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ABSTRACT 

The programs i n  t h e  s t r u c t u r a l  a n a l y s i s  a rea  o f  
the  HOST program emphasized t h e  genera t i on  of computer 
codes for  pe r fo rm ing  th ree-d imens iona l  i n e l a s t i c  ana ly -  
s i s  w i t h  more accuracy  and l e s s  manpower. Th is  paper 
p resents  the  a p p l i c a t i o n  o f  t h a t  techno logy  t o  A i r c r a f t  
Gas Turb ine  Engine (AGTE) components; combustors,  t u r -  
b i n e  b lades ,  and vanes. P rev ious  l i m i t a t i o n s  w i l l  be 
reviewed and t h e  break through techno logy  h i g h l i g h t e d .  
The synergism and s p i l l o v e r  of t h e  program w i l l  be 
demonstrated by r e v i e w i n g  a p p l i c a t i o n s  t o  thermal bar -  
r i e r  coa t i ngs  a n a l y s i s  and t h e  SSME HPFTP t u r b i n e  
b lade.  These a p p l i c a t i o n s  show t h a t  t h i s  techno logy  
has inc reased t h e  a b i l i t y  of the  AGTE des igner  t o  be 
more i nnova t i ve ,  p r o d u c t i v e ,  and accura te .  

INTRODUCTION 

The a c t i v i t i e s  o f  t h e  NASA Turb ine  Engine Hot 
Sec t ion  Technology P r o j e c t  were d i r e c t e d  toward  func-  
t i o n a l i t y  and d u r a b i l i t y  needs o f  AGTE h o t  s e c t i o n  
components - the  combustor, t u r b i n e  vanes, and t u r b i n e  
b lades .  The o v e r a l l  approach o f  t h i s  program was t o  
assess t h e  e x i s t i n g  a n a l y s i s  methods for  s t r e n g t h s  and 
d e f i c i e n c i e s ,  and then t o  conduct  s u p p o r t i n g  a n a l y t i c a l  
and exper imenta l  research  t o  r e c t i f y  those d e f i c i e n c i e s  
and, a t  t he  same t ime,  i n c o r p o r a t e  s t a t e - o f - t h e - a r t  
improvements i n t o  t h e  a n a l y s i s  methods. 

S t r u c t u r a l  a n a l y s i s  has two major  o b j e c t i v e s  i n  
the  des ign  of AGTE's. The f i r s t  ma jor  o b j e c t i v e  i s  t o  
genera te  and v e r i f y  a f u n c t i o n a l  des ign .  The second 
major o b j e c t i v e  i s  t o  q u a n t i f y  t h e  d u r a b i l i t y 1  
r e l i a b i l i t y  of these des igns .  The f i r s t  o b j e c t i v e  can 
be accompl ished by  a n a l y z i n g  cand ida te  des igns  for  a 
s i m p l i f i e d  m i s s i o n  c y c l e  - t h e  maximum envelope o f  t h e  
t e c h n i c a l  requ i rements .  Eva lua t i ons  a r e  made by  com- 
p a r i n g  t h e  code o u t p u t s  - d isp lacements ,  s t resses ,  and 
s t r a i n s  - a g a i n s t  t e c h n i c a l  requ i rements  and des ign  
p r a c t i c e s .  
e n t i r e  m i s s i o n  c y c l e  be ana lyzed and t h e  code o u t p u t  be 
combined w i t h  du rab i  1 1  t y l r e l  l ab1  11 t y  techno logy  i n  a 
pos tp rocess ing  o p e r a t i o n .  

The second o b j e c t i v e  r e q u i r e s  t h a t  t he  

For bo th  o f  these types  o f  ana lyses ,  some p o r t i o n  
of t he  a i r f rame-eng ine  system i s  ma themat i ca l l y  simu- 
l a t e d  and a h i s t o r y  o f  the  o p e r a t i n g  environment and 
i n t e r a c t i o n  e f f e c t s  o f  the  remainder o f  the  system 
imposed as loads  and boundary c o n d i t i o n s .  For func-  
t i o n a l i t y  t he  simpler-maximum h i s t o r y  can be imposed 
on a l a r g e r  p o r t i o n  o f  t h e  o v e r a l l  system. Since 
d u r a b i l i t y l r e l i a b i l i t y  i s  a p o i n t  f u n c t i o n ,  sma l le r  
p o r t i o n s  o f  t he  system must be r u n  th rough the  t o t a l  
complex h i s t o r y  o f  l oad ing .  For bo th  o f  these ana ly -  
ses, t h e  l oad ing ,  environment,  and i n t e r a c t i o n s  a r e  
p rov ided  t o  the  a n a l y s t  from o t h e r  " e x p e r t "  groups. 

A d e f i c i e n c y  common to  b o t h  types  o f  ana lyses  i s  
t h a t  of economy lp roduc t i v i t y  as measured by the  t o t a l  
p e r i o d  o f  t ime ,  number o f  man-hours, and t h e  computer 
resources  r e q u i r e d  t o  complete a des ign  a n a l y s i s .  For 
f u n c t i o n a l  ana lyses ,  t h e  second major  d e f i c i e n c y  was 
due t o  t h e  combina t ion  o f  t h e  f o r m u l a t i o n  models 
(F in i t e -E lemen t  Model, F i n i t e  D i f f e r e n c e  Model, Bound- 
a r y  Element Model) and t h e  numer ica l  accuracy  o f  t h e  
computer. These l i m i t a t i o n s  a f f e c t e d  the  a b i l i t y  t o  
a c c u r a t e l y  s imu la te  l a r g e  systems w i t h  t h e i r  complex 
i n t e r a c t i o n s  w i t h o u t  e x c e p t i o n a l l y  f i n e  model ing.  
d u r a b i l i t y l r e l i a b i l i t y  ana lyses ,  t he  second major  d e f i -  
c i e n c y  was t h e  i n a b i l i t y  o f  t h e  combina t ion  o f  t h e  
f o r m u l a t i o n  models, c o n s t i t u t i v e  models. and t h e  numer- 
i c a l  accuracy  o f  t h e  computer to  a c c u r a t e l y  s i m u l a t e  
t h e  l o c a l  i n e l a s t i c  m a t e r i a l  behav io r .  Th is  d e f i c i e n c y  
was p a r t i c u l a r l y  e v i d e n t  i n  t h e  h o t  s e c t i o n  components 
exposed to  the  severe thermal and mechanical o p e r a t i n g  
environments o f  the  AGTE. The l o c a l ,  d u r a b i l i t y  l i m i t -  
i ng ,  areas o f  these s t r u c t u r e s  a r e  exposed to  t ime  
v a r y i n g  tempera ture  d i s t r i b u t i o n  which a f f e c t  b o t h  t h e  
m a t e r i a l  p r o p e r t i e s  and the  thermal  and mechanical  
s t resses  i n  a complex th ree-d imens iona l  manner. 

goa ls  by a t t a c k i n g  t h e  above d e f i c i e n c i e s .  
done th rough a s e r i e s  o f  programs i n  which were deve- 
loped c o n s t i t u t i v e  models, th ree-d imens iona l  i n e l a s t i c  
s t r u c t u r a l  a n a l y s i s  codes, a th ree-d imens iona l  thermal  

For  

The HOST program s u c c e s s f u l l y  accompl i  shed i t s  
Th is  was 
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t r a n s f e r  code, and a component s p e c i f i c  n o d e l i n g  sys- 
t e m .  :he a p p l i c a t i o n  o f  these advanced t o o l s  was 
almost s imultaneous w i t h  t h e i r  development. The 
remainder cf t h i s  paper w i l l  p resen t  s e l e c t i v e  a p p l i c a -  
t i o n s  of  these techno log ies .  

Combustor Design and Ana lys i s  

complex components o f  the  AGTE. I t s  des ign  i n v o l v e s  
many "exper t "  groups; c o n t r o l s ,  f u e l  nozz les ,  chemical  
combustion k i n e t i c s ,  heat  t r a n s f e r ,  and s t r u c t u r e s .  
I t  p resen ts  one o f  t he  major p r o d u c t i v i t y  d r a i n s  i n  
AGTE des igns ,  bo th  f o r  i n i t i a l  des ign  and for  subse- 
quent t u n i n g  f o r  m iss ion  v a r i a t i o n s .  HOST a t tacked  a1 
aspects of t h i s  problem, economy lp roduc t i v i t y  as w e l l  
as accuracy,  i n  the  component s p e c i f i c  mode l ing  e f fo r t  
I n  t h i s  program the  many d i v e r s e  d i s c i p l i n e s  which 
impact on a combustor l i n e r  des ign  were i n t e g r a t e d  
i n t o  a component s p e c i f i c  system u t i l i z i n g  t h e  HOST 
techno log ies .  

The COSMO computer system c o n s i s t s  o f  a Thermody- 
namic Engine Model (TDEM), a Thermomechanical Load 
Model (TDLM), and Combustor S t r u c t u r a l  Model. The TDEM 
genera tes  t h e  engine i n t e r n a l  flow v a r i a b l e s  f o r  any 
p o i n t  i n  t h e  o p e r a t i n g  m iss ion  by t h e  s p e c i f i c a t i o n  o f  
t h r e e  v a r i a b l e s ,  a l t i t u d e  ( h ) ,  Mach number ( M ) ,  and 
power l e v e l  (PL) for  the  a l l owed  f l i g h t  map o f  an 
engine, as shown i n  F i g .  1 .  A d d i t i o n a l  c o n t r o l  v a r i a -  
b l e s  a r e  ambient temperature d e v i a t i o n s  f rom the  stand- 
a r d  atmosphere, a i r f r a m e  b leed  a i r  requ i rements ,  and 
eng ine  d e t e r i o r a t i o n .  For each i n p u t  c o n d i t i o n ,  spec i -  
f i e d  by h, M, and PL t h e  TDEM c a l c u l a t e s  gas we igh t  
f l o w  ( w ) ,  tempera ture  ( t ) ,  and p ressu re  (p )  f o r  t he  
combustor.  

The TDEM techn ique i s  shown i n  F i g s .  2 t o  4 .  The 
eng ine  t o  be analyzed must have i t s  aerodynamic s ta -  
t i o n s  ( F i g .  2 )  d e f i n e d  thermodynamica l l y  by an eng ine  
cyc1.e deck (computer program) which can be r u n  t o  gen- 
e r a t e  t h e  i n t e r n a l  f l o w  v a r i a b l e s  a t  chosen aerodynamic 
s t a t i o n s  ( F i g .  3 ) .  I n  COSMO the  complete engine oper-  
a t i n g  map ( F i g .  1 )  i s  encompassed by s e l e c t i n g  148 
o p e r a t i n g  p o i n t s  for  which w,  t, p as w e l l  as N1 
and N2, t h e  f a n  and core  speeds, a r e  c a l c u l a t e d  for  
the  s t a t i o n s  p e r t i n e n t  to the  COSMO components. 

Map i s  cons t ruc ted .  Th is  i s  e s s e n t i a l l y  a s e t  o f  
th ree-d imens iona l  d a t a  a r r a y s  which map t h e  s t a t i o n  
da ta  ( w ,  t. p,  n1, and 
map ( F i g .  1 ) .  Given an a r b i t r a r y  o p e r a t i n g  p o i n t  
d e f i n e d  by h,  M, and PL i t  i s  then, i n  p r i n c i p l e ,  
p o s s i b l e  t o  i n t e r p o l a t e  on the  eng ine  performance c y c l e  
map to  determine s t a t i o n  da ta .  
t e r s  a r e  n o n l i n e a r  f u n c t i o n s  o f  t h e  i n p u t  parameters 
and much e f f o r t  went i n t o  the  development o f  these 
mu l t i d imens iona l  i n t e r p o l a t i o n  techn iques .  

The f u n c t i o n i n g  o f  t h e  TDEM i s  shown i n  F i g .  4 .  
Given an eng ine  m iss ion .  as shown s c h e m a t i c a l l y  i n  
F i g .  5, i t  can be d e f i n e d  by va lues  o f  t h e  i n p u t  v a r i a -  
b l e s  h, M, and PL a t  se lec ted  t imes th rough t h e  m i s -  
s i o n .  u s i n g  these i n p u t  v a r i a b l e s  and t h e  Engine 
Performance Cyc le  Map the  i n t e r p o l a t i o n  program ca lcu-  
l a t e s  eng ine  s t a t i o n  parameters th roughout  the  m iss ion  
( F i g .  4 ) .  
m i s s i o n  p r o f i l e s  o f  w,  t ,  p. N 1 ,  and N2 as f u n c t i o n s  
o f  t ime a t  each aerodynamic s t a t i o n .  These s t a t i o n  
m i s s i o n  p r o f i l e s  then become the  i n p u t  t o  t h e  TDLM. 

The TDLM i s  t h e  computer program which works w i t h  
the  o u t p u t  o f  t he  TDEM t o  produce t h e  m iss ion  Cycle 
l o a d i n g  on the  i n d i v i d u a l  h o t  s e c t i o n  components, i n  
t h i s  case t h e  combustor. This so f tware  t r a n s l a t e s  t h e  
major eng ine  performance parameter p r o f i l e s  from the  
TDEM i n t o  p r o f i l e s  o f  t he  components thermodynamic 
loads  (p ressu res ,  temperatures,  rpm).  

Y e  combustor i s  one o f  t he  most c h a l l e n g i n g  and 

From t h i s  s t a t i o n  d a t a  an Engine Performance Cyc le  

N 2 )  on to  t h e  eng ine  o p e r a t i n g  

These s t a t i o n  parame- 

These a r e  then used t o  d e f i n e  the  s t a t i o n  

The fo rmulas  

which perform t h i s  mapping i n  the  TDLM models were 
-leveloped f o r  the  s p e c i f i c  engine components o f  t he  
36 -50C engine. To adapt these models t o  a d i f f e r e n t  
engine would r e q u i r e  the  e v a l u a t i o n  of  these fo rmulas  
f o r  t h e i r  s i m u l a t i o n  c a p a b i l i t y  and r e f o r m u l a t i n g  
where necessary.  

mode l ing  i s  geometr ic model ing and mesh genera t i on  
u s i n g  t h e  r e c i p e  concept.  
i s  determined f o r  each component. A r e c i p e  i s  deve- 
loped f o r  t h i s  bas i c  geometry i n  terms o f  p o i n t  coo rd i -  
na tes ,  leng ths ,  th icknesses ,  ang les ,  and r a d i i .  
F igu res  6 to 8 show t h i s  process f o r  a r o l l e d  r i n g  
combustor. These r e c i p e  parameters a r e  encoded i n  com- 
p u t e r  so f tware  as v a r i a b l e  i n p u t  parameters w i t h  a s e t  
o f  d e f a u l t  numerical  va lues  de f i ned .  F igu re  9 d e f i n e s  
the  r e c i p e  which generates t h e  combustor s t r u c t u r a l  
model. 

A snapshot of a t y p i c a l  r u n  o f  the  combustor model 
i s  shown i n  F i g .  10. A s  i n d i c a t e d ,  t he  model con ta ins  
a d e f a u l t  s e t  o f  r e c i p e  parameters,  o n l y  changes t o  
t h i s  l i s t  need be g iven.  A f t e r  t h e  r e c i p e  parameters 
have been s e t ,  o n l y  f i v e  parameters need be s p e c i f i e d  
t o  genera te  a th ree-d imens iona l  sec to r  model o f  a com- 
b u s t o r  to pe r fo rm a h o t  s t r e a k  a n a l y s i s .  
parameter (shown as the  number o f  exhaust  nozz les)  i s  
r e q u i r e d  to d i v i d e  the  360" combustor i n t o  the  proper  
number o f  sec to rs .  The n e x t  parameter (shown as t h e  
number o f  c i r c u m f e r e n t i a l  e lements) i s  used by t h e  ana- 
l y s t  t o  s p l i t  up the  c i r c u m f e r e n t l a l  s e c t o r  i n t o  a 
number o f  s l i c e s ,  NS,  for  t h e  th ree-d imens iona l  e l e -  
ments and b i a s  these s l i c e s  by s p e c i f y i n g  NS-1 
percen ts .  

For the  p a r t i c u l a r  case i n v o l v e d  t h r e e  exhaust  
nozz les  a re  s p e c i f i e d  w i t h  f o u r  c i r c u m f e r e n t i a l  e l e -  
ments. These c i r c u m f e r e n t i a l  e lements a r e  then biased, 
s t a r t i n g  a t  t h e  h o t  s t r e a k ,  as 5 ,  15. and 30 pe rcen t .  
Th is  leaves t h e  f i n a l  s l i c e  t o  be 50 pe rcen t .  Th is  I s  
a l l  t h e  i n f o r m a t i o n  r e q u i r e d  t o  genera te  a th ree -  
dimensional  f i n i t e - e l e m e n t  model c o n s i s t i n g  o f  20-noded 
i soparamet r i c  f i n i t e  elements.  I n  t h i s  case t h e  model 
c o n s i s t s  of 648 elements,  3192 nodes, and has 768 e l e -  
ment faces  w i t h  p ressure  l oad ing .  F igu res  1 1  and 12 
a re  g r a p h i c a l  d e p i c t i o n s  o f  t h i s  th ree-d imens iona l  
model. The temperatures and pressures  from t h e  TDLM 
a re  mapped o n t o  t h i s  model and t h e  necessary d a t a  f i l e s  
a re  generated f o r  a n o n l i n e a r  s t r u c t u r a l  a n a l y s i s .  

The subsystem which performs t h e  th ree-d imens iona l  
n o n l i n e a r  f i n i t e - e l e m e n t  a n a l y s i s  o f  the  combustor 
model was t h a t  developed i n  t h e  HOST program, "Three- 
dimensional  I n e l a s t i c  A n a l y s i s  Methods for Hot S e c t i o n  
S t r u c t u r e s . "  Th is  so f tware  per fo rms incrementa l  non- 
l i n e a r  f i n i t e - e l e m e n t  a n a l y s i s  o f  complex th ree -  
dimensional  s t r u c t u r e s  under c y c l i c  thermomechanical 
l o a d i n g  w i t h  temperature dependent m a t e r i a l  p r o p e r t i e s  
and m a t e r i a l  response behav io r .  The n o n l i n e a r  a n a l y s i s  
cons iders  bo th  t ime independent and t ime  dependent 
m a t e r i a l  behav io r .  Among the  c o n s t i t u t i v e  models 
a v a i l a b l e  a re  a s i m p l i f i e d  model, a c l a s s i c a l  model. 
and a u n i f l e d  model. A ma jor  advance i n  t h e  a b i l i t y  t o  
pe r fo rm t ime dependent analyses i s  t h e  dynamic t ime  
inc remen t ing  s t r a t e g y  i n c o r p o r a t e d  i n  t h i s  so f tware .  

The COSMO system c o n s i s t s  of  an e x e c u t i v e  module 
which c o n t r o l s  the  TDEM, TDLM, t h e  geomet r ic  modeler,  
t he  s t r u c t u r a l  a n a l y s i s  code, t h e  f i l e  s t r u c t u r e / d a t a  
base, and c e r t a i n  a n c i l l a r y  modules. These a n c i l l a r y  
modules c o n s i s t  o f  a bandwidth o p t i m i z e r  module, a deck 
genera t i on  module, a remeshing/mesh re f i nemen t  module, 
and a pos tprocess ing  module. The e x e c u t i v e  d i r e c t s  t h e  
runn ing  of each module, c o n t r o l s  the  f l o w  o f  d a t a  among 
modules and con ta ins  t h e  s e l f - a d a p t i v e  c o n t r o l  l o g i c .  
F igu re  13  i s  a f l ow  c h a r t  of the  COSMO system showing 
the  da ta  f low and t h e  a c t i o n  p o s i t i o n s  of  t he  adap t i ve  

The h e a r t  o f  the  component s p e c i f i c  s t r u c t u r a l  

A gener i c  geometry p a t t e r n  

The f i r s t  
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' c o n t r o l s .  The modular des ign  o f  the  system a l l ows  each 
subsystem t o  be viewed as a p l u g - i n  module which can be 
rep laced  w i t h  a l t e r n a t e s .  

t a i n e d  i n  COSMO have proven t o  be ex t reme ly  va luab le  i n  
advancing t h e  p r o d u c t i v i t y  and des ign  a n a l y s i s  capab i l -  
i t y  o f  combustors. Th is  so f tware  i n  c o n j u n c t i o n  w i t h  
modern supercomputers i s  a b l e  t o  reduce a des ign  t a s k  
which p r e v i o u s l y  r e q u i r e d  man-months o f  e f f o r t  over  a 
t ime  p e r i o d  of months t o  a one-man, l e s s  than a day 
e f f o r t .  A long w i t h  t h i s  t ime  compression comes 
increased accuracy  f r o m  t h e  advanced mode l ing  and 
a n a l y s i s  techn iques .  As a r e s u l t  o f  t h i s ,  more a n a l y t -  
i c a l  des ign  s t u d i e s  can be performed, reduc ing  t h e  
chances for  f i e l d  s u r p r i s e s  and the  amount o f  combustor 
t e s t i n g  r e q u i r e d .  

The ideas ,  techn iques ,  and computer so f tware  con- 

Tu rb ine  Blade A n a l y s i s  
The a n a l v s i s  o f  t u r b i n e  b lades  i s  an e x c e l l e n t  

barometer o f  t h e  improvements b rought  about by the  HOST 
program. There was a pre-HOST program c a l l e d ,  "Turb ine  
Blade T i p  D u r a b i l i t y  Ana lys i s , "  which e s t a b l i s h e d  the  
s t a t e - o f - t h e - a r t  p r i o r  t o  HOST. A commercial a i r -  
coo led  t u r b i n e  b lade  w i t h  a well-documented h i s t o r y  o f  
c r a c k i n g  I n  t h e  squea ler  t i p  r e g i o n  was sub jec ted  t o  
c y c l i c  n o n l i n e a r  a n a l y s i s  by a commerc ia l l y  a v a i l a b l e  
computer program, ANSYS. Th is  th ree-d imens iona l  prob- 
lem had p r e v i o u s l y  been analyzed, e l a s t i c a l l y ,  by an 
in-house computer program. A t  t h e  end o f  the  HOST pro- 
gram, t h i s  p rob lem was once aga in  used t o  e s t a b l i s h  the  
changes b rough t  about  by HOST. 

The prob lem i n v o l v e d  was the  s i g n i f i c a n t  creep- 
f a t i g u e  encountered i n  a Stage-1 h igh-pressure  t u r b i n e  
b lade .  These b lades  a r e  ho l l ow ,  a i r - coo led ,  and p a i r e d  
t o g e t h e r  on a s i n g l e  th ree - tang  d o v e t a i l .  F igu re  14 
shows one such b lade  and i n d i c a t e s  the  r e g i o n  o f  ana ly -  
s i s .  The th ree-d imens iona l  f i n i t e - e l e m e n t  model o f  the  
component b lade t i p  above t h e  75-percent span was con- 
s t r u c t e d  o f  580 e igh t -noded i soparamet r i c  b r i c k  e l e -  
ments w i t h  1119 nodes. A d e t a i l e d ,  exploded v iew o f  
t h i s  model d e p i c t i n g  t h e  squea ler  t i p ,  t i p  cap, and 
spar  as d i s c r e t e  th ree-d imens iona l  components i s  shown 
i n  F i g .  15. 

Th is  ANSYS model was exe rc i sed  on t h e  CDC-7600 
computer. Th i s  model had p r e v i o u s l y  been run  on the  
TAMP-MASS computer program and the  Honeywell 6000 com- 
p u t e r .  I n  1986, t h i s  model was conver ted  t o  580, 
20-noded i soparamet r i c  f i n i t e  elements and r u n  on one 
of t h e  codes developed under,  "Three-Dimensional 
I n e l a s t i c  A n a l y s i s  Methods f o r  Hot Sec t ion  S t r u c t u r e s . "  
Table 1 shows t h e  t i m e s  and c o s t s  exper ienced under t h e  
v a r i o u s  c o n d i t i o n s .  The impact of  the  advancements i n  
techno logy  and computer hardware i s  apparent  from t h i s  
t a b l e .  

Thermal B a r r i e r  Coa t ing  A n a l y s i s  
Another t e c h n o l o g i c a l  a rea  i n  t h e  HOST program was 

t h a t  o f  "Sur face  P r o t e c t i o n . "  Programs were developed 
under t h i s  a rea  t o  produce an unders tand ing  and t o  gen- 
e r a t e  t h e o r i e s  and computer t o o l s  for  t h e  des ign ,  
a n a l y s i s ,  and l i f e  p r e d i c t i o n  o f  Thermal B a r r i e r  Coat- 
i ngs  (TBC). F i g u r e  16 shows one type o f  t e s t  specimen 
i n v o l v e d  i n  t h i s  e f f o r t .  F igu re  17 shows the  axisym- 
m e t r i c  f i n i t e - e l e m e n t  model used t o  s imu la te  these t e s t  
specimens. F i g u r e  18 i s  a fu rnace  thermal t e s t  c y c l e  
these specimens were c y c l e d  th rough.  F igu res  19 and 20 

a r e  r e p r e s e n t a t i v e  a n a l y t i c a l  r e s u l t s  f o r  t h e  c r i t i c a l  
l i f e  l o c a t i o n s .  

Wi thout  t h e  developments i n  the  s t r u c t u r a l  ana ly -  
s i s  a rea  of HOST t h i s  t e s t  s i m u l a t i o n  would n o t  have 
been a t tempted because o f  the  excess i ve  amounts of com- 
p u t e r  t ime  t h a t  would have been r e q u i r e d .  Th is  problem 
i s  h i g h l y  t ime  dependent and n u m e r i c a l l y  s e n s i t i v e .  
The m a t e r i a l  p r o p e r t i e s  and t h e  c reep p r o p e r t i e s  d i f f e r  
g r e a t l y  among t h e  t h r e e  c o n s t i t u e n t s  o f  t h i s  m a t e r i a l  
system. An added n o n l i n e a r i t y  occu rs  due to  the  
growth o f  an o x i d e  s c a l e  between the  bond coa t  and the  
t o p  coa t .  The dynamic t ime  inc remen t ing  a l g o r i t h m  
developed under the  th ree-d imens iona l  i n e l a s t i c  HOST 
program made the  a n a l y s i s  o f  t h i s  n o n l i n e a r  system 
poss i b l  e .  

SSME HPFTP Turb ine  Blade 

no loav  I s  the  NASA Droaram w i t h  t h e  acronvm - SADCALM. 
One f i n a l  example o f  t he  a p p l i c a t i o n  o f  HOST tech- 

This-;tands for ,  " S k r u c t u r a l  A n a l y s i s  Dembnst ra t ion  o f  
C o n s t i t u t i v e  and L i f e  Models."  Under t h i s  program, 
coated  s i n g l e  c r y s t a l  t u r b i n e  b lades  such as t h e  one 
I n d i c a t e d  i n  F i g .  21 w i l l  be ana lyzed by t h e  most 
advanced techno logy  developed under HOST. 
i nc ludes  the  20-noded i soparamet r i c  f i n i t e  element 
and t h e  c o n s t i t u t i v e  models developed i n  t h e  th ree -  
d imens iona l  i n e l a s t i c  programs. The s i n g l e  c r y s t a l -  
c r y s t a l l o g r a p h i c  c o n s t i t u t i v e  model developed under 
the  a n i s o t r o p i c  c o n s t i t u t i v e  mode l ing  programs, and 
t h r e e  HOST 1 i f e  t h e o r i e s ,  " C y c l i c  Damage Accumulat ion,"  
"To ta l  S t r a i n - S t r a i n  Range P a r t i t i o n i n g . "  and "Hys ter -  
e t i c  Energy," w i l l  be used. T h i s  program i n v o l v e s  
t e s t i n g ,  a n a l y s i s ,  and c o r r e l a t i o n  and w i l l  p r o v i d e  an 
e x c e l l e n t  o p p o r t u n i t y  f o r  demonst ra t ing  t h e  b e n e f i t s  of  
t he  HOST program. 

CONCLUSIONS 

Th is  

The ideas ,  techn iques ,  and computer so f tware  deve- 
loped under t h e  NASA HOST program have proven t o  be 
ex t reme ly  v a l u a b l e  i n  advancing the  p r o d u c t i v i t y  and 
des ign  a n a l y s i s  c a p a b i l i t y  f o r  h o t  s e c t i o n  s t r u c t u r e s  
o f  AGTE's. Th is  so f tware  i n  c o n j u n c t i o n  w i t h  modern 
supercomputers i s  ab le  t o  reduce a des ign  t a s k  
s i g n i f i c a n t l y .  
generalizationlspecialization and ex tens ion  t o  a i l  
areas o f  t h e  engine s t r u c t u r e .  
have t h e i r  ma jor  p a y o f f  I n  t h e  n e x t  genera t i on  o f  aero- 
space p r o p u l s i o n  systems w i t h  t h e i r  i n c r e a s i n g l y  l a r g e  
number o f  pa ramet r i c  v a r i a t i o n s .  
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TABLE 1 .  - TURBINE BLADE TIP MODEL HISTORY 

Year 

1975 

1981 

1986 

Computer 
program 

TAMP-MASS 

ANSYS 

HOST 
three- 

d i men s i ona 1 
i ne1 a s  t i c 

0.2 

Finite element 

8-noded 
isoparametric 

8-noded 
isoparametric 

20-noded 
isoparametric 

Computer 

Honeywe 1 1 
6000 

CDC-7600 

CRAY-1 

time time 

24 hr 

0 40 
Altitude, 1000 ft 

Figure 1. Engine Operating Map. 

86 



ORIGINAL PAGE IS 
OF POOR QUALITY 

1 4 8  
Flow Engine 

Operating Path 
Station Points 

M, H, To, 
Pwr. LVL 
Cust. Bld, 
Detrn. LVL 

Engine Conditions 

De& W,T,P, 
N1, N2 

- -- - - -__ - Cycle - - - - -. - - 

Takeoff Power 
2000" F Standard Day 

400 psla 

- -  5 6  IC 

+ 

0 3 331 5 1  5 4  
n c., 

2 4  2 c  

Engine 
Mission 

M, h, ATo, 
Pwr. LVL., 
Cust. Bid., 
Detrn. LVL 

_ _ _ _ - _  

Engine 
Performance 

Cycle 
Map 

Legend 
0 Ambient 2C HP Compressor Inlet 

2 Engine Inlet 

2 2 

IC 
2 3 Fan Discharge 5 HP Turbine Discharge (Without Cooling Flow) 

2 4 LP Compressor Discharge 5 1 HP Turbtne Discharge (Wlth Cooling Flow) 

2 5 
2 6 Bypass Duct Inlet (Altar Mixing) 5 LP Turblne Discharge (Wlthoul Coollng Flow) 

2 8 
2 9 Bypass Ducl Nozzle Ex11 8 Primary Jet Nozzle Throat 

3 HP Compressor Discharge 

3 9 

4 

Fan Tip (Bypass) Slream Inlet 

Fan Hub (LP Compressor) Stream Inlet 

HP Turbine First-Stage Nozzle Inlet (Wllhout Cooling Flow) 

HP Turblne Rotor Inlet (With Cooling Flow) 

5 4 LP Turbine Inlet (Wilh Cooling Flow) Bypass Stream Mixing Plane 

5 6 LP Turbine DIsCharge (Wlth Cooling Flow) Bypass Ducl  Jet Nozzle Throat 

9 Primary Jet Nozzle Exit (Complete Expansion) (Complete Expansion) 

Temperature Fan - - - - - - Pressure Fan - - - - - 

- 
I n te rpolat io n 

Program 
- 

__+ 

Figure 2. Aerodynamic Stations. 

Engine 
+ Station 

Parameters 

W, T. P. N 
__---___ 

Station 
Mission 
Profi les 

W, T, P. N 
Versus 
Time 

-__--- 

Core 

1 
Engine 

Performance 
Cycle Map 

148 Cases 
N,T,P,Nl, N2 

at Each 
Station 

_- --___ - 

Figure 4 .  Thermodynamic Engine Model. 
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Figure 5. Typical Flight Cycle. 
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Figure 6. Rolled Ring Combustor. 
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Figure 7. Combustor Recipe Process. 
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Figure 8. Combustor Nugget Finite Element Models. 
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Figure 9. Combustor Liner Parameters. 
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Figure 15. Finite Element Model of Blade Tip. 

Figure 13. System Flowchart Showing 
Adaptive Control Positions. 

-Region of Analysis 

Figure 14. Stage 1 High Pressure Turbine Blade and Finite Element Model. 
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Round Specimen to Better 
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(a) Test Specimen Configuration 

. .  
. '  . .. 

( b )  As-Sprayed Specimen 

Figure 1 6 .  Thermal Barrier Coated Tubular Specimen. 

c 

Top Coat 

Figure 1 7 .  Finite Element Mesh f o r  Tht,rrn:il Ihrrier 
Coated Tubular Specimens. 

Figure 18. Thermal Loading Cycle. 
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Figure 21. SIESTA P lo t  of Converted NASA Blade Model. 
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