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ADVANCED METHODS FOR THREE-DIMENSIONAL INELASTIC STRUCTURAL ANALYSIS 
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FOR HOT E N G I N E  STRUCTURES 

C.C.  Chamis* 
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C1 eve1 and, Oh io  441 35 

SUMMARY 

Three-dimensional  i n e l a s t i c  a n a l y s i s  methods a r e  d e s c r i b e d .  These methods 
have been i n c o r p o r a t e d  i n t o  a s e r i e s  of new computer codes embodying a p rog res -  
s i o n  o f  mathemat ica l  models (mechanics of  m a t e r i a l s ,  s p e c i a l t y  f i n i t e  e lement ,  
boundary e lement)  f o r  s t r e a m l i n e d  a n a l y s i s  o f  h o t  engine s t r u c t u r e s  such as:  
( 1 )  combustor l i n e r s ,  ( 2 )  t u r b i n e  b l a d e s ,  and ( 3 )  t u r b i n e  vanes. These models 
address t h e  e f f e c t s  o f  h i g h  temperatures and the rma l imechan ica l  l o a d i n g s  on t h e  
l o c a l  ( s t r e s s / s t r a i n )  and g l o b a l  (dynamics,  b u c k l i n g )  s t r u c t u r a l  b e h a v i o r  o f  
t h e  t h r e e  r e s p e c t i v e  components. The methods and t h e  t h r e e  computer codes, 
r e f e r r e d  t o  as MOMM (Mechanics of M a t e r i a l s  Model) ,  MHOST (MARC-Hot S e c t i o n  
Technology),  and BEST (Boundary Element S t r e s s  Technology) ,  have been deve loped 
and a r e  b r i e f l y  d e s c r i b e d  i n  t h i s  paper .  

INTRODUCTION 

Hot s e c t i o n  d u r a b i l i t y  problems appear i n  a v a r i e t y  o f  forms,  r a n g i n g  from 
o x i d a t i o n / c o r r o s i o n ,  e r o s i o n  and d i s t o r t i o n  ( c reep  d e f o r m a t i o n s )  t o  occu r rence  
o f  f a t i g u e  c r a c k i n g .  Even modest changes i n  shape, from e r o s i o n  or d i s t o r t i o n  
o f  a i r f o i l s ,  f o r  example, can l e a d  t o  measurable performance d e t e r i o r a t i o n  t h a t  
must be a c c u r a t e l y  p r e d i c t e d  d u r i n g  p r o p u l s i o n  s y s t e m  des ign  t o  i n s u r e  t h a t  
long- term e f f i c i e n c y  guarantees  can be m e t .  La rge r  d i s t o r t i o n s  i n t r o d u c e  
s e r i o u s  problems such as h o t  spo ts  and p r o f i l e  s h i f t s  r e s u l t i n g  from d i v e r s i o n  
o f  c o o l i n g  a i r ,  h i g h  v i b r a t o r y  s t r e s s e s  a s s o c i a t e d  w i t h  loose t u r b i n e  b l a d e  
shrouds, d i f f i c u l t  d i sassemb ly l reassemb ly  o f  m a t i n g  p a r t s  a t  o v e r h a u l ,  e t c .  
These problems must be c o n s i d e r e d  and e f f o r t s  made t o  e l i m i n a t e  t h e i r  e f f e c t  
d u r i n g  t h e  engine des ign /deve lopment  process.  I n i t i a t i o n  and p r o p a g a t i o n  o f  
f a t i g u e  c racks  r e p r e s e n t s  a d i r e c t  t h r e a t  t o  component s t r u c t u r a l  i n t e g r i t y  and 
must be t h o r o u g h l y  unders tood  and a c c u r a t e l y  p r e d i c t e d  t o  i n s u r e  c o n t i n u e d  s a f e  
and e f f i c i e n t  engine o p e r a t i o n .  To address t h e  d u r a b i l i t y  problems t h r e e -  
d imensional  i n e l a s t i c  a n a l y s i s  methods/codes w e r e  developed as a p a r t  o f  t h e  
NASA Lewis Research Center  Hot S e c t i o n  Technology program. 

These methods/codes a r e  based on f u n c t i o n - s p e c i f i c  t h e o r y  i n  t h e  sense 
t h a t  s t r e s s l s t r a i n s  and tempera tu res  i n  g e n e r i c  mode l i ng  r e g i o n s  a r e  s p e c i f i e d  
f u n c t i o n s  o f  t h e  s p a t i a l  c o o r d i n a t e s ,  and s o l u t i o n  increments f o r  l o a d ,  temper- 
a t u r e  and /o r  t i m e  a r e  e x t r a p o l a t e d  from p r e v i o u s  i n f o r m a t i o n  u s i n g  t h e  
s p e c i f i e d  f u n c t i o n s .  
to  as MOMM (Mechanics o f  M a t e r i a l s  Model) ,  MHOST (MARC-Hot S e c t i o n  Technology) ,  
and BEST (Boundary Element S t r e s s  Technology).  
s tand a lone,  and t r a n s p o r t a b l e .  C o l l e c t i v e l y  these  methods and t h e i r  respec-  
t i v e  computer codes c o n s t i t u t e  r e c e n t  advances i n  th ree -d imens iona l  i n e l a s t i c  

The codes embodying t h e  r e s p e c t i v e  methods a r e  r e f e r r e d  

The codes a r e  use r  f r i e n d l y ,  
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s t r u c t u r a l  a n a l y s i s  f o r  h o t  s t r u c t u r e s .  The o b j e c t i v e  o f  t h e  p r e s e n t  paper  i s  
t o  summarize these  methods/computer codes. E x t e n s i v e  d e t a i l s  a r e  d e s c r i b e d  i n  
NASA r e p o r t s  ( r e f s .  1 t o  5 ) .  

MECHANICS OF MATERIALS MODEL (MOMM) 

The th ree -d imens iona l  i n e l a s t i c  a n a l y s i s  i n  MOMM i s  based on  i n t e r s e c t i n g  
ne tworks  o f  beams ( f i g .  1 )  which a r e  modeled u s i n g  n o n l i n e a r  f i n i t e  e lement  
methods. The t h e o r y  i s  i n c o r p o r a t e d  i n t o  a computer program f o l l o w i n g  w e l l -  
known f i n i t e  element c o d i n g  and s o l u t i o n  procedures .  The program c a l c u l a t e s  
t h e  t o t a l  s t r a i n  as a l i n e a r  f u n c t i o n  o f  p o s i t i o n  i n  t h e  cross s e c t i o n  and 
a l o n g  t h e  l e n g t h  o f  t h e  beam. Three m a t e r i a l  c o n s t i t u t i v e  models a r e  i n c l u d e d  
i n  t h e  code: t h e  s i m p l i f i e d  m a t e r i a l  model, coup led  v i s c o p l a s t i c  m a t e r i a l  
model, and t h e  s t a t e - o f - t h e - a r t  m a t e r i a l  model. S t a t i c  and t r a n s i e n t  ana lyses  
can be per fo rmed w i t h  a p p l i e d  l o a d s ,  thermal  l oads ,  and e n f o r c e d  d i sp lacemen ts .  
Frequencies and mode shapes u s i n g  e i t h e r  i n i t i a l  or tangen t  s t i f f n e s s  a r e  c a l -  
c u l a t e d ;  and b u c k l i n g  a n a l y s i s  i s  computed u s i n g  i n i t i a l  or t a n g e n t  s t i f f n e s s .  

I n p u t  parameters  t o  t h e  computer code c o n s i s t  o f  i n f o r m a t i o n  d e f i n i n g  t h e  
model i t s e l f  and 
model i s  d e f i n e d  
beams ( r e f .  3). 
an o r i e n t a t i o n  g 
i n  c ross  s e c t i o n  
c o o r d i n a t e  axes. 
i n g  Young's modu 
expansion, and y 
i n p u t ,  and t h e  t 
f o r  use w i t h  t h e  

i n f o r m a t i o n  d e s c r i b i n g  t h e  method o f  s o l u t i o n  d e s i r e d .  The 
by  nodal  i n f o r m a t i o n  which i s  i n t e r n a l l y  d i s c r e t i z e d  i n t o  
The element c o o r d i n a t e  s y s t e m  o f  a g i v e n  beam i s  d e f i n e d  b y  
i d  p o i n t ,  or v e c t o r .  The geometry o f  a beam i s  r e c t a n g u l a r  
w i t h  t h e  d imens ions  of t h e  c r o s s  s e c t i o n  a l o n g  t h e  e lement  
The m a t e r i a l  p r o p e r t i e s  a r e  s p e c i f i e d  f o r  each beam, i n c l u d  

us ,  P o i s s o n ' s  r a t i o ,  mass d e n s i t y ,  c o e f f i c i e n t  o f  the rma l  
e l d  s t r e s s .  The i n i t i a l  t empera tu re  o f  t h e  beam ne twork  i s  
me a t  i n i t i a l  c o n d i t i o n s  i s  s e t  t o  z e r o .  A h a r d e n i n g  s l o p e  
s i m p l i f i e d  m a t e r i a l  model can be s p e c i f i e d  w i t h  z e r o  s l o p e  

r e p r e s e n t i n g ,  p e r f e c t l y - p l a s t i c  b e h a v i o r .  Boundary c o n d i t i o n s  a r e  s p e c i f i e d  
by i n d i c a t i n g  a t  each node a c o n s t r a i n e d  or noncons t ra ined  c o n d i t i o n  f o r  t h e  
6" o f  f reedom a l l o w e d .  

R e p r e s e n t a t i v e  r e s u l t s  o b t a i n e d  u s i n g  t h e  MOMM computer code a r e  compared 
w i t h  NASTRAN p l a n e  elements i n  f i g u r e s  2 and 3. A s  can be seen t h e  r e s u l t s  
show good agreement. 
methodology i n  o n l y  10 300 FORTRAN s ta tements .  

MOMM has t h e  advantage o f  i n c l u d i n g  t h i s  n o n - l i n e a r  

SPECIALTY F I N I T E  ELEMENTS 

The s p e c i a l t y  f i n i t e  elements f o r  p e r f o r m i n g  th ree -d imens iona l  i n e l a s t i c  
a n a l y s i s  o f  h o t  s e c t i o n  components a r e  based on  mixed f i n i t e  e lement  methods 
d e r i v a b l e  from an augmented Hu-Washizu p r i n c i p l e .  These s p e c i a l t y  f i n i t e  
elements a r e  i n c o r p o r a t e d  i n t o  a computer code MHOST. The code fol lows f i n i t e  
element programming procedures  and i s  programmed u s i n g  FORTRAN 77.  
element c a p a b i l i t y  i s  summarized i n  t a b l e  I and t h e  v a r i o u s  s o l u t i o n  a l g o r i t h m s  
a re  summarized i n  t a b l e  11. The number o f  program l i n e s  i s  o v e r  150 000. 

The MHOST 

Other  un ique f e a t u r e s  i n  MHOST a re :  

( 1 )  Three d i f f e r e n t  c o n s t i t u t i v e  f o r m u l a t i o n s  f o r  d e s c r i b i n g  m a t e r i a l  
behav io r .  They i n c l u d e  secant  e l a s t i c i t y  ( s i m p l i f i e d  p l a s t i c i t y )  i n  wh ich  t h e  
m a t e r i a l  t angen t  i s  genera ted  f o r  use w i t h  Newton-Raphson t y p e  i t e r a t i v e  
a l g o r i t h m s ,  von Mises p l a s t i c i t y  w i t h  t h e  a s s o c i a t e d  f low r u l e  t r e a t e d  b y  u s i n g  
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t h e  r a d i a l  r e t u r n  a l g o r i t h m ,  and t h e  n o n l i n e a r  v i s c o p l a s t i c  model deve loped by 
Walker, i n  which an i n i t i a l  s t r e s s  i t e r a t i o n  u s i n g  t h e  e l a s t i c  s t i f f n e s s  i s  
u t i l i z e d .  A l i n e a r  e l a s t i c i t y  o p t i o n  i s  a l s o  i n c l u d e d .  The d e f a u l t  i s  t h e  
c o n v e n t i o n a l  von M i s e s  p l a s t i c i t y  model.  A n i s o t r o p i c  p l a s t i c i t y  i s  hand led  by 
use r  s u p p l i e d  s u b r o u t i n e s .  

( 2 )  Creep E f f e c t s .  These a r e  taken i n t o  account  by i n t e g r a t i n g  t h e  t i m e  
h i s t o r y  i n  an e x p l i c i t  manner. An o p t i o n a l  s e l f - a d a p t i v e  t i m e  s t e p  s i z e  con- 
t r o l  a l g o r i t h m  i s  a l s o  a v a i l a b l e .  

( 3 )  D u p l i c a t e  Nodes. The c o n t i n u i t y  o f  s t r e s s e s  a t  nodal  p o i n t s  can be 
broken by d e f i n i n g  two nodal  p o i n t s  a t  t h e  same g e o m e t r i c a l  l o c a t i o n  and con- 
n e c t i n g  them t o  e n f o r c e  c o m p a t i b i l i t y  o f  d i sp lacemen ts  o n l y .  T h i s  i s  used t o  
d e f i n e  t h e  connec t ions  between g e n e r i c  mode l ing  r e g i o n s .  

( 4 )  Core A l l o c a t i o n .  Core a l l o c a t i o n  i s  per formed fo r  t h e  nodal  and e l e -  
ment q u a n t i t i e s  on t h e  b a s i s  of maximum s to rage  space requ i remen ts  among t h e  
t ypes  o f  elements s p e c i f i e d .  A l l  t h e  element t ypes  must be s p e c i f i e d  he re  
i n c l u d i n g  those  o n l y  appear ing  i n  t h e  subelement r e g i o n s .  

( 5 )  G l o b a l / L o c a l  S o l u t i o n .  The subelement i t e r a t i o n  method i s  used t o  
s o l v e  l o c a l  s t r e s s  c o n c e n t r a t i o n  problems w i t h i n  t h e  g l o b a l  s o l u t i o n .  The code 
a l l o c a t e s  t h e  w o r k i n g  s t o r a g e  f o r  t h e  subelement d a t a  i n  a h i e r a r c h i c a l  manner. 
The a c t u a l  subelement mesh d e f i n i t i o n  and t h e  nodal  and e lement -da ta  s t o r a g e  
a l l o c a t i o n  t a k e  p l a c e  when t h e  i n d i v i d u a l  subelements a r e  d e f i n e d .  

( 6 )  Gener ic  Mode l i ng  Regions (GMRS).  Gener ic  mode l i ng  r e g i o n s  a r e  d e f i n e d  
as c o l l e c t i o n s  o f  elements t h a t  model g e o m e t r i c a l l y  p a r a m e t r i z e d  p a r t s  o f  h o t  
s e c t i o n  components. M u l t i p l e  g e n e r i c  mode l ing  r e g i o n s  i n  a g i v e n  mesh a r e  
connected u s i n g  t h e  d u p l i c a t e  nodes. D i f f e r e n t  parameters a r e  s p e c i f i e d  f o r  
each g e n e r i c  mode l ing  r e g i o n ,  and t h e  i n p u t  d a t a  can be p repared  s e p a r a t e l y .  
I n t e r n a l l y ,  t h e  complex o f  t h e  g e n e r i c  mode l ing  r e g i o n s  i s  t r e a t e d  as a s i n g l e  
mesh fo r  t h e  purpose o f  c o n s t r u c t i n g  and s o l v i n g  t h e  f i n i t e  e lement  e q u a t i o n s .  
A t a b l e  i s  p repared  t o  r e p o r t  r e s u l t s  s e p a r a t e l y  f o r  each g e n e r i c  mode l i ng  
r e g i o n .  

(7 )  Loubignac I t e r a t i o n .  Parameters f o r  the  numer i ca l  q u a d r a t u r e  used i n  
t h e  mixed i t e r a t i v e  processes a r e  d e f i n e d  i n  a v e r y  p r e c i s e  way. F u l l  i n t e g r a -  
t i o n ,  s e l e c t i v e  i n t e g r a t i o n ,  or s e l e c t i v e  i n t e g r a t i o n  w i t h  f i l t e r i n g  can be 
chosen fo r  c o n s t r u c t i o n  o f  t h e  s t i f f n e s s  m a t r i x .  For r e s i d u a l  v e c t o r  i n t e g r a -  
t i o n ,  f u l l  and reduced i n t e g r a t i o n  can be s e l e c t e d .  The s t r a i n  i n t e g r a t i o n  can 
be per formed e i t h e r  by u s i n g  u n i f o r m l y  reduced i n t e g r a t i o n ,  t r a p e z o i d a l  i n t e -  
g r a t i o n  w i t h  t h e  reduced shear s t r a i n  a p p r o x i m a t i o n  or t h e  p r e v i o u s  q u a d r a t u r e  
w i t h  t h e  f i l t e r i n g  o p t i o n .  

(8) Nodal D e s c r i p t i o n .  A l l  t h e  v a r i a b l e s  a r e  d e f i n e d  and r e p o r t e d  a t  
nodal D o i n t s .  I n  t h e  i nc remen ta l  Drocesses, de format ion  and s t r e s s  h i s t o r i e s  

nodal  D o i n t s .  Note t h a t  t h i s  a r c h i t e c -  
t u r e  
e l  em 

spec 

a r e  i n t e g r a t e d  and s t o r e d  o n l y  a t  t h e  
economizes s to rage  s u b s t a n t i a l l y  
n t  d i sp lacemen t  methods. 

(9)  S t r e s s  Boundary C o n d i t i o n s .  
f i e d  by t h e  use r  as an o p t i o n ,  a 

compared w i t h  f u l l y  i n t e g r a t e d  f i n i t e  

Boundary c o n d i t i o n s  for  s t r e s s  can be 
though no mathemat ica l  j u s t i f i c a t i o n  S 
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y e t  a v a i l a b l e  f o r  t h i s  t y p e  o f  c o n s t r a i n t .  Any s t r e s s  component can be p r e -  
s c r i b e d  a t  any noda l  p o i n t .  S imp le  numer i ca l  t e s t s  have shown t h a t  i n c o n s i s t -  
e n t  i m p o s i t i o n  o f  s t r e s s  boundary c o n d i t i o n s  can l e a d  t o  r a p i d  d i v e r g e n c e  i n  
t h e  i t e r a t i v e  p rocess .  

T y p i c a l  r e s u l t s  o b t a i n e d  by u s i n g  t h e  MHOST method/code a r e  shown i n  
f i g u r e s  4 and 5 .  The l o c a l  s u b s t r u c t u r i n g  f e a t u r e  o f  MHOST f o r  a s t r e s s  con- 
c e n t r a t i o n  prob lem i s  shown i n  f i g u r e  6 .  

BOUNDARY ELEMENT METHODS 

The boundary element method f o r  th ree -d imens iona l  n o n l i n e a r  and t r a n s i e n t  
problems was m a i n l y  developed d u r i n g  t h i s  r e s e a r c h  e f f o r t .  The f o r m u l a t i o n s  
r e q u i r e d  s e v e r a l  b reak- th roughs wh ich  a r e  d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e s  1 ,  
2 and 5 .  The methods developed a r e  i n c o r p o r a t e d  i n t o  a computer code BEST3D. 
S i g n i f i c a n t  f e a t u r e s  o f  t h e  method/code a r e  b r i e f l y  d e s c r i b e d  below. 

( 1 )  G loba l  Program S t r u c t u r e .  The BEST3D code c o n s i s t s  o f  a common i n p u t  
s e c t i o n ,  f o l l o w e d  by  t h r e e  branches, for s t a t i c ,  f o r c e d  response and t r a n s i e n t  
a n a l y s i s .  The s t a t i c  a n a l y s i s  b ranch i s  t h e  model for  t h e  e n t i r e  code, s i n c e  
t h e  o t h e r  branches l a r g e l y  employ g e n e r a l i z e d  forms o f  t h e  same a l g o r i t h m s  used 
i n  t h e  s t a t i c  a n a l y s i s .  The b ranch  used f o r  n a t u r a l  f requency/mode shape c a l -  
c u l a t i o n  i s  a c t u a l l y  p a r t  o f  t h e  s t a t i c  a n a l y s i s  l oop .  

The gove rn ing  equa t ions  a r e  d i s c r e t i z e d  and assembled s i m i l a r  t o  f i n i t e  
element.  

The assembled equa t ions  a r e  s o l v e d  t o  e v a l u a t e  t h e  unknowns, a t  boundary 
nodes f o r  e v e r y  i nc remen t  o f  l o a d i n g .  The p r e s e n t  f o r m u l a t i o n  i s  s i m i l a r  t o  
t h e  v a r i a b l e  s t i f f n e s s  approach used i n  t h e  f i n i t e  e lement  method s i n c e  t h e  
system m a t r i x  on  t h e  boundary as w e l l  as t h e  r i g h t  hand s i d e  v e c t o r  i s  m o d i f i e d  
f o r  each inc remen t  o f  l o a d i n g .  

( 2 )  P a r t i c u l a r  I n t e g r a l s .  The p a r t i c u l a r  i n t e g r a l s  a r e  used for  t h e  so lu -  
t i o n  o f  problems w i t h  thermal  l o a d i n g ,  inhomogene i ty  and /o r  embedded h o l e s  o r  
c racks .  The s o l u t i o n  a l g o r i t h m  i s  c l o s e l y  r e l a t e d  t o  t h e  a l g o r i t h m  f o r  t h e  
d e t e r m i n a t i o n  o f  n a t u r a l  f r e q u e n c i e s .  

F o l l o w i n g  t h e  c a l c u l a t i o n  and s t o r a g e  o f  t h e  c o e f f i c i e n t  m a t r i c e s  f o r  b o t h  
the  boundary and i n t e r i o r  s t r e s s  e q u a t i o n s ,  t h e  d i sp lacemen ts  and t r a c t i o n s  due 
t o  t h e  p a r t i c u l a r  s o l u t i o n  a r e  c a l c u l a t e d .  The f u l l  m a t r i c e s  c o n t a i n i n g  t h e  
p a r t i c u l a r  s o l u t i o n  va lues  a r e  never  s t o r e d ,  s i n c e  t h e  r e q u i r e d  m u l t i p l i c a t i o n s  
w i t h  a l r e a d y  e x i s t i n g  boundary element m a t r i c e s  a r e  c a r r i e d  o u t  as t h e  c a l c u l a -  
t i o n  proceeds. A f t e r  t h e  system m a t r i x  assembly, t h e  we igh ts  used i n  t h e  i n i -  
t i a l  s t r a i n  app rox ima t ion  a r e  e l i m i n a t e d  from t h e  system, l e a d i n g  to  a m o d i f i e d  
system m a t r i x  s i m i l a r  t o  t h a t  used i n  v a r i a b l e  s t i f f n e s s  p l a s t i c i t y .  T h i s  
m a t r i x  i s  then  decomposed and t h e  remainder  o f  t h e  p rob lem so lved  e x a c t l y .  

( 3 )  E x t r a c a t i o n  o f  E igenva lues .  The r o u t i n e  used i s  t h a t  f o r  t h e  s o l u t i o n  
I t  i s  e s p e c i a l l y  s u i t a b l e  f o r  o f  t h e  g e n e r a l i z e d  a l g e b r a i c  e igenva lue  problem. 

the  e x t r a c t i o n  o f  t h e  l a r g e s t  few e igenva lues  o f  a v e r y  l a r g e ,  v e r y  sparse  
system a r i s i n g  i n  t h e  development of m u l t i g r i d  methods. Two processes ,  an 
i t e r a t i o n  and a p u r i f i c a t i o n  s t e p  can be used w i t h  t h i s  method. I n  o r d e r  t o  
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employ t h e  a l g o r i t h m  i n  BEST3D i t  was necessary  t o  r e f o r m u l a t e  i t  for  t h e  gen- 
e r a l i z e d  e igenva lue  p rob lem and adapt  i t  to  t h e  b l o c k  s t o r a g e  used i n  BEST3D. 
Analogous methods a r e  used for t h e  s o l u t i o n  of n o n l i n e a r  dynamics and dynamic 
p l a s t i c i t y  problems. 

R e p r e s e n t a t i v e  r e s u l t s  o b t a i n e d  by u s i n g  t h e  BEST3D methods/code t o  a non- 
l i n e a r  dynamic p rob lem a r e  shown i n  f i g u r e  7 .  

CONCLUSIONS 

A r e s e a r c h  program i s  b e i n g  conducted by NASA Lewis w i t h  t h e  o b j e c t i v e  t o  
deve lop  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  methods f o r  h o t  s t r u c -  
t u r e s .  These methods a r e  i n c o r p o r a t e d  i n t o  a s e r i e s  o f  new computer codes 
embodying a p r o g r e s s i o n  o f  mathemat ica l  models (mechanics o f  m a t e r i a l s ,  
s p e c i a l t y  f i n i t e  element,  boundary e lement )  f o r  s t r e a m l i n e  a n a l y s i s  o f :  
( 1 )  combustor l i n e r s ,  ( 2 )  t u r b i n e  b lades ,  and (3 )  t u r b i n e  vanes. These models 
address t h e  e f f e c t s  o f  h i g h  tempera tu res  and the rma l /mechan ica l  l o a d i n g s  on t h e  
l o c a l  ( s t r e s s / s t r a i n )  and g l o b a l  (dynamics,  b u c k l i n g )  s t r u c t u r a l  b e h a v i o r  o f  
t h e  t h r e e  s e l e c t e d  components. Three computer codes, deve loped and r e f e r r e d  
t o  as MOMM (Mechanics of M a t e r i a l s  Mode l ) ,  MHOST (MARC-Hot S e c t i o n  Techno logy) ,  
and BEST (Boundary Element S t r e s s  Technology),  a r e  u s e r  f r i e n d l y ,  s tand  a l o n e  
and t r a n s p o r t a b l e .  These a r e  d e s c r i b e d  i n  some d e t a i l  and sample s o l u t i o n  
cases a r e  i n c l u d e d  t o  i l l u s t r a t e  s i g n i f i c a n t  f e a t u r e s  and v e r s a t i l i t y  o f  t h e  
methods/codes. The methods and computer codes d e s c r i b e d  i n  t h i s  paper  c o n s t i -  
t u t e  t h e  o n l y  focused r e c e n t  developments i n  advanced s t r u c t u r a l  a n a l y s i s  f o r  
h o t  s t r u c t u r e s .  
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FIGURE 1. - PLATE AND FRAMEWORK CELL SUBJECT TO STATICALLY EQUIVALENT IN-PLANE FORCES. 

MAXIMUM D I  SPLACEPENT 

MOPN NASTRAN PERCENl 

4.17 x 10 -6 3.83 x 8.9 

1.70 x 10-4 1.80 x 10 -5 .7  

3.27 x 3.22 x -1.5 

MAXIMUM STRESS ( p s i )  
MOMM NASTRAN PERCENT 

1.02 x lo3 9.55 lo2 7.2 

1.07 x 10' 1.15 x lo4 -7.4 

2.00 x 104 2.11 x 104 -5.2 

4.13 x 104 4.29 x 104 -3.7 1.15 x lo-' 1.18 x -2.7 

PLATE DESCRIPTION: L/w = 1.67 L/t = 40 E = 2.0 mpsi. v = 0.3 

FIGURE 2. - Mom ANALYSIS RESULTS AND COMPARISONS. 
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FIGURE 4. - MHOST VIBRATION ANALYSIS/COMPARISONS. 
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F I N I T E  ELEMENT MODEL 
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BLISTER REGION MODEL 
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FIGURE 5. - BURNER BLISTER MHOST ANALYSIS. . 

GLOBALILOCAL MODEL 

NOTES: GLOBAL MODEL - LINEAR ELEMENTS 
LOCAL MODEL - QUADRATIC ELEMENTS 

LOCAL (€)/GLOBAL (EX) STRAIN CONTOURS 

FIGURE 6. - MHOST ILLUSTRATIVE EXAMPLE OF VERSATILE GLOBALILOCAL ANALYSIS CAPABIL IT IES FOR INELASTIC STRESS CONCENTRATION 
PROBLEMS. 
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FIGURE 7. - BEST 3D DYNAMIC (TRANSIENT) ANALYSIS RESULTS SPHERICAL CAVITY I N  I N F I N I T E  MEDIUM SUBJECTED TO 
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