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SUMMARY 

The I n t e g r a t e d  High Performance Turb ine Engine Technology ( I H P T E T )  Program 
i s  an i n t e g r a t e d  DODlNASA technology program design t o  double t h e  performance 
c a p a b i l i t y  o f  t o d a y ' s  most advanced m i l i t a r y  t u r b i n e  engines as we e n t e r  t h e  
21s t  c e n t u r y .  Computat ional  f l u i d  dynamics (CFD) i s  expected to  p l a y  an 
i m p o r t a n t  r o l e  i n  t h e  d e s i g n l a n a l y s i s  of s p e c i f i c  c o n f i g u r a t i o n s  w i t h i n  t h i s  
complex machine. I n  o r d e r  t o  do t h i s ,  a p l a n  i s  be ing  developed t o  ensure t h e  

co a t i m e l y  impact o f  CFD on I H P T E T .  Th is  paper, which w i l l  i n t r o d u c e  a panel  d i s -  
co e- cuss ion  on the  t i t l e  s u b j e c t ,  i s  p a r t  o f  t h a t  process.  The paper desc r ibes  t h e  

elements i n  t h e  deve lop ing  p l a n .  The paper i n c l u d e s  s p e c i f i c  examples o f  
s t a t e - o f - t h e - a r t  CFD e f f o r t s  which a re  I H P T E T  t u r b i n e  engine r e l e v a n t .  I t  
at tempts t o  make an e v a l u a t i o n  o f  progress to  t h e  goal  and t o  s e t  some d i r e c -  
t i o n  t o  t h e  f u t u r e .  

l deve lop ing  ph i l osophy  o f  CFD i n  t h e  c o n t e x t  o f  I H P T E T .  I t  desc r ibes  t h e  key 
w 

INTRODUCTION 

The I n t e g r a t e d  High Performance Turb ine Engine Technology ( I H P T E T  Program 
i s  an i n t e g r a t e d  A i r  Force, Army, Navy, DARPA, and NASA technology program 
designed to  double t h e  performance c a p a b i l i t y  o f  t o d a y ' s  m o s t  advanced m i l i -  
t a r y  t u r b i n e  engines as we e n t e r  t h e  2 1 s t  cen tu ry .  
d i f f e r e n t  t h i n g s  i n  d i f f e r e n t  a p p l i c a t i o n s .  As a p p r o p r i a t e  t o  t h e  s p e c i f i c  
a p p l i c a t i o n  i t  cou ld  mean i n c r e a s i n g  t h r u s t - t o - w e i g h t ,  dec reas ing  s p e c i f i c  f u e l  
consumption, i n c r e a s i n g  power-to-weight, and so f o r t h .  No m a t t e r  what t h e  
c r i t e r i a ,  t h e  demands b r i n g  t h e  goals  c lose  t o  t h e  u l t i m a t e  t u r b i n e  engine.  
A l l  o f  t h e  technology tools w i l l  be s t ressed  t o  t h e i r  l i m i t s .  

Doub l i ng  c a p a b i l i t y  means 

The ro le  and impact o f  computat ional  f l u i d  dynamics (CFD) has been t h e  
s u b j e c t  o f  cons ide rab le  d i s c u s s i o n  among t h e  I H P T E T  technology p l a n n e r s .  Those 
p l a n n i n g  component technology and engine demonstrator work recogn ize  t h e  
importance o f  advanced a n a l y t i c  c a p a b i l i t y  i n  h e l p i n g  des igners make c r i t i c a l  
and t i m e l y  dec i s ions  need t o  meet program goa ls .  A c e n t r a l  q u e s t i o n  i s ,  how- 
ever ,  whether and to  what e x t e n t  CFD can r i s e  to  t h e  cha l l enge  o f  b e i n g  u s e f u l ,  
accurate,  r e l i a b l e ,  and t i m e l y  i n  o r d e r  to  s i g n i f i c a n t l y  impact IHPTET 
technology.  
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p u l  s 
1987 

The chal lenge has been expressed by t h e  co-chairman o f  t h e  I H P  
t t e e ,  D r .  Donald D i x ,  on numerous occasions,  one which was t h e  
on ' 8 7  Conference a t  NASA Lewis Research Center .  A t  t h a t  t ime  

D r .  D i x  s e t  o u t  h i s  thoughts on CFD i n  t h e  c o n t e x t  o f  I H P T E T .  

The need: Necessary f o r  t i m i n g  o f  I H P T E T  goa ls  

The f a c t :  No p e r f e c t  s o l u t i o n s  fo reseeab le  

The cha l l enge :  C o n f i g u r a t i o n - s p e c i f i c ,  i m p e r f e c t  s o l u t i o n s ,  

I n  September 1987, an i n te ragency  I H P T E T  CFD p l a n n i n g  team was 

fo r  d e s i g n l a n a l y s i s  purposes 

ET s t e e r i n g  
Ae r o p  ro- 

November 

u s e f u l  

formed and 
added t o  the I H P T E T  s t e e r i n g  committee s t r u c t u r e .  
paper a re  chairman and member, r e s p e c t i v e l y ,  of t h a t  team. The commit te was 
charged w i t h  the  r e s p o n s i b i l i t y  o f  i d e n t i f y i n g  needed IHPTET-related CFD, 
develop ing CFD p lans  or roadmaps, and i n t e g r a t i n g  them i n t o  the  component road- 
maps. 

The au tho rs  o f  t h e  p r e s e n t  

The group was a l s o  t o  e s t a b l i s h  l ong  te rm work ing r e l a t i o n s h i p s .  

Th is  paper i s  an update on t h e  progress i n  comp le t i ng  these t a s k s .  I t  
examines the  ph i l osophy  o f  b r i n g i n g  a fundamental d i s c i p l i n e  t o  bear on an 
a p p l i e d  technology program. 
draws on some s p e c f i c  examples t o  i l l u s t r a t e  IHPTET-relevant CFD. Some assess- 
m e n t s  and p r o j e c t i o n s  f o r  t h e  f u t u r e  a r e  i nc luded .  We be ing  w i t h  some though ts  
on t h e  DOD and NASA Lewis p e r s p e c t i v e s  t o  s e t  t h e  stage. 

I t  o u t l i n e s  a framework for  b u i l d i n g  a p l a n  and 

DOD PERSPECTIVE ON CFD 

The I H P T E T  i n i t i a t i v e  has chal lenged b o t h  government and i n d u s t r y  o r g a n i -  

Across t h e  i n d u s t r y  t h r e e  p r i n c i p l e  techno logy  areas 
z a t i o n s  t o  i d e n t i f y  those techno log ies  which a r e  c r i t i c a l  t o  meet ing a h i g h l y  
aggress ive s e t  of goa ls .  
have been i d e n t i f i e d :  ( 1 )  computat ional  f l u i d  dynamics (CFD) ,  ( 2 )  advanced 
s t r u c t u r a l  designs, and ( 3 )  advanced m a t e r i a l s .  C l e a r l y ,  CFD i s  a key p l a y e r  
i n  our  e f f o r t s  t o  double p r o p u l s i o n  c a p a b i l i t y  as we e n t e r  t he  2 1 s t  c e n t u r y .  
The CFD e f f o r t s  i n  t h i s  c o u n t r y  can e a s i l y  be d i v i d e d  i n t o  two c a t e g o r i e s :  
( 1 )  t h e  h i g h l y  t h e o r e t i c a l ,  u n i v e r s i t y  l e v e l  development o f  p h y s i c a l  models 
and numerics, and (2 )  h i g h l y  a p p l i e d  des ign and a n a l y s i s  o f  complex p h y s i c a l  
hardware. DOD has chosen to  concen t ra te  i t s  CFD e f f o r t s  on s u p p o r t i n g  a p p l i -  
c a t i o n  t o  design and exper imenta l  suppor t  of hardware development. T h i s  
cho ice  has a l l owed  DOD t o  t a i l o r  i t s  suppor t  of CFD t o  match t h e  needs o f  t h e  
m a t e r i a l s  or component under development. 
r e q u i r e  h i g h l y  c o n t r o l l e d  thermal or aerodynamic environments,  environments f a r  
beyond t h e  c a p a b i l i t y  o f  c l a s s i c a l  development technology.  The c o m p l e x i t i e s  
o f  these new hardware components have a l s o  exceeded t h e  c a p a b i l i t y  o f  c l a s s i c a l  
des ign development technology t o  achieve. 
t i o n s  have h i g h l i g h t e d  two areas r e q u i r i n g  increased e f f o r t :  
body o f  d a t a  t o  suppor t  development i s  t o t a l l y  inadequate i n  b o t h  d e t a i l  and 
completeness and must be expanded; ( 2 )  t he  models themselves l a c k  t h e  r i g o r o u s -  
ness r e q u i r e d  t o  f u l l y  and a c c u r a t e l y  desc r ibe  hardware f low f i e l d s .  
impact of these l i m i t a t i o n s  i s  increased des ign e f f o r t  and t e s t i n g .  The 
response has been the  expansion and increased s o p h i s t i c a t i o n  o f  d a t a  c o l l e c t i o n  
r e q u i r e d  i n  development programs. CFD development i s  b e n e f i t t i n g  d i r e c t l y  from 
t h i s  new d a t a  because i t  p rov ides  the  q u a n t i t y  and q u a l i t y  o f  d a t a  needed by 
code developers.  Both the  research  and the  i n d u s t r i a l  communit ies r e c e i v e  

Most of t h e  advanced m a t e r i a l s  

DOD e f f o r t s  t o  suppor t  CFD a p p l i c a -  
( 1 )  t h e  e x i s t i n g  

The 
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s y n e r g i s t i c  b e n e f i t s  by t h e  da ta  used t o  generate CFD c a p a b i l i t y  based upon 
c o n f i g u r a t i o n s  c l o s e l y  a l i g n e d  w i t h  p roduc t  needs. The q u a l i t y  o f  b o t h  CFD 
and gas genera to r  hardware i s  be ing  improved th rough  t h e  f u n d i n g  o f  CFD 
s u p p o r t i n g  d a t a  i n  o u r  technology development programs. What has been l e f t  
o u t  o f  t h i s  d i s c u s s i o n  i s ,  "Who does t h i s  p h y s i c a l  model improvement?" DOD 
recognized t h a t  CFD development i s  a j o b  n o t  w e l l  s u i t e d  t o  development under 
t h e  t ype  o f  t i m e  schedule t o  which I H P T E T  i s  b e i n g  p laced.  Our b e s t  hope i s  
t o  draw upon CFD models c u r r e n t l y  under development and n e a r i n g  a p p l i c a t i o n .  
These a v a i l a b l e  models cou ld  then be t r a n s i t i o n e d  to  a n a l y s i s  and des ign  use. 
I t  i s  a t  t h i s  p o i n t  where the  I H P T E T  p a r t n e r s h i p  w i t h  NASA has some o f  i t s  
g r e a t e s t  p a y o f f s .  NASA i s  w e l l  p o s i t i o n e d  for work ing  w i t h  t h e  b a s i c  research  
community w h i l e  a l s o  h e l p i n g  t o  t r a n s i t i o n  t h a t  t echno logy  t o  t h e  i n d u s t r i a l  
communi t y  . 

NASA PERSPECTIVE ON CFD 

CFD i s  s s i g n i f i c a n t  p a r t  of t h e  NASA Research and Technology program. 
The CFD e f f o r t s  a t  t he  reseach cen te rs ,  NASA Lewis, Langley,  and Ames,  t end  

--towards the  development o f  p h y s i c a l  models and numerics as w e l l  as model ing 
and v a l i d a t i o n  exper iments.  NASA Lewis leads t h e  a e r o p r o p u l s i o n  research  and 
much o f  i t s  CFD e f f o r t  i s  d i r e c t e d  towards t h e  f low phys i cs  o f  t h e  t u r b i n e  
engine. P a r t  o f  the  work i s  done in-house a t  NASA Lewis and thus p r o v i d e s  a 
t e c h n i c a l  cadre of  exper ienced p r o f e s s i o n a l s  as w e l l  as t h e  CFD o u t p u t .  

NASA i s  p leased t o  be a p a r t n e r  w i t h  the  DOD on IHPTET,  e s p e c i a l l y  i n  
NASA can make s i g n i f i c a n t  s p e c i f i c  c o n t r i b u t i o n s  as suggested i n  t h e  

Also the  p a r t n e r s h i p  p rov ides  an i m p o r t a n t  f o c u s  t o  t h e  
FD. 
r e v i o u s  s e c t i o n .  
?search and t h e  DOD ef for t  p rov ides  a r e a l  component/engine env i ronment  
bchnology base t o  suppor t  and t e s t  t h e  p r e d i c t i v e  c a p a b i l i t y  o f  t h e  
mpu ta t i ona l  tool s .  

IHPTET CFD PLAN 

I t  should be emphasized r i g h t  from t h e  s t a r t  t h a t  t h e  IHPTET CFD p l a n  i s  
1 1  e v o l v i n g .  I n  f a c t ,  i t  i s  a p r imary  purpose o f  t h i s  paper and t h e  com- 
ion panel '  d i s c u s s i o n  to  evoke d i s c u s s i o n  and response t o  t h e  deve lop ing  
\. On t h e  o t h e r  hand, cons ide rab le  d i s c u s s i o n  has a l r e a d y  gone i n t o  t h e  

ew i t s  framework. 
and t h i s  seems t o  be an a p p r o p r i a t e  t i m e  and an a p p r o p r i a t e  forum t o  

1Panel on CFD i n  the  Context  o f  I H P T E T  
S. P i c k e t t ,  P r a t t  & Whitney, East Har t fo rd ,  CT; CFD C o n t r i b u t i o n s  i n  Gas 
l e  Design. 
1 .  Mongia, General Motors Corp., I n d i a n a p o l i s ,  I N ;  Assembling CFD Tools 
n E f f e c t i v e  Des ign lAna lys i s  Scheme. 
. Suo, GE A i r c r a f t  Engines, C i n c i n n a t i ,  OH; Connect ing t h e  Code 
3e r  t o  the  Designer.  

S t r a z i  sa r ,  NASA Lewis Research Center,  Cleveland,  OH; Exper imenta l  
r a t i o n s  o f  Component Ana lys i s  C a p a b i l i t y .  
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I t  i s  a l s o  impor tan t  t o  r e a l i z e  t h a t  t h e  p l a n  i s  a s l i c e  i n  t ime .  I t  has 
a pas t  as w e l l  as a f u t u r e .  Whi le  i t  i s  t h e  f u t u r e  t h a t  concerns us, i t  i s  
impor tant  t o  no te  t h a t  CFD i s  a l r e a d y  impac t ing  t u r b i n e  engine d e s i g n l a n a l y s i s  
i n  a s i g n i f i c a n t  way. Th is  w i l l  be d iscussed more i n  t h e  n e x t  s e c t i o n .  

The cha l l enge  o u t l i n e d  i n  t h e  i n t r o d u c t i o n  i s  r e a l l y  t h e  cha l l enge  heard 
throughout t h e  t u r b i n e  engine community. For CFD t o  impact IHPTET,  i t  must be 
c o n f i g u r a t i o n - s p e c i f i c ,  i t  must be usefu l  for  d e s i g n l a n a l y s i s  purposes, i t  
must c a p t u r e / i d e n t i f y  phys i cs  key t o  t h e  des ign  o f  t h e  component b e i n g  
analyzed, i t  must have demonstrated c a p a b i l i t y ,  and i t  f i n a l l y  must be t ime ly .  

Looking f i r s t  a t  t he  key phys i cs  q u e s t i o n ,  t he  committee at tempted to  
i d e n t i f y  impor tan t  p h y s i c a l  phenomena r e q u i r i n g  analyses and t h e  CFD needs t o  
do the j o b .  These a re  i l l u s t r a t e d  i n  f i g u r e  1 .  The l i s t  i s  n o t  i n t e n d e d  t o  
be exhaust ive,  b u t  c e r t a i n l y  g i v e s  t h e  f l a v o r  and cha l l enge  o f  t h e  t a s k .  I n  
making such a l i s t ,  i t  i s  impor tan t  t o  recogn ize  t h a t  a code does n o t  have t o  
be p e r f e c t  t o  be use fu l - - t o  c a p t u r e  key phys i cs .  For example, a f u l l  t h ree -  
dimensional  Navier-Stokes code may s t i l l  need c o n s i d e r a b l e  work to  r e s o l v e  
v iscous l o s s e s  i n  turbomachinery b lade rows, b u t  may do a w h o l l y  adequate j o b  
o f  p r e d i c t i n g  secondary f l o w  p a t t e r n s  and/or  three-d imensional  shock s t r u c t u r e .  
I f  i t  can be demonstrated t h a t  i t  can do t h e  l a t e r ,  then i t  should be used and 
should n o t  w a i t  for p e r f e c t i o n .  However, c a u t i o n  must be e x e r c i s e d  t h a t  codes 
a re  n o t  used beyond t h e i r  demonstrated c a p a b i l i t y  l e s t  t hey  l e a d  t h e  des igne r  
astray, and i n  the p r o c e s s  lose their credibility. 

This  leads t o  two of the  t h r e e  main elements o f  t h e  p l a n ;  t h e  f i r s t  d i s -  
cussed above, i s  be ing  s a t i s f i e d  t h a t  a l l  key p h y s i c a l  phenomena r e q u i r i n g  
analyses a r e  r e c e i v i n g  a t t e n t i o n  ( f i g .  1 ) .  The n e x t  two elements a r e  t h e  
concepts o f  component a n a l y s i s  c a p a b i l i t y  demonstrat ions and o f  e s t a b l i s h i n g  a 
pa th  o f  c r e d i b i l i t y .  

Many CFD groups, c e r t a i n l y  NASA Lewis, have adopted t h e  p o s i t i o n  t h a t  CFD 
extends w e l l  beyond code development. 
an impor tan t  t r i a n g l e ,  which i n c l u d e s  p h y s i c a l  model ing and a l s o  exer iments t o  
g e t  a t  t h e  phys i cs  and v a l i d a t e  t h e  codes. This  i s  i l l u s t r a t e d  i n  f i g u r e  2 
w i t h  added.dimensions impor tan t  t o  I H P T E T .  F i r s t ,  t h e  CFD l o o p  must be I H P T E T  
s p e c i f i c .  The code development, t h e  p h y s i c a l  model ing,  and t h e  exper iments 
must be f o r  geometr ies and phys i cs  one would expect  t o  f i n d  i n  a modern 
t u r b i n e .  
key phys i cs  i n  ques t i on )  v e r i f i e d  i n  component t e s t  r i g s .  These exper iments 
can bo th  offer the  cha l l enge  and p r o v i d e  t h e  d a t a  which can r e s o l v e  whether 
t h e  cha l l enge  was m e t .  These w i l l  n o r m a l l y  be h i g h l y  i ns t rumen ted  component 
t e s t  r i g s  which o f fe r  r e a l i s t i c  geometr ies and o p e r a t i n g  c o n d i t i o n s ,  w h i l e  a t  
t he  same t i m e  p r o v i d i n g  good c o n t r o l  and d e f i n i t i o n  o f  boundary c o n d i t i o n s  as 
w e l l  as d e t a i l e d  data.  The key t o  success w i l l  be i n  i d e n t i f y i n g  good exper-  
iments t h a t  can t e s t  t h e  codes i n  a t i m e l y  manner and i n  s h a r i n g  t h e  r e s u l t s  
w i t h  the I H P T E T  community. An example of such exper iments a re  t h e  t r a n s o n i c  
fan work o f  S t r a z i s a r  ( r e f .  l ) ,  Pie rzga  and Wood ( r e f .  2 )  a t  NASA Lewis and 
Wennerstrom ( r e f .  3) a t  WRDC. 

Code development i s  seen as one l e g  o f  

Second, t h e  codes need to  have t h e i r  p r e d i c t i v e  c a p a b i l i t y  ( fo r  t h e  

The f i n a l  key p o i n t  t o  t h e  p l a n  i s  a t tempt  t o  e s t a b l i s h  paths o f  
c r e d i b i l i t y  t h a t  t he  IHPTET-related CFD w i l l  f low i n t o  the  component/ 
demonstrator p r o g r a m ' i n  a r e l i a b l e  and timely manner. 
have s e l e c t e d  one program element i n  t h e  I H P T E T  CFD p l a n :  t h e  m u l t i s t a g e  f low 
phys ics program. ( A c t u a l l y ,  t h e r e  a re  two m u l t i s t a g e  program elements;  one i n  

To i l l u s t r a t e  t h i s ,  we 
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compressors and one i n  t u r b i n e s . )  
anan lys i s  codes o f  Adamczyk and co-workers ( r e f s .  4 and 5 ) .  C o n s i s t e n t  w i t h  
the  model i n  f i g u r e  2, t h i s  program i s  n o t  o n l y  t h e  development o f  a code. I t  
i n c l u d e s :  ( 1 )  ex tens i ve  model development, ( 2 )  exper iments i n  a l a r g e ,  low 
speed a x i a l  compressor to  a i d  i n  t h e  model ing and c a l i b r a t e  t h e  code, (3) a 
planned c o n t r a c t  i n  a t u r b i n e  r i g  t o  g e t  a t  s tage e f f e c t s  on secondary f low, 
and ( 4 )  developments i n  p a r a l l e l  p rocess ing  t o  speed t h e  c a l c u l a t i o n s  and t o  
enhance t h e  d a t a  a c q u i s i t i o n  and a n a l y s i s .  ( I t  should be no ted  t h a t  t h e r e  a re  
o t h e r  CFD e f f o r t s  n a t i o n a l  l y  d i r e c t e d  a t  mu1 t i  stage phys i  cs.  Th is  was chosen 
because i t  i s  on t h e  NASA Lewis IHPTET-related CFD roadmaps and w i l l  be i n  t h e  
p u b l i c  domain.) The f l o w  o f  t h i s  program element i n  t h e  c o n t e x t  o f  I H P T E T  i s  
shown i n  f i g u r e  3.  

Th i s  program i s  based on t h e  average passage 

A few obse rva t i ons  a re  i n  o r d e r .  F i r s t ,  t h e  p a t h  shown by t h e  heavy 
arrows i s  an i d e a l  pa th  where a new l e v e l  of conf idence i s  e s t a b l i s h e d  a t  each 
s tep.  Other  more d i r e c t  paths can and w i l l  occu r .  Some p o s s i b l e  a l t e r n a t e  
paths a re  shown i n  dashed l i n e s .  They must, however, be used w i t h  c a u t i o n  and 
understanding.  Furthermore, t he  f l o w  i s  n o t  one way. There i s  c o n s i d e r a b l e  
feedback and corresponding improvement. 
c h a r t ,  n o t  a l l  paths a re  i l l u s t r a t e d .  The main p o i n t  i s  t o  suggest t h a t  i t  i s  
p o s s i b l e  for  advanced CFD tools,  such as t h e  mu1 t i  stage phys i cs  p r o g r a d a v e r a g e  
passage a n a l y s i s ,  t o  f l o w  i n t o  IHPTET component des ign lana lyses  i n  a c r e d i a b l e  
and t ime ly  manner. I t  i s  v e r y  reasonable t o  expect  t h a t  t h e  program chosen 
fo r  d i s c u s s i o n  can impact Phase I1  IHPTET m u l t i s t a g e  machines. For t h e  I H P T E T  
CFD p l a n  to  be success fu l ,  a l l  o f  t h e  program elements w i l l  have to  be 
reviewed a g a i n s t  a model such as i l l u s t r a t e d  i n  f i g u r e  3, f o r  t h e i r  t imely  
impact on t h e  I H P T E T  roadmaps. I t  should be noted,  as i l l u s t r a t e d  i n  f i g u r e  3, 
t h a t  t h e r e  i s  cons ide rab le  o v e r l a p  a t  each l e v e l .  There i s  n o t  j u s t  one b u i l d  
or one e n t r y  p o i n t .  The tools can, i n  f a c t ,  e n t e r  ove r  a seve ra l  yea r  i n t e r v a l  
t o  have a t imely impact.  On t h e  o t h e r  hand, t h e r e  i s  a s p e c i f i c  window, and 
resources w i l l  have t o  be p r o p e r l y  a l i g n e d  t o  match t h e  o p p o r t u n i t i e s .  

I n  o r d e r  t o  a v o i d  o v e r l o a d i n g  t h e  

The d e t a i l e d  roadmaps, showing IHPTET-related CFD program elements,  such 
as the  one d iscussed above, a re  under development and w i l l  n o t  be d iscussed i n  
d e t a i l  h e r e i n .  They w i l l  have elements i n  each of t h e  component areas:  ( 1 )  
fans/compressors,  ( 2 )  combustors/augmentors, ( 3 )  t u r b i n e s ,  and ( 4 )  nozz les .  
Many o f  t h e  near- term ( n e x t  5 yea rs )  programs a r e  i n  p l a c e .  They tend t o  
emphasize t h e  t ime-averaged phys i cs  and a re  expected to  impact  Phase I1 o f  
I H P T E T .  The Phase I11 p l a n n i n g  i s  l e s s  developed, b u t  w i l l  p r o b a b l y  emphasize 
t i m e - r e s o l u t i o n  and multidiscipline/multisystem analyses.  Before l o o k i n g  t o  
the  f u t u r e ,  i t  i s  a p p r o p r i a t e  to  f irst look a t  where we s tand  now. 

STATUS OF TURBINE E N E G I N E  CFD 

The key p h y s i c a l  phenomena of CFD for t u r b i n e  engines a r e  summarized i n  
f i g u r e s  l ( a )  and (b ) .  However, these needs must be p u t  i n  an I H P T E T  c o n t e c t  
so t h a t  p r i o r i t i e s  can be e s t a b l i s h e d  and so near te rm component and engine 
des ign e f for ts  can be helped. 

The c r i t i c a l  needs of component and engine des ingers address t h e  accu ra te  
knowledge o f  p h y s i c a l ,  arerothermal  processes as i n f l uenced  by f l o w p a t h  hard- 
ware. The use of ,CFD can be grouped i n t o  t h r e e  c a t e g o r i e s :  ( 1 )  r o u t i n e  
des ign,  ( 2 )  developmental problem s o l v i n g  or des ign checking, and (3) d e t a i l e d  
a n a l y s i s .  Each l e v e l  i s  c h a r a c t e r i z e d  by i n c r e a s i n g  comp lex i t y ,  d e t a i l ,  and 
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d i f f i c u l t y .  A t  t he  " r o u t i n e  des ign"  stage, CFD i s  p redomina te l y  two- 
dimensional  , i n v i  s c i  d and boundary 1 ayer  codes. 
"des ign checking" l e v e l  i s  dominated by E u l e r  S o l v e r  codes. 
l e v e l  i s  p r i m a r i l y  composed of three-d imensional  boundary l a y e r  and N a v i e r  
Stokes codes, bo th  steady and unsteady. 
new da ta  t h a t  conf i rms o r  r e j e c t s  des ign  choices.  

The "problem sol v i  ng" or 
The " a n a l y s i s "  

Each l e v e l  p rov ides  the  des igne r  w i t h  

The bas i c  parameters of b u l k  flow v e l o c i t i e s  and p ressu re  f i e l d s  a r e  rou- 

I t  i s  i n  t h e  "des ign  check ing"  o r  "problem s o l v i n g "  phase 

t i n e l y  so lved by two- and three-d imensional  p o t e n t i a l  f i e l d ,  boundary l a y e r ,  
and Eu le r  Solver codes. 
r e q u i r e d  s o l u t i o n s .  
i n  which t o d a y ' s  "des ign"  s ta te -o f - the -a r t  i s  d e f i n e d .  Both compressor and 
t u r b i n e  des igners now use E u l e r  So lve r  codes t o  r e f i n e  hardware c o n f i g u r a t i o n s .  
Many o f  these Eu le r  codes produce s teady s t a t e  s o l u t i o n s  t o  m u l t i b l a d e  row 
s o l u t i o n  f i e l d s .  J u s t  as w i t h  t h e  " r o u t i n e "  code s o l u t i o n s ,  these i n t e r m e d i a t e  
codes a re  patched t o g e t h e r  t o  g i v e  complete f low f i e l d  s o l u t i o n s .  A t  t h i s  
l e v e l  o f  re f i nemen t  boundary t rea tmen ts  become a fundamental p a r t  o f  t h e  codes 
accuracy.  Body f i t t e d  coo rd ina tes ,  whether o r thogona l  or n o t ,  a re  v i t a l .  The 
unique na tu re  o f  combustion has a l r e a d y  d r i v e n  t h e  combustor des igne r  t o  th ree -  
dimensional  v iscous f low codes. The TEACH t ype  two- and three-d imensional  
v iscous codes a re  by f a r  t h e  p r e v a i l i n g  tools.  Chemist ry  and r a d i a t i o n  models 
con t inue  to  be t h e  weakest p a r t s  o f  these codes. 

These codes a re  patched t o g e t h e r  t o  p r o v i d e  t h e  

A t  t h i s  po in t ,  we move beyond the r o u t i n e  t o  the CFD codes t h a t  t h e  
designer  f r e q u e n t l y  s e e s  as the ones of l a s t  resor t ,  those p h y s i c a l  models, 
a l g o r i t h m s  and s o l u t i o n  processes s t i l l  under development. For d i s c u s s i o n ,  
here the  CFD needs of a des igner  a re  d i v i d e d  i n t o  r o t a t i n g  machinery needs and 
needs n o t  i m p l i c i t l y  t i e d  t o  r o t a t i n g  hardware. For r o t a t i n g  machinery t h e  
needs a re  shock and boundary l a y e r  i n t e r a c t i o n ,  v i s c o u s / i n v i s c i d  i n t e r a c t i o n s ,  
three-dimensional  boundary l a y e r ,  and b lade  row i n t e r a c t i o n s  or unsteady aero- 
dynamics and, f i n a l l y ,  heat  t r a n s f e r .  Between t h e  compressor and t u r b i n e ,  t h e  
f l u i d  temperature and composi t ion may be s l i g h t l y  d i f f e r e n t  and t h e  p ressu re  
f i e l d  reversed b u t ,  except  f o r  hea t  t r a n s f e r ,  t h e  key p h y s i c a l  phenomena 
l i s t e d  above a re  the  s ta te -o f - the -a r t  problems i n  a l l  r o t a t i n g  turbomachinery 
CFD. Not i m p l i c i t l y  t i e d  t o  r o t a t i n g  hardware a re  v i s c o s i t y  e f f e c t s ,  chemical  
r e a c t i o n ,  heat  r e l e a s e ,  combustion unsteadiness,  and bo th  s teady and unsteady 
heat  t r a n s f e r .  I t  i s  i n  t h i s  f i n a l  l e v e l  t h a t  t h e  complete f l o w p a t h  s o l u t i o n  
i s  coming f rom one code. The ever  p r e s e n t  need for improved t u r b u l e n c e  model- 
i n g  goes w i t h  a l l  c l asses  o f  needs. 
sca le  tu rbu lence .  A growing body of d a t a  i s  p o i n t i n g  a t  l a r g e  s c a l e  t u r b u l e n c e  
as a key c o n t r i b u t o r  t o  unsteady flow in f l uence  on hardware performance. These 
needs a re  n o t  brand new and bo th  NASA and DOD have e f f o r t s  underway which a r e  
p r o v i d i n g  impor tan t  c o n t r i b u t i o n s  i n  these many areas.  

Of somewhat growing importance i s  l a r g e  

Exper imental  suppor t  f o r  CFD i s  a l s o  underway a t  b o t h  NASA and w i t h i n  

As mentioned e a r l i e r  i n  the  p e r s p e c t i v e s ,  t h e  DOD suppor ted 

The 

DOD. However, i n  t h e  development of CFD these two p a r t n e r s  take  s i g n i f i c a n t l y  
d i f f e r e n t  paths.  
work stays c l o s e r  t o  t h e  des ign and t h e  hardware, a l t hough  i n  p r a c t i c e  one w i l l  
f i n d  many s i m i l a r i t i e s  i n  approach. Nowhere i s  D O D ' s  suppor t  o f  engine des ign  
and development aspects o f  CFD seen b e t t e r  than i n  c u r r e n t  work e f f o r t s .  
NAFCOT Fan, developed by P r a t t  & Whitney A i r c r a f t  under a j o i n t  N a v y l A i r  Force 
c o n t r a c t ,  shown i n  f i g u r e  4, was t e s t e d  i n  WRDC's Compressor Research F a c i l i t y .  
Th is  program i ,s  an o u t s t a n d i n g  example of advanced technology p r o v i d i n g  c r i  t i- 
c a l  da ta  never b e f o r e  a v a i l a b l e .  Advanced l a s e r  i n s t r u m e n t a t i o n  was used t o  
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map t h e  two- and three-d imensional  f low f i e l d  o f  t h i s  h i g h l y  swept f a n  d u r i n g  
f u l l  speed o p e r a t i o n  a t  des ign c o n d i t i o n s .  
p o i n t s  i s  i l l u s t a t e d  i n  f i g u r e  5. 

The s p a t i a l  m a t r i x  o f  d a t a  sampl ing 

T h e o r e t i c a l  a n a l y s i s  i s  n o t  be ing  t o t a l l y  l e f t  to  NASA Lewis as evidenced 
by t h e  A i r  F o r c e ' s  r e c e n t  i n i t i a t i o n  of an i n  house e f f o r t  t o  develop a th ree -  
d imensional ,  quasi  steady, Navier-Stokes code f o r  a n a l y s i s  o f  2-1/2 stages or 
f i v e  b lade rows o f  a compressor. The s o l u t i o n  g r i d  and p ressu re  f i e l d  o f  one 
o f  these b lade  rows are  i l l u s t r a t e d  i n  f i g u r e s  6 and 7 .  Under t h i s  e f f o r t  t h e  
A i r  Force hopes t o  a c c u r a t e l y  cap tu re  shock wave behav io r  t h rough  success ive 
b lade  rows. S i m i l a r l y ,  t h e  t u r b i n e  area i s  a c t i v e l y  p u r s u i n g  unsteady f low 
e f f e c t s ,  i n c l u d i n g  shocks, through m u l t i p l e  b lade  rows. A good example of 
t h i s  e f f o r t  i s  t h e  A i r  Force Vane Blade I n t e r a c t i o n  program w i t h  A l l i s o n  Gas 
Turb ine D i v i s i o n  o f  General Motors Corpo ra t i on .  The program goal  i s  t o  
develop t h e  a n a l y s i s  c a p a b i l i t y  t o  cap tu re  shocks, unsteady ae ro  e f f e c t s  and 
heat  t r a n s f e r .  To date,  work has focused on a two-dimensional E u l e r  S o l v e r  t o  
e s t a b l i s h  the  ro to r  and s t a t o r  i n t e r a c t i o n .  S t a t o r  and r o t o r  s o l u t i o n s  a r e  
i t e r a t e d  t o  s a t i s f y  i n te rboundary  c o n d i t i o n s  a t  g r i d  o v e r l a p  p o i n t s .  The g r i d  
and pressure f i e l d  a re  shown i n  f i g u r e s  8 and 9. The a n a l y s i s  code a c c u r a t e l y  
reproduces major f low f e a t u r e s  i n c l u d i n g  shocks. Remaining work has two 
o p t i o n s ,  t o  extend t h e  code t o  a f u l l  three-dimensional  E u l e r  S o l v e r  or t o  
pursue a Nav ie r  Stokes s o l u t i o n  so t h a t  v i scous  e f f e c t s  can be p i c k e d  up and 
hea t  t r a n s f e r  c o e f f i c i e n t s  can be evaluated.  I d e a l l y ,  an unsteady b l a d e  t o  
b lade  Nav ie r  Stokes a n a l y s i s  c a p a b i l i t y  would cap tu re  a l l  t he  major  f low fea -  
t u r e s ,  i n c l u d i n g  shocks and wakes and t h e i r  e f f e c t  on hea t  t r a n s f e r .  The 
importance o f  such a s o l u t i o n  i s  emphasized by c u r r e n t  es t ima tes  t h a t  wakes 
from blades cause a f a c t o r  of f i v e  increase i n  heat  t r a n s f e r  c o e f f i c i e n t  on t h e  
su r face  o f  f o l l o w i n g  b lades.  Exper imental  d a t a  d i r e c t l y  s u p p o r t i n g  t h e  Vane 
Blade I n t e r a c t i o n  program i s  be ing  conducted i n  the  Calspan t r a n s i e n t  t u r b i n e  
r i g .  The exper imenta l  s t a t o r  and rotor b lade rows a r e  f u l l  sca le  and a l l o w  
d i r e c t  comparison between a n a l y s i s  code p r e d i c t i o n s  and exper imenta l  da ta .  The 
exper imenta l  r e s u l t s  o f  t h i s  research  have been p e r i o d i c a l l y  r e p o r t e d  a t  tech-  
n i c a l  conferences by Dunn e t  a l .  ( r e f .  6). I n  the  combustor area, t h e  A i r  
Force and NASA a re  c u r r e n t l y  conduct ing a j o i n t  e f fo r t  on the  d i f f u s e r  between 
t h e  compressor and combustor. The Combustor D i f f u s e r  I n t e r a c t i o n  program, 
be ing  conducted by G a r r e t t  Engine D i v i s i o n  o f  A l l i e d  S igna l  Aerospace Company, 
i s  deve lop ing  a h i g l y  d e t a i l e d  and comprehensive da ta  s e t  documenting f low i n  
a r e a l i s t i c  t e s t  c o n f i g u r a t i o n .  The exper imenta l  apparatus i s  shown i n  f i g -  
u r e  10. A diagram o f  t h e  t e s t  c o n f i g u r a t i o n ,  w i t h  r e p r e s e n t a t i v e  d a t a  a t  meas- 
urement p lane  l o c a t i o n s ,  i s  g i ven  i n  f i g u r e  1 1 .  When completed t h i s  program 
w i l l  p r o v i d e  a comprehensive da ta  s e t  u s e f u l  f o r  deve lop ing  and v a l i d a t i n g  
advanced des ign  codes. 
des ign which w i l l  be the  b a s i s  f o r  G a r r e t t ' s  f u t u r e  engine systems. 

The e f f o r t  w i l l  a l s o  produce a new combustor d i f f u s e r  

Most of t h e  programs d iscussed above a r e  c l o s e l y  t i e d  t o  c u r r e n t  hardware 
development e f f o r t s .  A l l  a r e  d i r e c t l y  focused a t  p r o v i d i n g  b e t t e r  des ign  and 
a n a l y s i s  c a p a b i l i t y  which w i l l  impact t he  IHPTET i n i t i a t i v e .  The DOD and NASA 
e f fo r t s  t o  c o o r d i n a t e  CFD and suppor t i ng  programs a re  t a k i n g  advantage o f  these 
programs and o t h e r s  l i k e  them t o  p r o v i d e  the  c r i t i c a l  "pa th  o f  c r e d i b i l i t y "  
f o r  CFD from b a s i c  research  environment t o  t h e  des ign shop where tomorrow's 
engine s y s t e m s  take shape. 
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IMPACT OF CFD ON I H P T E T  

The grand goal of d o u b l i n g  performance c a p a b i l i t y  cascades i n t o  many 
i n d i v i d u a l  perfromance goa ls  for each component--temperature, pressure,  pres-  
sure r a t i o  per  stage, work pe r  stage, e f f i c i e n c y ,  we igh t ,  e t c .  Each o f  these 
component technology goa ls  has a s e t  of e n a b l i n g  techno log ies ,  f o r  example: 
a c h i e v i n g  a c e r t a i n  m a t e r i a l  temperature.  Three-dimensional  s teady and 
unsteady v iscous CFD i s  c i t e d  i n  severa l  areas as one o f  these component 
technology enab l i ng  t e c h n o l o g i e s .  

The ques t i on  fo r  t h e  I H P T E T  p lanners  i s  how t h e  e n a b l i n g  technology of 
three-dimensional  v iscous s teadylunsteady CFD w i l l  impact I H P T E T .  F i r s t ,  i t  
must be noted t h a  computat ional  des ign lana lyses  have been impac t ing  t u r b i n e  
engine des ign f o r  yea rs .  So when we ask t h e  q u e s t i o n  of impact,  we must be 
sure we a re  on the  same foundat ion;  t h a t  t h e  founda t ion  be ing  t h e  f u l l  t h ree -  
dimensional  v iscous analyses.  The impact of these analyses w i l l  depend on the  
accuracy,  r e l i a b i l i t y ,  f i d e l i t y ,  and speed w i t h  which t h e  computat ional  ana- 
l y s e s  reproduce the  c r i t i c a l  phys i cs  o f  t u r b i n e  engine components. 

I n  o r d e r  t o  m e e t  t h a t  t e s t ,  CFD has i t s  own e n a b l i n g  technologies--one 
l e v e l  f u r t h e r  i n  t h e  ref inement  of I H P T E T  g o a l s .  I n  f i g u r e  12, an a t tempt  i s  
made t o  examine the  e n a b l i n g  CFD techno log ies  a g a i n s t  t h e  I H P T E T  t i m e t a b l e .  
I n  Phase I, which i s  a lmost  h i s t o r y  as f a r  as CFD i n  I H P T E T  i s  concerned, t h e  
emphasis was on numerics and b u i l d i n g  codes t o  take advantage o f  t h e  e x p l o s i o n  
i n  computer hardware. I n  Phase 11, which f o r  CFD i s  on us now, the  growth i n  
a l g o r i t h m s  w i l l  con t i nue ,  b u t  t h e r e  w i l l  be a s t r o n g  s h i f t  towards model ing 
t h e  phys i cs  t h a t  cannot be cap tu red  by b r u t e  force numerics.  We a l r e a d y  have 
e x c e l l e n t  computat ional  t o o l s  and they  a re  growing s t e a d i l y .  The Phase I 1  
i n t e r v a l  w i l l  see  a combinat ion o f  advanced codes, advanced c o n f i g u r a t i o n -  
s p e c i f i c  exper iments,  and p h y s i c a l  model ing,  such as desc r ibed  i n  t h e  d i s -  
cuss ion  o f  f i g u r e s  2 and 3, t o  b r i n g  r e a l i t y  and r e l i a b i l i t y  t o  t h e  des ign /  
analyses s y s t e m s .  A s  Phase I11 i s  approached, these w i l l  a l l  con t i nue  and a 
new e x p l o s i o n  i n  computing--massive p a r a l l e l  processing--should a l l o w  growth 
t o  m u l t i d i s c i p l i n e ,  mult icomponent analyses, approaching an i n t e r a c t i v e  des ign  
sys t e m .  

I f  t h e  CFD community (which i n c l u d e s  code developers,  modelers,  and exper-  
i m e n t a l i s t s )  can develop t h e  e n a b l i n g  techno log ies  i n  a t ime ly  manner, then i n  
t h e  o p i n i o n  o f  t h e  au tho rs  t h e  impact of CFD on I H P T E T  can be summarized as 
f o l l o w s .  F i r s t ,  i n  Phase I, t h e  impact of CFD has been l a r g e l y  a f t e r  t h e  
f a c t .  CFD has been used t o  examine new design f r e q u e n t l y  a f t e r  t h e y  have been 
b u i l t .  The analyses have been ve ry  usefu l  i n  e x p l o r i n g  t h e  reasons fo r  good 
o r  bad performance and suggest ing improvements. I t  i s  a new tool--one of 
many--gaining acceptance and use, b u t  w i t h  many s k e p t i c s .  Phase I 1  w i l l  see  
CFD impac t ing  I H P T E T  c o n c u r r e n t l y  w i t h  the  des ign.  
u s i n g  t h e  codes, t he  data,  and the  models, t h e  des igner  and the  a n a l y s t  w i l l  
work t o g e t h e r  t o  improve des ign before the  metal  i s  cut - -or  t he  ceramic i s  
f i r e d .  By Phase 111, t h e  p rosepc t  i s  for CFD t o  l e a d  the  design, n o t  com- 
p l e t e l y ,  b u t  i n  s e l e c t  areas where t h e  d e t a i l s  o f  some l o c a l  p h y s i c a l  
phenomenon cou ld  a f f e c t  t he  o v e r a l l  performance--or v ice-versa-- the o v e r a l l  
performance cou ld  a f f e c t  some impor tan t  p h y s i c a l  d e t a i l .  

I n  an i n t e r a c t i v e  f a s h i o n  

Because t h i s  type of c a p a b i l i t y  r e q u i r e s  l o n g  lead  t i m e  and c o n s i d e r a b l e  
advanced p lann ing ,  a model for t h i s  i s  a l r e a d y  under development a t  NASA Lewis 
( r e f .  7 ) .  Th is  model i s  i l l u s t r a t e d  i n  f i g u r e  13 and i s  be ing  d e s c r i b e d  as 
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6. Dunn, M.G., Seymour, P.J., Woodward, S.H.,  George, W.K. and Chupp, R.E.; 
"Phase Resolved Heat-Flux Measurements on t h e  Blade o f  a F u l l - s c a l e  
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on Fu tu re  D i r e c t i o n s  i n  Aerospace P r o p u l s i o n  System S imu la t i on , ' '  paper 
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(b) CFD NEEDS. 

FIGURE 1. - CONCEPTUAL ADVANCED TURBOFAN ENGINE. 
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FIGURE 2. - CFD I N  THE CONTEXT OF IHPTET. 
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FIGURE 3. - CFD FLOW INTO IHPTET COMPONENT/DEMONSTRATOR PROGRAMS. 
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FIGURE 4. - NAVY ADVANCED FAN COMPRESSOR TEST. 

NAFCOT LASER TEST 

FIGURE 5 .  - SPACIAL TEST MATRIX. 
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FIGURE 6. - OVERLAP REGION OF ROTOWSTATOR INTERACTION NAVIER-STOKES SOLVER GRID. 

1 
ROTATION 

FIGURE 7. - NAVIER-STOKES CALCULATION OF Bow SHOCK-WAKE INTERACTION PRESSURE CONTOURS AT 90 PERCENT 
SPAN I N  A 2-1/2 STAGE COMPRESSOR. 
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FIGURE 9. - VANE BLADE INTERATION MACH NUMBER FIELD. 
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FIGURE 10. - COMBUSTOR DIFFUSER INTERACTION TEST RIG. 
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FIGURE 11. - COMBUSTOR DIFFUSER INTERACTION DATA. 
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Phese I. Gen 5 (1991) 

- 2D/3D Euler 
- Parabolized Navier-Stokes 
- 2D/Quasi-3D Viscous CODES, NUMERICS 
- Boundary Layer Heat Transfer 
- k - e  Turbulence Modeling - AlgorithmsIGrids 

Phase 11. Gen 6 (1997) 

- 3D Viscous w/Heat Transfer \ - 2D Unsteadv 
- Average Passage Sys Modeling 
- Vast Time/Length Scale Range lPHYSICAL I \ - Real Finite Rate Chemistry 
- Turbulence Modeling 
- Transition Modeling 

Phase Ill. Gen 7 (2003) 

- Interactive Des/Anal 
- Num Prop Simulation 
- High Perform Compute 
- 3D Unsteady w1H.T. 
- Closure Modeling \ - Turbulence Modeling 

FIGURE 12. - ENABLING CFD TECHNOLOGIES. 
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FIGURE 13. - NUMERICAL PROPULSION SIMULATION SYSTEM (N.P.S.S.). 

Heat Addition I 
Inlet 

~ Component Modules j 
I 
I I 

I I 
0 

I D  I 

i Sub-component Modules ~ 

0 I 

FIGURE 14. - NUNRICAL PROPULSION SIMULATION SYSTEM. "ZOORING IN" ON FAN EFFECTS. 
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