u l t s  o f  H i r ~ c h k r o n . ~  

Cons is ten t  w i t h  t h e  a v a i l a b l e  resources, t h e  

Apparatus and Procedure 

Enst ne 

The engine ( F i g .  1 )  used f o r  t he  i n v e s t i g a t i o n  
was a f r o n t - d r i v e ,  t u r b o s h a f t  engine c o n s i s t i n g  o f  
an i n t e g r a l  p a r t i c l e  separator ;  a f i v e - s t a g e - a x l a l -  
f l ow ,  s i n g l e - s t a g e - c e n t r i f u g a l - f l o w  compressor; a 
th rough f low  annular  combustor; a two-stage, a x i a l -  
f l o w  gas generator  t u r b i n e ;  and a f r e e  two-stage, 
a x i a l - f l o w  power t u r b i n e .  

Water I n j e c t i o n  System 

The water  i n j e c t i o n  hardware cons is ted  o f  
water  supply  t u b i n g  and a water d i s t r i b u t i o n  r i n g  
i n s t a l l e d  w i t h i n  t h e  engine combustor midframe *Member. A I A A .  
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assembly ( F i g .  2 ) .  The supply t u b i n g  pene t ra ted  
t h e  engine midframe ou te r  housing through one o f  
two i g n i t e r  p o r t s .  
combustor and under t h e  inner combustor shroud, 
where i t  mated w i t h  t h e  d i s t r i b u t i o n  r i n g .  The 
0.250- in .  t u b i n g  was enclosed i n  another  0.375- in.  
t ube  t o  t h e  p o i n t  where I t  passed under t h e  shroud. 
The d i s t r i b u t i o n  r i n g  was p o s i t i o n e d  around a 
bear ing  housing d i r e c t l y  upstream o f  t h e  t u r b i n e  
c o o l i n g  a i r  a c c e l e r a t o r  assembly. B r i e f l y .  t h e  
a c c e l e r a t o r  i s  a dev i ce  t o  acce le ra te  and d i r e c t  
a x i a l  f l o w  i n  a t a n g e n t i a l  d i r e c t i o n  so as t o  a i d  
f l o w  d i s t r i b u t i o n  i n t o  the t u r b i n e  r o t o r .  The 
d i s t r i b u t i o n  r i n g ,  a l s o  of 0.250- in.  t ub ing ,  con- 
t a i n e d  f i v e  e q u a l l y  spaced 0.037- in.-diameter ho les 
p o s i t i o n e d  i n  such a way as t o  d i r e c t  t h e  water  
i n t o  t h e  a c c e l e r a t o r  passages and a l l o w  i t  t o  evap- 
o r a t e  i n  t h e  t u r b i n e  coo l i ng  a i r .  

It was then rou ted  around t h e  

The water  i n j e c t i o n  supply ( F i g .  3)  cons i s ted  
o f  a p ressu r i zed  r e s e r v o i r  o f  d i s t i l l e d  water.  a 
h igh-pressure gaseous n i t rogen  supply ,  va lves.  t ub -  
i ng ,  and system-monitor ing i ns t rumen ta t i on .  

Engine I n s t r u m e n t a t i o n  

program c o n s i s t e d  o f  bo th  ho t - sec t i on  Inst rumenta-  
t i o n  s p e c i f i c a l l y  i n s t a l l e d  f o r  t h e  cont ingency 
power t e s t s  and t h e  normal complement o f  i n s t r u -  
men ta t i on  t o  mon i to r  engine opera t i on .  The h o t -  
s e c t i o n  i n s t r u m e n t a t i o n  consis ted o f  thermocouples 
and s t a t i c  p ressu re  taps .  The thermocouples on t h e  
i n j e c t o r  tube were pos i t i oned  t o  i n d i c a t e  t h e  con- 
d i t i o n  o f  t h e  water  as i t  progressed f rom t h e  
supply  tank  t o  t h e  d i s t r i b u t i o n  r i n g .  The thermo- 
couples and s t a t i c  pressure probes upstream and 
downstream o f  t h e  acce le ra to r  measured t h e  q u a l i t y  
o f  t h e  s team/al r  m i x t u r e  and determined t h e  mass 
f l o w  th rough  t h e  acce le ra to r .  The remain ing 
i n s t r u m e n t a t i o n  on t h e  seals, t h e  t u r b i n e  nozz les,  
t h e  t u r b i n e  shrouds, t h e  nozzle p l a t f o r m s ,  and t h e  
combustor l i n e r  a s s i s t e d  i n  m o n i t o r i n g  t h e  condi -  
t i o n  o f  t h e  h o t  sec t i on .  

Pyrometer 

The i n s t r u m e n t a t i o n  used f o r  t h e  engine t e s t  

The most impor tan t  inst rument  r e q u i r e d  f o r  t h e  
t e s t  was an o p t i c a l  pyrometer. The pyrometer 
assembly cons is ted  o f  a photodiode, a l ens ,  and t h e  
assoc ia ted  e l e c t r o n i c s  w i t h i n  a water-cooled case. 
The pyrometer assembly was mounted on a f i r s t - s t a g e  
t u r b i n e  nozz le  segment w i t h i n  t h e  engine midframe 
and d i r e c t e d  a t  t h e  lead ing  edge o f  t h e  f i r s t - s t a g e  
t u r b i n e  b lades ( F i g .  4 ) .  The s i g n a l  l ead  and t h e  
c o o l i n g  water  supply and r e t u r n  t u b i n g  were rou ted  
through s p e c i a l l y  prepared ho les  i n  t h e  o u t e r  rnid- 
frame housing. 

an o s c i l l o s c o p e  f o r  rea l - t ime  d i s p l a y  and photo- 
graphing and t o  a wide-band FM t ape  reco rde r  f o r  
subsequent da ta  reco rd ing  and a n a l y s i s .  A lso p a r t  
o f  t h e  system was a once-per- revolut ion speed s i g -  
n a l  t h a t  was recorded as an index mark ing t o  iden-  
t i f y  s p e c i f i c  t u r b i n e  blades. 

The pyrometer system output  was connected t o  

Model Tests  

Before each engine t e s t  a model t e s t  o f  t h e  
water  i n j e c t i o n  system was performed t o  c a l i b r a t e  
t h e  a c c e l e r a t o r ,  t o  v e r i f y  assumptions made i n  t h e  

conceptual  des ign  s tud ies ,  and t o  g a i n  o p e r a t i o n a l  
exper ience w i t h  t h e  System. 

Enqine Tests  

The c o n d i t i o n s  under which t h e  engine was 
t e s t e d  w i t h  t h e  t u r b i n e  c o o l i n g  water  i n j e c t i o n  
system a r e  summarized i n  Table I. The water  i n j e c -  
t i o n  concept was i n i t i a l l y  demonstrated a t  s e t t i n g s  
below i n t e r m e d i a t e  r a t e d  power ( IRP) .  Data were 
obta ined a t  seve ra l  water  f l o w  r a t e s  t o  v a l i d a t e  
t h e  measur ing system and t h e  meta l  temperature ver -  
sus water  f l o w  r a t e  p r e d i c t i o n s  b e f o r e  t e s t i n g  
above I R P  was begun. 

The o b j e c t i v e  o f  t h e  engine t e s t  was t o  
i nc rease  t h e  maximum ou tpu t  power by r a i s i n g  t h e  
t u r b i n e  i n l e t  temperature w h i l e  keeping t h e  b u l k  
temperature o f  t h e  f i r s t - s t a g e  t u r b i n e  r o t o r  b lades 
w i t h i n  l i m i t s .  

The t e s t  procedure f o l l o w e d  a conserva t i ve  
approach. A "derated"  part-power base s e t t i n g  was 
se lec ted  where no water  was i n j e c t e d .  Measurements 
were then s y s t e m a t i c a l l y  made a t  i n c r e a s i n g  l e v e l s  
o f  power w h i l e  i n j e c t i n g  water .  By t a k i n g  f a i r l y  
smal l  increments i n  temperature,  any unpred ic ted  
t rends  cou ld  be observed. Each water  f l o w  r a t e  was 
h e l d  f o r  1 t o  2 min. Ho t -sec t i on  temperature l i m -  
i t s  were e s t a b l i s h e d  and adhered t o  as t h e  t e s t  
progressed. 

The b a s e l i n e  da ta  f rom which e x p l o r a t i o n  a t  
temperatures above I R P  was conducted and t h e  guide-  
l i n e s  used f rom HirschkronS i n c l u d e d  t h e  f o l l o w i n g :  

descr ibed i n  t h e  s e c t i o n  " I n s t r u m e n t a t i o n "  were 
recorded. These da ta  were e x t r a p o l a t e d  and used as 
a gu ide d u r i n g  t h e  subsequent e x p l o r a t i o n  t o  h ighe r  
t u r b i n e  i n l e t  temperatures.  

( 1 )  Temperature da ta  f rom t h e  thermocouples 

( 2 )  S i g n i f i c a n t  changes i n  s lope  versus t h e  
e x t r a p o l a t i o n s  would war ran t  f u r t h e r  i n v e s t i g a t i o n  
and c o r r e c t i v e  a c t i o n ,  i n c l u d i n g  i n s p e c t i o n  o f  h o t -  
s e c t i o n  hardware. No s i g n i f i c a n t  d e v i a t i o n s  were 
seen d u r i n g  t h e  t e s t i n g .  

( 3 )  A number o f  r o u t i n e  i n s p e c t i o n s  o f  h o t -  
s e c t i o n  hardware would be performed t o  e s t a b l i s h  a 
c o r r e l a t i o n  between t h e  h o t - s e c t i o n  c o n d i t i o n  and 
increased temperature l e v e l s  above t h e  e s t a b l i s h e d  
base l i ne .  A new b a s e l i n e  would be e s t a b l i s h e d  each 
t i m e  a h o t - s e c t i o n  i n s p e c t i o n  was conducted. No 
abnorma l i t i es  were seen d u r i n g  t h e  i n s p e c t i o n s .  

( 4 )  The b lade  leading-edge temperatures would 
be measured w i t h  t h e  o p t i c a l  pyrometer.  

Resu l t s  and Discuss ion 

Resul ts  o f  model t e s t s  w i t h  t h e  water  i n j e c -  
t i o n  system a r e  presented, as w e l l  as t h e  r e s u l t s  
o f  t h e  engine t e s t s .  The model r e s u l t s  a f f e c t e d  
t h e  i n j e c t i o n  c o n f i g u r a t i o n  chosen f o r  t h e  engine 
and were used t o  c a l i b r a t e  t h e  c o o l i n g  system 
a c c e l e r a t o r .  

Model Tests 

The rnodel t e s t s  were conducted t o  determine 
t h e  water  f l o w  t h a t  cou ld  be e f f e c t i v e l y  added t o  
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t h e  t u r b i n e  c o o l i n g  a i r f l o w  o f  t he  f u l l - s c a l e  t u r -  
bosha f t  engine. This  i n f o r m a t i o n  was obta ined as 
Wel l  as i n f o r m a t i o n  on t h e  mass f l o w  f u n c t i o n  f o r  
t h e  t u r b i n e  c o o l i n g  a i r  system a c c e l e r a t o r .  Th i s  
was a l s o  an o p p o r t u n i t y  t o  g a i n  o p e r a t i o n a l  exper i -  
ence w i t h  t h e  water supply  system be fo re  I t s  use 
w i t h  t h e  engine. 

The upper l i m i t  o f  water  a d d i t i o n  was t o  be 
determined by p l o t t i n g  t h e  temperature o f  t he  m i x -  
t u r e  a g a i n s t  t h e  w a t e r / a i r  r a t i o  ( F i g .  5 ) .  The 
p o i n t  a t  which t h e  water had l i t t l e  a d d i t i o n a l  
e f f e c t  was a n t i c i p a t e d  t o  be shown by a correspond- 
i n g  change i n  s lope on t h e  aforement ioned curve.  
The c o o l i n g  e f f e c t i v e n e s s  o f  t h e  water a d d i t i o n  was 
o f  s i g n i f i c a n c e  a t  l e a s t  t o  a w a t e r / a i r  r a t i o  of 
10 pe rcen t .  
l i m i t  o f  water  a d d i t i o n  f o r  t h e  engine t e s t s .  

The model t e s t s  were conducted w i t h  bo th  
5 holes and 15 holes i n  t h e  d i s t r i b u t i o n  r i n g .  No 
s i g n i f i c a n t  t r a n s l e n t  o r  s teady -s ta te  d i f f e r e n c e s  
were noted between these two c o n f i g u r a t i o n s .  The 
5-hole c o n f i g u r a t i o n  was chosen f o r  t h e  engine 
t e s t s  because i t  r e s u l t e d  i n  a h ighe r  pressure 
d i f f e r e n t i a l  i n  t h e  supply  system and thus al lowed 
g r e a t e r  c o n t r o l  o f  t h e  water .  

Th is  helped t o  determine t h e  upper 

Enqine Tests  

The engine t e s t  r e s u l t s  i n c l u d e  a v i s u a l  
i n s p e c t i o n  r e p o r t  compi led a f t e r  t e s t i n g  was com- 
p l e t e d  and a d e t a i l e d  d i s c u s s i o n  o f  t he  engine 
data.  The t e s t  r e s u l t s  show t h e  b e n e f i t s  o f  water 
i n j e c t i o n  i n t o  t h e  t u r b i n e  c o o l i n g  a i r  and inc lude  
a comparison o f  engine da ta  w i t h  bo th  t h e  model 
t e s t  da ta  and t h e  p r e d i c t e d  r e s u l t s  f r o m  t h e  con- 
c e p t u a l  des ign  study.5 

O v e r a l l  engine c o n d i t i o n .  - A borescope 
i n s p e c t i o n  showed no v i s u a l  s igns  o f  h o t - s e c t i o n  
d i s t r e s s .  No engine h o t - s e c t i o n  disassembly was 
performed no r  was i t  requ i red .  Operat ional  l i m i t s  
r ega rd ing  gas generator  and power ou tpu t  s h a f t  
speeds and temperature were observed and never 
exceeded so as t o  r e t a i n  as much t u r b i n e  b lade  
l i f e  as p o s s i b l e .  Th is  r e s t r i c t i o n  was a l s o  
imposed because the  engine I s  a testbed in tended 
f o r  f u t u r e  research work. 

This  i s  n o t  t o  i n s i n u a t e  t h a t  no r i s k  was 
i n v o l v e d  i n  t h e  program. Q u i t e  the  oppos i te  was 
t r u e .  For t h e  maximum power s i t u a t i o n s  t h e  engine 
e l e c t r o n i c  c o n t r o l  u n i t  (ECU) was locked ou t .  The 
engine opera to r  was thus r e q u i r e d  t o  mon i to r  and 
l i m i t  r o t o r  speed and t u r b i n e  temperature.  Because 
of t h e  c o n f i g u r a t i o n  o f  t h e  f a c i l i t y  power absorber 
c o n t r o l s  and s ince  t h e  engine ECU was locked ou t ,  
t h e  power absorber comnand s i g n a l  r e q u i r e d  manual 
b i a s i n g  t o  c o n t r o l  engine power ou tpu t  speed and 
t o  reach t h e  h i g h e r  power l e v e l s .  
water  i n j e c t i o n  r e q u i r e d  a t h i r d  ope ra to r  who 
a f f e c t e d  t h e  o p e r a t i n g  l e v e l  o f  t he  engine. Con- 
s i d e r i n g  these t e s t  v a r i a b l e s ,  a key f a c t o r  i n  t h e  
success fu l  complet ion o f  t h e  t e s t i n g  was t h e  SUP- 
p o r t  pe rsonne ls '  e x p e r t i s e .  

t h e  t e s t i n g  no r  was a compressor s t a l l  i n d i c a t e d .  
The system used f o r  s t a l l  d e t e c t i o n  was proven t o  
be r e l i a b l e  i n  p rev ious  engine t e s t s .  The pyrome- 
t e r  per formed f l a w l e s s l y  f o r  t h e  d u r a t i o n  of t he  

The a d d i t i o n  of 

No a t y p i c a l  v i b r a t i o n s  were observed d u r i n g  

t e s t s ,  approx imate ly  26 hours,  and served w e l l  i t s  
in tended purpose as t h e  p r imary  da ta  source. 

T rans ien t  system response. - A c o n s i d e r a t i o n  
d u r i n g  t h e  des ign and p l a n n i n g  s tage o f  t h e  program 
was t h e  s t a t e  o f  t h e  water/steam through t h e  l n j e c -  
t l o n  system. Too much water  downstream o f  t h e  
t u r b i n e  c o o l i n g  system a c c e l e r a t o r  ( F i g .  4 )  cou ld  
conceivably  r e s u l t  i n  " f l o o d i n g "  and sudden c o o l i n g  
o f  components such as sea ls .  Too l i t t l e  water  and 
t h e  f i r s t - s t a g e  t u r b i n e  blades would n o t  be cooled 
enough t o  a l l o w  f o r  h i g h e r  t u r b i n e  i n l e t  tempera- 
t u r e s  as f u e l  was added. A m a l d i s t r i b u t i o n  o f  t h e  
c o o l a n t  m igh t  l ead  t o  temperature n o n u n i f o r m i t i e s  
i n  t h e  seals  downstream o f  t h e  a c c e l e r a t o r  and 
eventual  t u r b i n e  d i s t r e s s .  The t i m e  t o  charge t h e  
system, o r  t h e  t i m e  t o  reach a s teady -s ta te  condi -  
t i o n ,  b e f o r e  t h e  t u r b i n e  temperature c o u l d  be 
increased was a l s o  a c o n s i d e r a t i o n .  

The concerns about f l o o d i n g ,  i n s u f f i c i e n t  
c o o l i n g ,  and m a l d i s t r i b u t i o n  o f  f l o w  were minimized 
ma in l y  by t h e  t e s t  techniques employed and t h e  
hardware developed f o r  t h e  program. Regarding t h e  
t r a n s i e n t  response o f  t h e  system, f o r  a t y p i c a l  
w a t e r / a i r  r a t i o  o f  approx imate ly  6 pe rcen t ,  approx- 
i m a t e l y  5 sec elapsed f rom t h e  t ime  water  f l o w  was 
begun u n t i l  a change i n  temperature was observed a t  
a thermocouple measur ing meta l  temperature near t h e  
d i s t r i b u t i o n  r i n g .  Furthermore, a s i g n i f i c a n t  d rop  
I n  temperature d i d  n o t  occur u n t i l  about 3 sec 
l a t e r .  I t  should be noted t h a t  t h e  t i m e  d i f f e r e n -  
t i a l  between water  a d d i t i o n  and temperature drop 
must be taken I n t o  account i n  an o p e r a t i o n a l  sys- 
tem. The thermocouples downstream o f  t h e  a c c e l e r -  
a t o r ,  where t h e  a i r / s t e a m  m i x t u r e  should be most 
complete ly  mixed, showed a g r e a t e r  de lay .  

Steady-state r e s u l t s .  - Water was added t o  t h e  
t u r b i n e  c o o l i n g  a i r  as desc r ibed  i n  t h e  s e c t i o n  
"Apparatus and Procedure."  W i th  t h i s  water  add i -  
t i o n  t h e  r o t o r  speed ( F i g .  6)  decreased as d i d  
horsepower ou tpu t  ( F i g .  7 ) .  These f i g u r e s  show 
t h a t  adding water i n  i t s e l f  d i d  n o t  n e c e s s a r i l y  
r e s u l t  i n  a n e t  g a i n  i n  engine performance. I n  
f a c t ,  j u s t  t h e  oppos i te  e f f e c t  i s  revealed i n  these 
parameters.  

The l o s s  i n  speed and, i n  t u r n ,  l o s s  i n  horse- 
power were a n t i c i p a t e d  d u r i n g  t h e  conceptual  des ign  
s tudy.  Turb ine c o o l i n g  a i r f l o w  i s  g r e a t e r  w i t h  
water  i n j e c t i o n  because t h e  c o o l i n g  a i r  becomes 
denser as water i s  added. Thus more compressor a i r  
i s  d i v e r t e d  f o r  t u r b i n e  coo l i ng .  and l e s s  a i r  i s  
a v a i l a b l e  t o  d r i v e  t h e  t u r b i n e  than  w i t h  d r y  t u r -  
b i n e  c o o l i n g  a i r .  The r e s u l t  i s  a decrease i n  
r o t o r  speed. Another c o n s i d e r a t i o n  was t h a t  t h e  
c o o l e r  t u r b i n e  b lades become s h o r t e r ,  t hus  i n c r e a s -  
i n g  t h e  t i p  c learance and causing a drop i n  t u r b i n e  
e f f i c i e n c y .  

The speed decrease would be o n l y  one conse- 
quence o f  water I n j e c t i o n  i f  t h i s  were an opera- 
t i o n a l  system. The a d d i t i o n a l  heat  s i n k  a v a i l a b l e  
i n  t h e  t u r b i n e  c o o l i n g  a i r  because o f  t h e  w a t e r ' s  
l a t e n t  heat o f  v a p o r i z a t i o n  d i d  lower t h e  f i r s t -  
s tage t u r b i n e  b lade temperature ( F i g .  8)  even as 
r o t o r  speed and horsepower decreased. The water  
a d d i t i o n  p e r m i t t e d  o p e r a t i o n  a t  a h i g h e r  t u r b i n e  
r o t o r  i n l e t  temperature,  as would be accomplished 
i n  a r e a l - w o r l d  cont ingency power s i t u a t i o n  by a 
t h r o t t l e  push, o r  f u e l  increase.  
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The t h r o t t l e  push was done and t h e  r e s u l t s  f o r  
o p e r a t i o n  a t  o r  near I R P ,  t h e  normal range where 
cont ingency power i s  app l i cab le ,  a r e  shown i n  
F i g .  9. These da ta  were obta ined by i n c r e a s i n g  t h e  
r o t o r  speed a f t e r  water a d d i t i o n  u n t i l  i t  was 
approx imate ly  equal  t o  the speed be fo re  water  add i -  
t i o n .  The r e s u l t  was a t u r b i n e  b lade leading-edge 
temperature approx imate ly  t h e  same w i t h  and w i t h o u t  
water  a d d i t i o n  b u t  w i t h  a h ighe r  power ou tpu t  than 
w i t h o u t  water .  

The power i nc rease  was approx imate ly  
3.5 percent  f o r  a 6 t o  7 percent  water a d d i t i o n  
( F i g .  9 )  and a l l owed  a corresponding t u r b i n e  r o t o r  
i n l e t  temperature increase o f  about 60 deg F.  
was i n  good agreement w i t h  t h e  r a t e  o f  power 
i nc rease  est imated by the conceptual  des ign study. 
I f  t h e  r e s t r a i n t s  p r e v i o u s l y  mentioned f o r  t h i s  
tes tbed  engine d i d  n o t  e x i s t  and i t  were p o s s i b l e  
t o  r a i s e  t h e  t u r b i n e  r o t o r  i n l e t  temperature by 
300 deg F as was done i n  t h e  conceptual  des ign 
study, a 17 pe rcen t  increase i n  horsepower cou ld  
be r e a l i z e d .  

Th is  

Data were n o t  gathered a t  I R P ,  o r  above, 
beyond a 6 t o  7 percent  w a t e r / a i r  r a t i o  because, 
as i s  shown i n  F ig .  8, beyond t h a t  l e v e l  t h e r e  
appeared t o  be l i t t l e  or  no b e n e f i t  f rom a d d i t i o n a l  
water  i n j e c t i o n .  Simply, a d d i t i o n a l  amounts o f  
water  beyond t h e  6 t o  7 pe rcen t  l e v e l  d i d  n o t  s i g -  
n i f i c a n t l y  lower  t u r b i n e  b lade leading-edge meta l  
temperature.  One exp lana t ion  i s  t h a t  i t  cou ld  be 
a conf igurat ion-dependent  m i x i n g  problem ( i . e . ,  
t ype  o f  d i s t r i b u t i o n  r i ng ,  number o f  ho les  i n  t h e  
r i n g ,  engine con f igu ra t i on ,  e t c . ) .  

Enqine - Model Resul ts  

Engine and model t e s t  r e s u l t s  d isagreed i n  
p r e d i c t i n g  t h e  w a t e r / a i r  r a t i o  beyond which t h i s  
c o n f i g u r a t i o n  would show no Inc rease  i n  c o o l i n g  
c a p a c i t y .  Th i s  can be seen by comparing F igs .  5 
and 8, which show a marked change i n  s lope ( o r  a 
decrease i n  temperature) a t  d i f f e r e n t  w a t e r / a i r  
r a t i o s .  Th is  lends  credence t o  t h e  argument t h a t  
t h e  engine da ta  a r e  l i m i t e d  i n  w a t e r / a i r  r a t i o  
e f f e c t i v e n e s s  by c o n f i g u r a t i o n  c o n s t r a i n t s  r a t h e r  
than  s a t u r a t i o n  cond i t i ons .  

Engine - Conceptual Design Resul ts  

Comparing f i r s t - s t a g e  t u r b i n e  b lade lead ing -  
edge temperatures f rom the  engine t e s t  r e s u l t s  and 
t h e  conceptual  des ign study was d i f f i c u l t  because 
t h e  engine t e s t  was run a t  v a r y i n g  t u r b i n e  i n l e t  
temperatures w h i l e  t h e  s tudy was performed a t  a 
cons tan t  t u r b i n e  i n l e t  temperature.  An a t tempt  
was made ( F i g .  10)  t o  compare t h e  t e s t  and s tudy 
r e s u l t s  by u s i n g  a dimensionless temperature param- 
e t e r  t h a t  con ta ined  key temperatures such t u r b i n e  
i n l e t  temperature,  coo lan t  temperature,  and t u r b i n e  
b lade leading-edge temperature. The equat ion i s  

C T* = ~ 

C 

TM - T 

TG - T 

where 

TC 
TG 
TM f i r s t - s t a g e  t u r b i n e  b lade leading-edge 

c o o l a n t  temperature downstream o f  a c c e l e r a t o r  
c a l c u l a t e d  t u r b i n e  r o t o r  i n l e t  gas temperature 

temperature 

Consider ing t h e  l i m i t e d  amount o f  d a t a  a v a i l -  
a b l e  and t h e  l l m i t e d  range o f  c o n d i t i o n s  covered 
d u r i n g  t h e  engine t e s t s ,  t h e  r e s u l t s  a r e  reason- 
ab le .  The disagreement can be exp la ined  by t h e  
l a c k  of i ns t rumen ta t i on ,  because o f  space r e s t r i c -  
t i o n s .  needed f o r  a c c u r a t e l y  de te rm in ing  t h e  mixed 
a i r / s team temperature downstream o f  t h e  
a c c e l e r a t o r .  

Concludinq Remarks 

Because o f  one-engine- inoperat ive r e q u i r e -  
ments, t o g e t h e r  w i t h  hot-gas r e i n g e s t i o n  and h o t -  
day, h i g h - a l t i t u d e  t a k e o f f  s i t u a t i o n s ,  power 
augmentat ion f o r  m u l t i e n g i n e  r o t o r c r a f t  has always 
been o f  c r i t i c a l  i n t e r e s t .  However, power augmen- 
t a t i o n  u s i n g  over temperature a t  t h e  t u r b i n e  i n l e t  
w i l l  sho r ten  t u r b i n e  l i f e  un less a method o f  l i m i t -  
i n g  thermal  and mechanical  s t resses  i s  found. A 
p o s s i b l e  s o l u t i o n  i n v o l v e s  a l l o w i n g  t h e  t u r b i n e  
i n l e t  temperature t o  r i s e  t o  p r o v i d e  t h e  augmented 
power w h i l e  i n j e c t i n g  water  i n t o  t h e  t u r b i n e  c o o l -  
i n g  a i r  t o  m a i n t a i n  h o t - s e c t i o n  meta l  temperatures.  
Th is  s o l u t i o n  was i n v e s t i g a t e d  as f o l l o w s :  

1. A un ique system f o r  i n j e c t i n g  and evapora- 
t i n g  water  i n t o  t h e  t u r b i n e  c o o l i n g  a i r  was suc- 
c e s s f u l l y  designed, f a b r i c a t e d ,  i n s t a l l e d ,  and 
t e s t e d  i n  a T700 t u r b o s h a f t  engine. 

2. The r e s u l t s  o f  t h e  t e s t s  demonstrated t h e  
p o t e n t i a l  f o r  lncreases i n  power o f  17 pe rcen t ,  
corresponding t o  increases i n  t u r b i n e  i n l e t  temper- 
a t u r e  o f  300 deg F, w h i l e  m a i n t a i n i n g  cons tan t  t u r -  
b i n e  r o t o r  b lade  temperature.  

3. Concern f o r  unprotected subcomponents i n  
t h e  h o t  s e c t i o n  o f  t h e  engine prevented demonstra- 
t i o n  o f  t h e  techn ique ' s  h ighe r  p o t e n t i a l .  

4. F u r t h e r  development o f  t h i s  unique system 
i s  r e q u i r e d  t o  o p t i m i z e  i t s  p o t e n t i a l  f o r  c o n t i n -  
gency power. 
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TABLE I. - ENGINE SETTINGS FOR CONTINGENCY POWER 

INVESTIGATION U S I N G  WATER-AIR TURBINE COOLING 

I dent i f  i c a t  i on 

Shakedown 
Baseline data 
Shakedown o f  water i n j e c t i o n  system 
Turbine i n l e t  temperature < I R P :  

Base 
Base + 100 deg F 
Base + 135 deg F 

I R P  
I RP+ 

Turbine i n l e t  temperature - > I R P :  

4.2 
4.3 

5.1 
5.2 

5.0 

W a t e r l a i  r 
r a t i o ,  

percent 

------- 
-I---- 

------- 

0 t o  10 
0 t o  10 
0 t o  10 

0 t o  6 
0 t o  6 
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FIG. 2 WATER INJECTION SYSTEM INSTALLED IN ENGINE. 
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F I G .  5. - EFFECT OF WATERKOOLING AIR RATIO ON HUMID- 
AIR TEMPERATURE DOWNSTREAM OF ACCELERATOR. FIVE-HOLE 
DISTRIBUTION RING: AIRFLOW RATE. 0.46 LB/SEC. 
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F I G .  6 EFFECT OF WATER ADDITION ON ROTOR SPEED AND 
TURBINE INLET TEMPERATURE (CHANGE FROM BASE CONDITION).  
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F I G .  7 EFFECT OF WATER ADDITION ON POWER OUTPUT AND 
TURBINE INLET TEMPERATURE (CHANGE FROM BASE CONDITION),  
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FIG. 8 EFFECT OF WATERKOOLING AIR RATIO ON FIRST-  
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F I G .  10 EFFECT OF WATER/C$OLING AIR RATIO ON DIMEN- 
SIONLESS TEMPERATURE. T = (Tpl - TC)/(TG - T C ) ,  
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16 Abstract 

Because o f  one-eng ine-  i n o p e r a t i v e  requi rements,  t oge the r  w i t h  ho t -gas  re inges -  
t i o n  and h o t  day, h i g h - a l t i t u d e  t a k e o f f  s i t u a t i o n s ,  power augmentat ion f o r  
m u l t i e n g i n e  r o t o r c r a f t  has always been of c r i t i c a l  i n t e r e s t .  However, power 
augmentat ion u s i n g  over tempera ture  a t  the t u r b i n e  i n l e t  w i l l  sho r ten  t u r b i n e  l i f e  
un less  a method o f  l i m i t i n g  thermal  and mechanical s t resses  i s  found.  A p o s s i b l e  
s o l u t i o n  i n v o l v e s  a l l o w i n g  t h e  t u r b i n e  i n l e t  temperature t o  r i s e  t o  augment power 
w h i l e  i n j e c t i n g  water  i n t o  t h e  t u r b i n e  c o o l i n g  a i r  t o  l i m i t  h o t - s e c t i o n  me ta l  
temperatures.  An exper imenta l  water  i n j e c t i o n  dev i ce  was i n s t a l l e d  i n  an engine 
and 5 u c c e s s f u l l y  t e s t e d .  A l though concern f o r  unp ro tcc ted  subcomponents i n  t h e  
eng ine  h o t  s e c t i o n  prevented  demonstrat ion of the techn ique ' s  maximum p o t e n t i a l ,  
i t  was i t i l l  p o s s i b l e  t o  dernonstrate increases i n  powcr w h i l e  m a i n t a i n i n g  n e a r l y  
cons ta r i t  t u r b i n e  r o t o r  b lade temperature. 
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