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Turbine a i r f o i  1 s a r e  sub jec t ed  t o  i n c r e a s i n g l y  h ighe r  h e a t  loads  which e s c a l a t e  
t h e  cool ing  requirements  i n  o r d e r  t o  s a t i s f y  l i f e  goa l s  f o r  t h e  component m a t e r i a l s .  
I f  t u r b i n e  e f f i c i e n c y  i s  t o  be maintained,  however, coo l ing  requirements should be a s  
low a s  poss ib le .  To keep t h e  q u a n t i t y  of coo l ing  a i r  bounded, a more e f f i c i e n t  
i n t e r n a l  cool ing  scheme must be developed. One approach i s  t o  employ a i r f o i l s  w i th  
multi-pass cool ing  passages t h a t  con ta in  dev ices  t o  augment i n t e r n a l  h e a t  t r a n s f e r  
wh i l e  l i m i t i n g  pressure  drop. ( f i g .  1 ) .  

Design exper ience  w i t h  mult i -pass  cool ing  passage a i r f o i l s  has  shown t h a t  a 
s u r p l u s  of coo l ing  a i r  must be provided a s  a margin of s a f e t y .  This i nc reased  coo l ing  
a i r  l e a d s  t o  a performance penal ty .  Re l i ab l e  methods f o r  p r e d i c t i n g  t h e  i n t e r n a l  
thermal and aerodynamic performance of m u l t i - p a s s  coo l ing  passage a i r f o i l s  would 
reduce o r  e l i m i n a t e  t h e  need f o r  t h e  s a f e t y  margin of s u r p l u s  cool ing  a i r .  

The o b j e c t i v e  of t h e  program i s  t o  develop and v e r i f y  improved a n a l y t i c a l  methods 
t h a t  w i l l  form t h e  b a s i s  f o r  des ign  technology which w i l l  r e s u l t  i n  e f f i c i e n t  t u r b i n e  
components w i t h  improved d u r a b i l i t y  without  s a c r i f i c i n g  performance. The o b j e c t i v e  
w i l l  be met by: 1 )  e s t a b l i s h i n g  a comprehensive experimental  da tabase  t h a t  can  form 
t h e  b a s i s  of a n  empi r i ca l  des ign  system. 2)  developing computat ional  f l u i d  dynamic 
techniques,  and 3 )  analyz ing  t h e  informat ion  i n  t h e  da tabase  w i t h  both  
phenomenological modeling and mathemetical modeling t o  d e r i v e  a s u i t a b l e  des ign  and 
a n a l y s i s  procedure. 

Curren t ly ,  a des ign  phase has  been completed which def ined  a r o t a t i n g  experiment 
t o  s imula te  b lade  passage cool ing .  Models o f  b lade  i n t e r n a l  geometr ies  w i l l  be 
s tud ied .  The f i r s t  model w i th  instrumented smooth wa l l  l e g s  has  been designed and i s  
being f a b r i c a t e d .  It i s  scheduled f o r  t e s t i n g  i n  December, 1983. The subsequent 
models w i l l  have "rough" w a l l s  and w i l l  add res s  passage a s p e c t  r a t i o  changes. These 
t e s t s  w i l l  g ene ra t e  a da tabase  f o r  t h e  development of a des ign  system. 

The p r e d i c t i o n  of  l o c a l  coolan t  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t s  and coo lan t  
temperature r i s e  and p re s su re  drop i n  t h e  coo l ing  passages i s  d i f f i c u l t  because of 
t h e  t h r e e  dimensional ,  e l l i p t i c  n a t u r e  of t h e  flow, t h e  e f f e c t s  of r o t a t i o n ,  and t h e  
complex turbulence  promoting devices .  The a n a l y t i c a l  approach under  c o n s i d e r a t i o n  i s  
based on t h e  3D-TEACH computer code being developed f o r  gas  t u r b i n e  combustor 
a p p l i c a t i o n s  by P r a t t  & Whitney A i r c r a f t ,  ( r e f .  1 ) .  

The 3D-TEACH code i s  a gene ra l i zed  aero thermal  f l u i d  dynamic s o l v e r  f o r  
three-dimensional ,  e l l i p t i c ,  t u r b u l e n t ,  s t eady  flows. The approach s t a y s  w i t h i n  t h e  
framework of continuum mechanics and uses  a s t a t i s t i c a l  d e s c r i p t i o n  of tu rbulence ,  
coupled wi th  t h e  accepted Euler ian  d e s c r i p t i o n  provided by t h e  &vier-Strokes 
equat ions  of motion. Closure t o  t h e  r e s u l t i n g  time-mean equat ions  i s  provided by 
turbulence  modeling of t h e  eddy v i s c o s i t y  type.  The modeled p a r t i a l  d i f f e r e n t i a l  



e q u a t i o n s  a r e  manipulated i n t o  a  g e n e r a l  form t h a t  pe rmi t s  a  s i n g l e  s o l u t i o n  
a lgor i thm t o  be used f o r  a  numerical  procedure.  A hybird (upwind/cent ra l )  f i n i t e  
d i f f e r e n c i n g  scheme i s  used t o  d i s c r e t i z e  t h e  equa t ions .  

A v e r s i o n  o f  t h e  3D-TEACH code h a s  been modif ied t o  c a l c u l a t e  f l u i d  f low and h e a t  
t r a n s f e r  i n  r o t a t i n g  passages.  I n  o r d e r  t o  be a b l e  t o  apply  t h e  code wi th  conf idence  
t o  t h e  exper imenta l  d a t a  genera ted  i n  t h i s  program, i t  i s  e s s e n t i a l  t o  a s s e s s  t h e  
s u i t a b i l i t y  o f  t h e  phys i ca l  modeling used.  To d o  t h i s ,  t h e  code i s  be ing  e x e r c i s e d  i n  
f low s i t u a t i o n s  s i m i l a r  t o  t h e  t u r b i n e  a i r f o i l  a p p l i c a t i o n ,  but  s i m p l e r  i n  n a t u r e *  
Such a  procedure e n a b l e s  t h e  weaknesses,  i f  any,  t o  be i d e n t i f i e d  e a s i l y .  

To t e s t  t h e  behavior  o f  t h e  modif ied momentum equa t ions  f low i n  a  r o t a t i n g  
mult i -pass  passage ( f i g u r e  I ) ,  was c a l c u l a t e d .  Flow p a t t e r n s  a r e  made v i s i b l e  by t h e  
u s e  of  s t r e a k  l i n e s .  Figure 2 shows f low a t  600 RPM (0.174 Rossby Number) i n  two 
c ros s - sec t ions  of  t h e  passage. The development of  a  v o r t e x  p a i r  i n  t h e  ou t f low (away 
from a x i s  of r o t a t i o n )  l e g  due t o  C o r i o l i s  f o r c e s  can be seen  c l e a r l y .  The a c t i o n  of 
t h e  sha rp  t u r n s  i s  t o  coa l e sce  t h e s e  v o r t i c e s  i n t o  a  s i n g l e  v o r t e x  t h a t  dominates 
f low i n  t h e  i n f l o w  l e g .  The observed behavior  appears  s e n s i b l e .  

The q u a n t i t a t i v e  behavior  i n  r o t a t i o n  was examined through r e f e r e n c e  2. For 
example, a  comparison of  v e l o c i t y  p r o f i l e s  f o r  t h e  duc t  r o t a t i n g  a t  165 R.P.M. i s  
g iven  i n  f i g u r e  3 .  S t r e a k l i n e  f low v i s u a l i z a t i o n  shows a l s o  t h e  development of 
C o r i o l i s  v o r t i c e s  i n  t h e  d u c t .  

The a b i l i t y  of  t h e  code t o  c a l c u l a t e  h e a t  t r a n s f e r  i n  a  r e c t a n g u l a r  d u c t  wi th  a  
s h a r p  180 deg ree  bend was examined through r e f e r ence  3. A comparison of c a l c u l a t e d  
and measured Nusse l t  numbers f o r  t h e  v a r i o u s  zones through t h e  passage i s  g iven  i n  
f i g u r e  4  a t  two Reynolds numbers. 

The behavior  of  t h e  code t h u s  f a r  i s  p l e a s i n g ,  and t h e  r e s u l t s  of  t h e  comparisons 
w i t h  t h e  v e r i f i c a t i o n  experiments  i s  very  encouraging.  Fu r the r  i n v e s t i g a t i o n s  of 
t he se  and o t h e r  s u i t a b l e  experiments  w i l l  con t inue  t o  b u i l d  conf idence  i n  t h e  code. 
Use of  more s o p h i s t i c a t e d  t u rbu lence  modeling w i l l  a l s o  be explored .  The developed 
code w i l l  t hen  be a p p l i e d  t o  t h e  measurements t o  be made a s  p a r t  of  t h i s  program. 
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Figure 1 Schematic O f  Coolant Passage 
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F i g u r e  2 T e s t  O f  Momentum Equa t ions  R o t a t i o n  a t  600 R.P.M. 
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F i g u r e  3 A x i a l  V e l o c i t y  P r o f i l e  Development a t  165 R.P.M. For Moon's Experiment 
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F i g u r e  4 Heat T r a n s f e r  I n  180" Sharp  Bend F o r  ~ e t z g e r ' s  Experiment 




