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FOREWORD 

T h i s  r e p o r t  w a s  p r e p a r e d  by t h e  F l o r i d a  Resea rch  and Development C e n t e r  

o f  P r a t t  & Whitney A i r c r a f t  and p r e s e n t s  a summary o f  t h e  work conducted 

under  C o n t r a c t  NAS8-5442, sponsored by t h e  George C .  M a r s h a l l  Space F l i g h t  

C e n t e r  of  t h e  N a t i o n a l  Aeronau t i c s  and Space A d m i n i s t r a t i o n ,  H u n t s v i l l e ,  

Alabama. 

The p r e s s u r e  p r e d i c t i o n  program w a s  a d m i n i s t e r e d  under  t h e  t e c h n i c a l  

d i r e c t i o n  of  t h e  Turbomachinery Unit  of t h e  Engine Systems Branch,  

M r .  Loren C.  G r o s s ,  C h i e f .  Th i s  work was conducted i n  t h r e e  phases  

c o v e r i n g  t h e  p e r i o d  from J u n e  1963 t o  F e b r u a r y  1966. Summaries of t h e  

work completed i n  t h e  f i r s t  two phases  of  t h e  c o n t r a c t  w e r e  p r e s e n t e d  

i n  PWA FR-952, "A S tudy  of P r e s s u r e  P r e d i c t i o n  Methods f o r  R a d i a l  Flow 

I m p e l l e r s "  c o v e r i n g  the p e r i o d  from J u n e  1963 t o  March 1964 (Phase I) 

and PWA FR-1276 " I n v e s t i g a t i o n  o f  P r e s s u r e  P r e d i c t i o n  Methods f o r  R a d i a l  

Flow I m p e l l e r s "  c o v e r i n g  t h e  p e r i o d  from March 1964 t o  Februa ry  1965 

(Phase 11). 
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ABS TRACT 

I 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  work performed under  C o n t r a c t  

NASB-5442, " P r e s s u r e  P r e d i c t i o n  Methods f o r  Low Flow R a d i a l  I m p e l l e r s . "  

The o b j e c t i v e s  o f  t h i s  program w e r e  t o  (1)  d e t e r m i n e ,  e x p e r i m e n t a l l y ,  

t h e  e f f e c t  of changes i n  geometry and o p e r a t i n g  c o n d i t i o n s  on the r a d i a l  

p r e s s u r e  d i s t r i b u t i o n  a l o n g  the low f l o w  back f a c e  of c e n t r i f u g a l  pump 

i m p e l l e r s ,  and ( 2 )  u s i n g  tk exper imen ta l  r e s u l t s ,  f o r m u l a t e  a computer 

program t h a t  can b e  used t o  p r e d i c t  p r e s s u r e  d i s t r i b u t i o n  w i t h i n  t h e  

r ange  of  v a r i a b l e s  t e s t e d .  The work w a s  conducted i n  t h r e e  p h a s e s ;  t h e  

f i r s t  phase  w a s  devo ted  e x c l u s i v e l y  t o  i n v e s t i g a t i n g  i n c o m p r e s s i b l e  f l o w  

performance w i t h  smooth and b l aded  d i s k s  i n  smooth hous ings  u s i n g  w a t e r  

a s  t h e  t e s t  f l u i d .  I n  t h e  second phase t h e  i n c o m p r e s s i b l e  f l o w  s t u d y  

was expanded t o  i n c l u d e  r o t o r  end e f f e c t s  and a l l  p r e v i o u s  t e s t s  w e r e  

r e p e a t e d  t o  d e t e r m i n e  flow performance u s i n g  l i q u i d  hydrogen a s  t h e  

tes t  f l u i d .  The t h i r d  phase was in t ended  t o  f i l l  i n  and comple t e  t h e  

d a t a  from t h e  f i r s t  two p h a s e s ,  and t o  i n v e s t i g a t e  one a d d i t i o n a l  

c o n f i g u r a t i o n ,  t h a t  o f  a smooth d i s k  w i t h  b l aded  h o u s i n g s .  

T h e  tes ts  w e r e  conducted i n  a n  a p p a r a t u s  t h a t  c o n s i s t e d  of a rotating 

d i s k  e n c l o s e d  i n  a s t a t i o n a r y  housing. The t e s t  f l u i d  e n t e r e d  t h e  a p p a r a t u s  

a t  t h e  eye  o f  t h e  d i s k  on t h e  f r o n t  f a c e  and flowed r a d i a l l y  outward t o  a 

c o l l e c t o r  o r  t u rna round  man i fo ld  a t  t h e  t i p .  The f l o w  was t h e n  d i r e c t e d  

r a d i a l l y  inward down t h e  back f a c e  t o  a d i s c h a r g e  man i fo ld  l o c a t e d  n e a r  

t h e  hub. T h i s  arrangement  a l lows  i n v e s t i g a t i o n  o f  r a d i a l l y  inward and 

outward f l o w  c o n d i t i o n s  s i m u l t a n e o u s l y .  

Da ta  r e c o r d e d  d u r i n g  each  t e s t  i n c l u d e d  p r e s s u r e  measurements a t  t h e  

i n l e t ,  e x i t ,  and a t  s e v e r a l  r a d i a l  l o c a t i o n s  on b o t h  t h e  f r o n t  and back 

f a c e s .  The p r e s s u r e  d a t a  were used t o  d e v e l o p  r e g r e s s i o n  e q u a t i o n s  f o r  

t h e  f l u i d  v e l o c i t y  r a t i o ,  K ,  ( r a t i o  of f l u i d  a n g u l a r  v e l o c i t y  t o  wheel 

s p e e d )  f o r  each  c o n f i g u r a t i o n .  These r e g r e s s i o n  e q u a t i o n s  w e r e  t h e n  

combined i n  a computer program w r i t t e n  i n  F o r t r a n  I1 f o r  u s e  on t h e  

IBM 7090 computer.  The computer program w i l l  d e t e r m i n e  t h e  K v a l u e  f o r  

a g i v e n  c o n f i g u r a t i o n  and s e t  o f  o p e r a t i n g  c o n d i t i o n s  and t h e n ,  a p p l y i n g  

t h i s  v a l u e  t o  t h e  f o r c e d  v o r t e x  e q u a t i o n ,  compute t h e  p r e s s u r e  d i s t r i b u -  

t i o n  on t h e  back f a c e  o f  t h e  i m p e l l e r .  
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f r i c t i o n a l  t o r q u e  (moment) f:roboth s i d e s  
of d i s k  

Func t ion  o f  

A c c e l e r a t i o n  due t o  g r a v i t y  
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SECTION I 
INTRODUCTION 
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i 
'I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
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I 

I n  t h e  e a r l y  s t a g e s  of development of c e n t r i f u g a l  h i g h - p r e s s u r e  l i q u i d  

hydrogen and l i q u i d  oxygen turbopumps a t  F l o r i d a  Research  and Development 

C e n t e r ,  b e a r i n g  f a i l u r e s  were encountered  due t o  unexpec ted ly  h i g h  r o t o r  

ax i a l  t h r u s t  l o a d s .  These pumps were des igned  w i t h  t h r u s t  b a l a n c e  s y s t a n s  

t o  c a r r y  p r e d i c t e d  axial  l o a d s ;  however, d a t a  from e a r l y  t es t s  showed t h a t  

p r e s s u r e s  on t h e  back f a c e s  of t h e  i m p e l l e r s  were n o t  as p r e d i c t e d ,  r e s u l t i n g  

i n  axial  f o r c e s  10 t o  15% h i g h e r  than  a n t i c i p a t e d .  It w a s  r e a d i l y  a p p a r e n t  

t h a t  t h e  e x i s t i n g  methods f o r  p r e d i c t i n g  p r e s s u r e  d i s t r i b u t i o n  on t h e  back  

f a c e  of  t h e  i m p e l l e r s  were n o t  s u f f i c i e n t l y  a c c u r a t e  f o r  h i g h - p r e s s u r e  pump 

a p p l i c a t i o n s  where t h e  p r e s s u r e - a r e a  p roduc t  r e s u l t s  i n  ax ia l  l o a d s  on t h e  

o r d e r  of 300,000 pounds.  

T h i s  e x p e r i e n c e  l e d  t o  t h e  i n i t i a t i o n  of C o n t r a c t  NAS8-5442, 

" I n v e s t i g a t i o n  of P r e s s u r e  P r e d i c t i o n  Methods f o r  Low Flow R a d i a l  

I m p e l l e r s , "  i n  June  1963. The o b j e c t i v e  of t h i s  program was t o  deve lop  

a method of p r e d i c t i n g  t h e  d i s t r i b u t i o n  of  p r e s s u r e  on t h e  back  f a c e  of 

c e n t r i f u g a l  i m p e l l e r s  w i t h  g r e a t e r  accuracy  t h a n  p r e v i o u s l y  p o s s i b l e .  

The approach  was t o  e x p e r i m e n t a l l y  e s t a b l i s h  t h e  e f f e c t  on f l u i d  

a n g u l a r  v e l o c i t y  (o), a s  expres sed  by t h e  r e l a t i o n s h i p  f l  = K O ,  of 

v a r i o u s  i m p e l l e r  back  f a c e  c o n f i g u r a t i o n s  and o p e r a t i n g  c o n d i t i o n s .  This  

was accompl ished  by measuring p r e s s u r e s  a long  t h e  f r o n t  and r e a r  f a c e s  

of  t h e  d i s k  and u s i n g  t h e  d a t a  t o  c a l c u l a t e  t h e  v a l u e  o f  K f rom t h e  

f o r c e d  v o r t e x  e q u a t i o n .  

R e g r e s s i o n  e q u a t i o n s  f o r  K were t h e n  fo rmula t ed  f o r  each c o n f i g u r a -  

t i o n  u s i n g  a s t a t i s t i c a l  f i t  of t h e  t e s t  d a t a .  These e q u a t i o n s  r e f l e c t  

t h e  dependence of K on each  v a r i a b l e .  

Three  b a s i c  r o t o r - h o u s i n g  c o n f i g u r a t i o n s  were  i n v e s t i g a t e d  i n  t h e  

program r e p r e s e n t i n g  t h r e e  d i s t i n c t  l e v e l s  of f l u i d  a n g u l a r  v e l o c i t y  

and ,  t h e r e f o r e ,  p r e s s u r e  d i s t r i b u t i o n .  The t h r e e  c o n f i g u r a t i o n s  were 

(1) a b l aded  d i s k  w i t h  smooth hous ings ,  which p r o v i d e s  h i g h  f l u i d  

v e l o c i t i e s ,  ( 2 )  a smooth (unbladed)  d i s k  w i t h  smooth h o u s i n g s ,  which 

p r o v i d e s  moderate  v e l o c i t i e s ,  and ( 3 )  a smooth d i s k  w i t h  b l aded  h o u s i n g s ,  

wh ich  produces  l i t t l e  o r  no f l u i d  r o t a t i o n .  

I- 1 
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The e f f e c t s  o f  changes i n  d i s k  i n l e t  and d i s c h a r g e  geometry w e r e  

a l s o  i n v e s t i g a t e d  by add ing  an i n l e t  hub t o  the smooth d i s k  and b lockage  

r i n g s  t h a t  s i m u l a t e  c a s i n g  overhang a t  t h e  t i p  o f  t h e  b l aded  d i s k .  

Each c o n f i g u r a t i o n  w a s  t e s t e d  over  a r ange  of d i sk - to -hous ing  

c l e a r a n c e s ,  d i s k  speed  and f l o w r a t e  i n  a t e s t  a p p a r a t u s  des igned  

s pe c i f i c a l l  y f o r  t h i s  p r o g r  am. 

The r e g r e s s i o n  e q u a t i o n s  f o r  K developed from t h e  tes t  d a t a  w e r e  

s u b s e q u e n t l y  combined i n  a computer program w r i t t e n  i n  F o r t r a n  I1 f o r  

u s e  on the I B M  7090 computer.  This program i s  c a p a b l e  of p r e d i c t i n g  

p r e s s u r e  d i s t r i b u t i o n  on the low f low back f a c e  of c e n t r i f u g a l  pump 

i m p e l l e r s  more a c c u r a t e l y  t h a n  p rev ious  d e s i g n  systems f o r  t h e  r ange  

of  v a r i a b l e s  i n v e s t i g a t e d .  
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I SECTION I1 
EXPERIMENTAL EQUIPMENT AND PROCEDURES 

A.  TEST APPARATUS 

The t e s t  a p p a r a t u s  ( f i g u r e  11-1) c o n s i s t s  of  t h r e e  l a r g e  s t a i n l e s s  

s t e e l  hous ings  t h a t  e n c l o s e  a n  11-inch d i ame te r  d i s k .  The overhung 

d i s k  i s  suppor t ed  by two s h a f t  bea r ings  t h a t  a r e  coo led  by t h e  t e s t  

f l u i d  d u r i n g  t e s t i n g .  Bear ing  l u b r i c a t i o n  i s  p rov ided  by t h e  b a l l  

r e t a i n e r s .  

s u p p o r t s  t h e  main s h a f t  seal .  A s m a l l e r  r e a r  hous ing  c o n t a i n s  a purge  

c a v i t y  and secondary  s h a f t  s e a l s ,  and a d a p t s  t h e  t e s t  a p p a r a t u s  t o  t h e  

f a c i l i t y  d r i v e  u n i t .  

The b e a r i n g s  a r e  mounted i n  a s e p a r a t e  hous ing  t h a t  a l s o  

The d i sk - to -hous ing  c l e a r a n c e  can b e  a d j u s t e d  w i t h  s p a c e r s  between 

t h e  f r o n t  and r e a r  main hous ings  and between t h e  f l a n g e s  of t h e  r e a r  

hous ing  and t h e  b e a r i n g  hous ing .  

The t e s t  f l u i d  e n t e r s  t h e  a p p a r a t u s  th rough  t h e  f r o n t  hous ing  and 

f lows  r a d i a l l y  outward a long  t h e  d i s k  t o  t h e  c o l l e c t o r  r i n g  a t  t h e  

t i p  tormed by t h e  i n t e r m e d i a t e  hoiising. The flew i s  t h e n  d i r e c t e d  

r a d i a l l y  inward a long  t h e  back f a c e  of  t h e  d i s k  t o  t h e  d i s c h a r g e  mani fo ld  

l o c a t e d  i n  t h e  r e a r  hous ing .  P a r t  of t h e  f low i s  d i v e r t e d  through t h e  

b e a r i n g s  and o u t  t h e  b e a r i n g  d r a i n  l i n e s .  

B .  TEST FACILITIES 

The expe r imen ta l  p o r t i o n  of t h e  p r e s s u r e  p r e d i c t i o n  program was 

conducted  i n  t h e  FRDC r o c k e t  engine  component t e s t  a r e a .  This  a r e a  

c o n t a i n s  numerous t e s t  s t a n d s  used f o r  t h e  t e s t i n g  of  pumps, t u r b i n e s ,  

t h r u s t  chambers ,  b e a r i n g s ,  and s e a l s .  A l l  b u t  one of t h e  t e s t s  were 

conduc ted  on t e s t  s t a n d  B-33, which i s  equipped w i t h  a 1500-hp c o n s t a n t -  

speed  motor and a Dynamatic c l u t c h  and gearbox w i t h  a maximum o u t p u t  

speed  of  35,000 rpm. Speed can  be  c o n t r o l l e d  t o  w i t h i n  1% of t h e  s e t  

v a l u e .  Schemat ics  of  t h e  wa te r  and l i q u i d  hydrogen f low loops f o r  B-33 

s t a n d  a r e  shown i n  f i g u r e s  11-2 and 11-3,  r e s p e c t i v e l y .  The w a t e r  l oop ,  

which  was a c l o s e d  sys t em,  c o n s i s t e d  of a 5000-ga l lon  p o r t a b l e  supply  

t a n k ,  a c e n t r i f u g a l  b o o s t  pump, a f i l t e r ,  a t u r b i n e  f lowmeter ,  and a 

f l o w  c o n t r o l  v a l v e .  Demineral ized wa te r  was used a t  a supp ly  p r e s s u r e  

of  90 p s i a  and f l o w r a t e s  t o  52 gpm. 
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- 5000-gal. 
Tank Trailer 

\ 
Discharge Control Valve 

rGearbox 

Dynamatic Clutch 

Boost Pump 

Test Apparatus 

F i g u r e  11-2.  Schematic  of Flow Loop f o r  Water FD 11007 
T e s t s  

F i g u r e  11-3. Schematic  of Flow Loop f o r  L i q u i d  FD 14557 
Hydrogen T e s t s  
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The hydrogen loop  was a n  open sys tem s u p p l i e d  by a 7000-ga l lon  

r o a d a b l e  dewar p r e s s u r i z e d  w i t h  gaseous  hydrogen t o  a p p r o x i m a t e l y  

90 p s i a .  L iqu id  hydrogen p a s s e d  through t h e  vacuum-jacke ted  i n l e t  

l i n e  and f lowmeters  t o  t h e  t e s t  r i g  and was t h e n  d i s c h a r g e d  th rough  

a c o n t r o l  v a l v e  t o  t h e  b u r n s t a c k .  Gaseous hydrogen  and n i t r o g e n  

were p rov ided  f o r  p u r g i n g  t h e  s t a n d  sys t em and t h e  t e s t  a p p a r a t u s .  

The t e s t  a p p a r a t u s  mounted i n  B - 3 3  s t a n d  i s  i l l u s t r a t e d  i n  f i g u r e  11-4 

One t e s t  d u r i n g  t h e  t h i r d  p h a s e  of t h e  c o n t r a c t  was conducted  a t  a n  

i n l e t  p r e s s u r e  of approx ima te ly  650 p s i a ,  which was beyond t h e  c a p a b i l i t y  

o f  t h e  supp ly  sys t em i n  B - 3 3  s t a n d ;  t h e r e f o r e ,  t h i s  t e s t  was conducted  

i n  B - 3 2  s t a n d ,  which was c o n s t r u c t e d  f o r  h i g h - p r e s s u r e  r o c k e t  e n g i n e  

component t e s t i n g .  Th i s  s t a n d  i s  equipped w i t h  two, 1 0 0 - g a l l o n ,  

550-ps i a  s u p p l y  t a n k s .  A 5000-ga l lon  r o a d a b l e  dewar was used t o  

f i l l  t h e  s u p p l y  t a n k s  f o r  cooldown of  t h e  s t a n d  plumbing and t e s t  

a p p a r a t u s .  A f t e r  cooldown t h e  t a n k s  a r e  p r e s s u r i z e d  t o  t h e  r e q u i r e d  

i n l e t  p r e s s u r e  and t h e  run  v a l v e  opened. A s  on B - 3 3  s t a n d ,  f l o w r a t e  

i s  r e g u l a t e d  by  a d i s c h a r g e  c o n t r o l  v a l v e .  F i g u r e  11-5 shows a 

s c h e m a t i c  of t h e  B - 3 2  f low loop .  B - 3 2  s t a n d  does  n o t  have a d r i v e  

sys t em o f  s u f f i c i e n t  power f o r  t h i s  t e s t  a p p a r a t u s ;  t h e r e f o r e ,  t h e  t e s t  

a p p a r a t u s  was mod i f i ed  ( f i g u r e  11-6) t o  i n c o r p o r a t e  a t u r b i n e  d r i v e  u n i t  

s i m i l a r  t o  t h a t  used  i n  t h e  R L l O  eng ine .  The t u r b i n e  w a s  d r i v e n  by a 

g a s e o u s  hydrogen blowdown sys t em w i t h  a c l o s e d  loop  speed  c o n t r o l .  The 

d i s c h a r g e  from b o t h  t h e  t u r b i n e  and t h e  t e s t  a p p a r a t u s  was duc ted  t o  

b u r n s t a c k s  f o r  d i s p o s a l .  

C. INSTRUMENTATION 

The i n s t r u m e n t a t i o n  i n  t h e  t e s t  a p p a r a t u s  was e s s e n t i a l l y  t h e  same 

f o r  t h e  w a t e r  and hydrogen t e s t s  w i t h  t h e  e x c e p t i o n  o f  t h e  t empera tu re  

s e n s o r s .  Tempera ture  measurements i n  l i q u i d  hydrogen were  made w i t h  

Rosemount r e s i s t a n c e - t y p e  thermometers ,  Model No. 150 E and 157 T.  Copper- 

c o n s t a n t a n  thermocouples  were used i n  t h e  w a t e r  t e s t s .  S t a t i c  p r e s s u r e s  

were measured a t  t h e  i n l e t ,  d i s c h a r g e ,  and a t  t h e  d i s k  t i p ,  p l u s  f o u r  

r a d i a l  s t a t i o n s  on t h e  f r o n t  hous ing  and t h r e e  r a d i a l  s t a t i o n s  on t h e  

r e a r .  The p r e s s u r e  t a p s  were c l o s e  coupled  w i t h  Tabor p r e s s u r e  t r a n s -  

d u c e r s  , Model 2175A. 
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P r e s s u r e  f l u c t u a t i o n s  g e n e r a t e d  by t h e  r o t a t i n g  b l a d e s  were measured 

d u r i n g  some of t h e  b l a d e d  d i s k  t e s t s  w i t h  K i s t l e r  Model 601A q u a r t z  

c r y s t a l  p r e s s u r e  t r a n s d u c e r s  c l o s e  coupled  w i t h  Model 624 a d a p t e r s .  

d a t a  w e r e  r eco rded  on a frequency-modulated t a p e  u n i t  and ana lyzed  w i t h  

a panoramic wave a n a l y z e r  hav ing  a P o l a r o i d  a t t a c h m e n t .  

The 

Tempera ture ,  p r e s s u r e ,  f l o w r a t e ,  and speed  d a t a  were  r e c o r d e d  by a n  

Each d a t a  channe l  was a u t o m a t i c  d a t a  r e c o r d i n g  sys t em on  d i g i t a l  t a p e .  

scanned  and r e c o r d e d  approx ima te ly  eve ry  0.014 s e c .  

A t o r q u e  measur ing  d e v i c e ,  c o n s i s t i n g  o f  a t o r q u e  s e n s o r  s h a f t  u s i n g  

g e a r s  and magnet ic  p i ckups  l o c a t e d  a t  each  end ,  was used i n  t h e  i n i t i a l  

t e s t i n g .  The change i n  phase  a n g l e  between t h e  g e a r  t e e t h  a s  measured 

by  t h e  magnet ic  p i ckups  i n d i c a t e d  t h e  a n g l e  o f  t w i s t  of  t h e  s h a f t ,  which 

i n  t u r n  i s  p r o p o r t i o n a l  t o  t h e  to rque  a p p l i e d  by t h e  r o t o r .  

D.  TEST CONFIGURATIONS 

Three  b a s i c  i m p e l l e r  back  f a c e  c o n f i g u r a t i o n s  were t e s t e d  i n  t h i s  

program: (1) a smooth d i s k  i n  a smooth h o u s i n g ,  ( 2 )  a b l aded  d i s k  i n  a 

smooth h o u s i n g ,  and (3)  a smooth d i s k  i n  a b l a d e d  hous ing .  A more d e t a i l e d  

d e s c r i p t i o n  of each  c o n f i g u r a t i o n  i s  p r e s e n t e d  i n  t h e  fo l lowing  p a r a g r a p h s .  

1. Smooth Disk  and Smooth Housing 

The smooth unbladed  d i s k  was t e s t e d  ove r  a r ange  of d i sk- to-smooth  

h o u s i n g  c l e a r a n c e s  from 0.024 t o  0.138 i n .  T e s t s  were a l s o  conducted  

w i t h  a n  i n l e t  hub added t o  t h e  d i s k  a s  shown i n  t h e  i n s e r t  on f i g u r e  11-1. 

Two hub s i z e s ,  which produced i n l e t  d i ame te r - to -hub  d i ame te r  r a t i o s  of 

1.33 and 2 .00 ,  were  i n c l u d e d .  

2 .  Bladed  Disk  and Smooth Housing 

The b l a d e d  d i s k  c o n f i g u r a t i o n s  and t h e  c l e a r a n c e s  a t  which t h e y  were  

t e s t e d  a r e  a s  f o l l o w s :  I n  t h i s  s e r i e s  of t e s t s  t h e  number of b l a d e s  

was a l s o  v a r i e d .  

N o .  o f  B lades  Blade Height ,  i n .  C l e a r a n c e ,  i n .  

24 

24 

12 

6 

0.125 

0.250 

0.125 

0.125 
11- 7 

0.020 - 0.135 

0.024 - 0.140 

0.067 - 0.074 

0.067 - 0.075 
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The 24 - 0 .125- inch  b l aded  d i s k  was a l s o  t e s t e d  w i t h  t i p  b l o c k a g e  r i n g s  

t h a t  s i m u l a t e d  hous ing  overhang,  ( s e e  i n s e r t  f i g u r e  11 -1 ) .  Three  d i s k -  

t o - b l o c k a g e  r i n g  c l e a r a n c e s  (0.050, 0.100, and 0.150 i n . )  w e r e  t e s t e d  

a t  v a r i o u s  b l a d e - t o - h o u s i n g  c l e a r a n c e s .  

3 .  Smooth Di sk  and Bladed Housing 

For  t h i s  c o n f i g u r a t i o n  12  - 0 .135- in .  h i g h  b l a d e s  were welded t o  t h e  

f r o n t  and r e a r  h o u s i n g s  a s  shown i n  f i g u r e  11-7.  The b l a d e d  h o u s i n g s  

were t e s t e d  w i t h  a smooth d i s k  a t  c l e a r a n c e s  from 0.038 t o  0.128 i n c h .  

E.  EXPERIMENTAL PROCEDURE 

The t e s t  a p p a r a t u s  was assembled  f o r  each  new d i s k  a n d / o r  hous ing  

c o n f i g u r a t i o n  w i t h  new b a l l  b e a r i n g s .  F i t s  on c r i t i c a l  components 

and r u n o u t s  on t h e  r o t a t i n g  assembly  were checked .  Most of t h e  p r e s s u r e  

t r a n s d u c e r s  were mounted on t h e  t e s t  a p p a r a t u s ,  a s  shown i n  f i g u r e  11-8,  

t o  f a c i l i t a t e  changes  i n  t h e  d i s k - t o - h o u s i n g  c l e a r a n c e  t h a t  w e r e  made i n  

t h e  t e s t  s t a n d  and t o  r e d u c e  s t a n d  mounting t i m e .  

F i g u r e  11-7.  V i e w  o f  Bladed Housings and 
Smooth Disk  

11-8 
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F i g u r e  11-8. P r e s s u r e  D i s t r i b u t i o n  T e s t  
Appara tus  

FE 37060 

Each Eesc was v i  a p p r u ~ i l ~ a t e l y  20 r n i n ~ t e s  d~ratio:: durizg vhich time 

up t o  9 d a t a  p o i n t s  w e r e  r e c o r d e d .  Approximately 10 seconds  of  h i g h -  

s p e e d  d a t a w e r e  r e c o r d e d  d u r i n g  a p e r i o d  of s e v e r a l  minutes  o f  s t e a d y -  

s t a t e  r u n n i n g  a t  s e l e c t e d  s p e e d s  and f l o w r a t e s .  Because of i n h e r e n t l y  

d i f f e r e n t  p h y s i c a l  and thermodynamic p r o p e r t i e s  of w a t e r  and l i q u i d  

h y d r o g e n ,  t h e  speed-f low l i m i t s  were s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  two 

f l u i d s .  The d r i v e  s y s t e m  t o r q u e  l i m i t s  ( a p p r o x i m a t e l y  200 f t - l b )  

r e s t r i c t e d  t h e  w a t e r  t e s t s  t o  speeds  up t o  5000 rpm,and t h e  s u p p l y  pump 

o u t p u t  r e s t r i c t e d  f l o w r a t e s  t o  50 gpn o r  l e s s ;  however,  t h i s  c o m b i n a t i o n  

s a t i s f a c t o r i l y  c o v e r e d  t h e  r a n g e  o f  f low c o e f f i c i e n t s  r e q u i r e d .  

a d d i t i o n  (due  t o  f l u i d  f r i c t i o n )  l i m i t e d  t h e  maximum speed  i n  t h e  hydrogen  

t e s t s  t o  a p p r o x i m a t e l y  14,000 rpm because  of  t h e  tendency  of  t h e  hydrogen 

t o  b o i l .  The maximum hydrogen  f l o w r a t e  was r e s t r i c t e d  t o  a p p r o x i m a t e l y  

300 gpm by t h e  p r e s s u r e  l i m i t  (90  p s i g )  on t h e  s u p p l y  dewar.  A t  t h e  

upper  s p e e d  r a n g e  t h e  minimum f l o w r a t e  was c r i t i c a l  b e c a u s e  of  t h e  e n e r g y  

i n p u t  t o  t h e  f l u i d .  C a v i t a t i o n  w i t h i n  t h e  t e s t  a p p a r a t u s  was n o t e d  when 

o p e r a t i n g  o u t s i d e  of  t h e s e  speed  and f l o w  l i m i t s .  These l i m i t a t i o n s  

r e s t r i c t e d  t h e  l i q u i d  hydrogen  t e s t s  t o  f l o w  c o e f f i c i e n t s  be tween 0.015 

Heat 
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and 0.030 ( c a l c u l a t e d  a t  t h e  d i s k  t i p ) ;  however,  t h e  d a t a  o b t a i n e d  were  

c o n s i d e r e d  a d e q u a t e  to c o r r e l a t e  t h e  v a r i a b l e s  i n v o l v e d .  

The d a t a  a s  r e c e i v e d  from t h e  a u t o m a t i c  d a t a  r e c o r d i n g  sys t em w e r e  

reduced  t o  e n g i n e e r i n g  u n i t s  on t h e  I B M  7090 computer immedia te ly  f o l l o w i n g  

each  t e s t  r u n .  The b a s i c  d a t a ,  which c o n s i s t e d  o f  p r e s s u r e s ,  t e m p e r a t u r e s ,  

s p e e d s ,  and f l o w r a t e s ,  were  t h e n  i n p u t  t o  a d a t a  a n a l y s i s  program. The 

l i q u i d  hydrogen d a t a  a n a l y s i s  was performed on t h e  IBM 7090 computer .  The 

w a t e r  d a t a  a n a l y s i s  was per formed on t h e  s m a l l e r  IBM 1620 computer because  

of t h e  fewer computa t ions  r e q u i r e d .  Data a n a l y s i s  o u t p u t  i n c l u d e d  such 

q u a n t i t i e s  a s  head  r i s e ,  K v a l u e s ,  Reynolds number, and f low c o e f f i c i e n t .  
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SECTION I11 
EXPERIMENTAL RESULTS 

A .  GENERAL 

The e x p e r i m e n t a l  r e s u l t s  were o b t a i n e d  p r i m a r i l y  i n  t h e  form of head 
2 r i s e  d i s t r i b u t i o n  (AH v s  R ) c u r v e s  f o r  t h e  r a d i a l l y  outward and inward 

f low c o n d i t i o n s  f o r  each  c o n f i g u r a t i o n .  Head r i s e  v a l u e s ,  i n  f e e t  o f  

f l u i d ,  were  o b t a i n e d  u s i n g  t h e  d e n s i t y  a s  a f u n c t i o n  o f  t h e  measured 

p r e s s u r e s  and t e m p e r a t u r e s  co r re spond ing  t o  t h e  v a r i o u s  r a d i a l  l o c a t i o n s  

a l o n g  t h e  d i s k .  Tab le  111-1 summarizes a l l  of t h e  t e s t  r u n s  f o r  Phases  I ,  

11, and 111. Th i s  t a b l e  g i v e s  t h e  t e s t  f l u i d s ,  a x i a l  b l a d e  t i p - t o - h o u s i n g  

c l e a r a n c e ,  b l a d e  h e i g h t ,  number of b l a d e s ,  and a d d i t i o n a l  i n f o r m a t i o n .  

The r a n g e  of v a r i a b l e s  f o r  each  t e s t  r u n  inc luded  t h r e e  l e v e l s  of speed  

and t h r e e  l e v e l s  o f  f l o w r a t e .  

A d i s c u s s i o n  of t h e  method of a n a l y s i s  o f  t h e  d a t a  and t h e  r e s u l t s  

o f  t h e  t e s t s  on each  b a s i c  c o n f i g u r a t i o n ,  i . e . ,  smooth d i s k ,  b l a d e d  

d i s k , a n d  b l aded  hous ing/smooth  d i s k ,  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  

paragL aplis . 
B. METHOD OF ANALYSIS 

A s  a f l u i d  i s  f o r c e d  i n t o  r o t a t i o n  by a n  o b j e c t  t h a t  i s  pe r fo rming  

e x t e r n a l  work on t h e  f l u i d ,  such  a s  a r o t a t i n g  d i s k  ( f r e e  o r  e n c l o s e d ) ,  

a c o n d i t i o n  of e q u i l i b r i u m  e x i s t s  fo r  each  f l u i d  p a r t i c l e .  The c o n d i t i o n  

o f  e q u i l i b r i u m  r e q u i r e s  t h a t  t h e  c e n t r i f u g a l  f o r c e  must be  ba l anced  by 

t h e  s t a t i c  p r e s s u r e  a t  t h e  f l u i d  p a r t i c l e .  Cons ide r ing  a n  a n n u l a r  r i n g  

o f  f l u i d  w i t h  a d i f f e r e n t i a l  r a d i u s  dR, t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  

i s  g i v e n  by: 

(111-1) 

T h i s  e q u a t i o n  shows t h e  dependence of t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  

on t h e  f l u i d  d e n s i t y  ( 7 )  and t h e  f l u i d  a n g u l a r  v e l o c i t y , f 3 .  I n  most 

c a s e s  t h e  v a r i a t i o n  o f  Y w i t h  r a d i u s  is  s m a l l  enough t o  n e g l e c t .  The 

f l u i d  a n g u l a r  v e l o c i t y ,  however,  has been  shown t o  be  a f u n c t i o n  of r a d i u s  

when f a c t o r s  such  a s  f low and geometr ic  v a r i a b l e s  a r e  c o n s i d e r e d .  I f  t h e  

v a r i a t i o n  o f  f l u i d  a n g u l a r  v e l o c i t y  w i t h  r a d i u s  i s  known, s u b s t i t u t i o n s  of 

t h i s  f u n c t i o n  i n t o  e q u a t i o n  111-1 w i l l  p e rmi t  t h e  e q u a t i o n  t o  be  i n t e -  

g r a t e d  t o  o b t a i n  t h e  d e s i r e d  p r e s s u r e  d i s t r i b u t i o n .  
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Test 
Phase  

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I1 

T e s t  
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

I1 13 

I1 14 

I1 15 

I1 16 

I1 1 7  

I1 18 

Table  

Tes i 
F l u i d  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

wa te r  

wa te r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

w a t e r  

111-1. Summary of Tests  

Axia 1 
Clea.rance,  

i n .  

0.125 

0.084 

0.040 

0 .125  

0.063 

0.020 

0.122 

0.067 

0 .024  

0.067 

0.067 

0.080 

Blade 
He igh t ,  

i n .  

0 

0 

0 

0.125 

0.125 

0.125 

0 .250  

0 .250  

0.250 

0.125 

0.125 

0 

0.080 0 

~~~ 
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Number 
of 

B lades  

0 

0 

0 

24 

24 

24 

24 

24 

24 

12 

6 

0 

0 

0.065 0.125 24 

0.065 0.125 24 

0 .065  0.125 24 

0.065 0.125 24 

0.138 0 0 

Remarks 

Smooth Disk  

Smooth Disk  

Smooth Disk 

Bladed Disk 

Bladed D i s k  

Bladed Disk  

Bladed Disk  

Bladed Disk 

Bladed Disk 

Bladed Disk  

Bladed Disk  

Smooth Disk w t h  
I n l e t  Hub 
I n l e t  Dia/Hub Dia = 
1.33 

Smooth Disk w i t h  
I n l e t  Hub 
I n l e t  Dia/Hub Dia = 
2.00 

Bladed Disk w i t h  
Tip  Blockage, Tip  
C lea rance  = 0.100 

Bladed Disk w i t h  
Tip  Blockage, Tip  
C lea rance  = 0.050 

Bladed Disk w i t h  
Tip Blockage, T ip  
C lea rance  = 0.150 

Bladed Disk 

Smooth Disk 
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Table  111-1. Summary o i  
- 

- Tests (Continued)  

Test T e s t  T e s t  Axia 1 
Phase No. F l u i d  C lea rance ,  

i n .  

I1 19 LH2 0 .138  

0.065 I1 20 LH2 

0.024 

0.065 

LH2 

LH2 

I1 21 

I1 22 

Blade 
Height  , 

i n .  

0 

0 

0 

0 

LH2 

LH2 

I1 23 

I1 24 

LH2 

LH2 

LH2 

I1 25 

I1 26 

I1 27 

I1 28 

I1 29 

I1 30 

I1 31 

I1 32 

I1 33 

I1 34 

LH2 

LH2 

LH2 

LH2 

LH2 

LH2 

0.140 0.250 24 

0.065 0.250 24 

0.035 0.125 24 

0.073 0.125 24 

0 .073  0.125 24 

Number Rema r ks  
of  

Blades  

0 Smooth Disk  

0 Smooth Disk  

0 Smooth Disk  

0 Smooth Disk w i t h  
I n l e t  Hub 
I n l e t  Dia/Hub Dia = 
2.00 

Bladed Disk 

Rig F a i l u r e  
Terminated T e s t  

Bladed Disk  

Bladed Disk 

Bladed Disk w i t h  
1Lp U 1 U C ~ d ~ ; t :  

Tip C lea rance  = 
0.050 

Bladed Disk w i t h  
Tip Blockage 
Tip C lea rance  = 
0.150 

Bladed Disk  

F = F r o n t  
R = Rear 

Bladed Disk w i t h  
Tip Blockage 
Tip  C lea rance  
0.100 

Bladed Disk  

Bladed Disk 

Bladed Disk 

Bladed Disk  

rnl- n l - ^ l _ _ _ ^  

0.073 0.125 24 

F=O. 156 0.125 24 
R=O. 135 

0.073 0.125 24 

0.074 0.125 12 

0.075 0.125 6 

0 .072 0.250 24 

0.037 0.250 24 
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I '  Table  111-1. Summary of Tests (Cont inued)  

Test  Test T e s t  Axia 1 Blade Number Remarks 
Pha s e No. F l u i d  C lea rance ,  Height , of 

i n .  i n .  Blades 

I1 35 0.057 0 0 Smooth D i s k  

I1 36 0.057 0 0 Smooth Disk w i t h  

LH2 

LH2 I n l e t  Hub 
I n l e t  Dia/Hub Dia = 
2 .oo 

LH2 I1 37 

I1 38 w a t e r  

0.057 0 

0.057 0 

Smooth Disk 
Reversed Flow 

Smooth Disk w i t h  
I n l e t  Hub 
I n l e t  Dia/Hub Dia = 
2.00 

I11 39 

I11 40 

0.057 0 

0.055 0 

0 

0 

Smooth Disk w a t e r  

LH2 
Smooth Disk 
High P r e s s u r e  T e s t  

I n l e t  P r e s s u r e  = 
650 p s i a  

I11 4 1  LH2 
0 -032 0.125 24 Bladed Disk w i t h  

Tip  Blockage 
Tip C lea rance  = 
0.100 

I11 42 0.055 0.125 24 Bladed Disk w i t h  
Tip Blockage 
Tip C lea rance  = 
0.100 

LH2 

0.055 0.125 24 I11 4 3  LH2 
Bladed Disk  w i t h  
Tip  Blockage 
Tip C lea rance  = 
0.050 

I11 44 0.039 F=0.139 24 
R=O. 131 

Bladed hous ings  
Smooth Disk 
Blade Heights  : 
F = Fron t  
R = Rear 

LH2 

I11 45 LH2 
F=O. 128 F=0.139 24 
R=0.038 R=O. 131  

Bladed Housings 
Smooth Disk 
Unequal C lea rances  : 
F = Fron t  
R = Rear 
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Tab le  111-1. Summary of Tests (Continued)  

Test  T e s t  Test A x i a l  Blade  Number Remarks 
Phase No. F l u i d  Clearance ,  Height  , of  

i n .  i n .  Blades  

I11 46 wate r  F=O. 128 F=O. 139 24 Bladed Housings 
R=O. 038 R=O. 131 Smooth Disk 

I11 47 w a t e r  F=O. 082 F=O. 139 24 Bladed Housing 
R=0.038 R=0.131 Smooth Disk  

S e v e r a l  s p e c i a l  c a s e s  of t h e  v a r i a t i o n  of 0 w i t h  r a d i u s  have been  

c a t e g o r i z e d .  

u g a l  pump and occur s  i f  t h e  a n g u l a r  v e l o c i t y  is  c o n s t a n t  w i t h  r a d i u s ,  

which r e s u l t s  i n  a s t r a i g h t - l i n e  p r e s s u r e - r a d i u s  squa red  c u r v e ,  a s  shown 

i n  f i g u r e  111-1. A f r e e  v o r t e x  i s  common t o  inward f low on a r o t a t i n g  

smooth d i s k  and occur s  when t h e  angu la r  v e l o c i t y  v a r i e s  i n v e r s e l y  w i t h  

t h e  d i s k  r a d i u s  squa red .  The f r e e  v o r t e x  c a s e  y i e l d s  a n o n l i n e a r  p r e s s u r e -  

r a d i u s  squa red  c u r v e  w i t h  t h e  s l o p e  d e c r e a s i n g  w i t h  i n c r e a s i n g  r a d i u s  

A fo rced  v o r t e x  is common t o  t h e  pumping f a c e  of a c e n t r i f -  

a s  shown 

2: 

W 

2 
s 
n 
4 

i n  f i g u r e  111-2. 

120 

100 

80 

60 

40 

2c 

C 
0 8 16 24 

DISK RADIUS SQUARED - i n 2  

32 

F i g u r e  111-1. R a d i a l  Head D i s t r i b u t i o n  f o r  Smooth FD 7814A 
Disk i n  Water ,  R a d i a l l y  Outward Flow 
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160 

120 

a 
0 

80 

40 

0 
12 16 20 24 28 32 

DISK RADIUS SQUARED - in.' 

F i g u r e  111-2 .  R a d i a l  Head D i s t r i b u t i o n  f o r  Smooth FD 7 8 1 8 A  
Disk i n  Water, R a d i a l l y  Inward Flow 

The v o r t e x  mode t h a t  a c t u a l l y  e x i s t s  i n  a pump depends on v a r i o u s  

f a c t o r s  ment ioned p r e v i o u s l y ,  and the  a n a l y t i c a l  p r e d i c t i o n  of t h e  v o r t e x  

mode f o r  a p a r t i c u l a r  a p p l i c a t i o n  s o  a s  t o  a r r i v e  a t  a c c u r a t e  v a l u e s  of 

a n g u l a r  v e l o c i t y  and i n  t u r n  t h e  cor responding  p r e s s u r e  d i s t r i b u t i o n  would 

b e  v e r y  complex. T h e r e f o r e ,  t h e  fo l lowing  approach w a s  used  t o  p r o v i d e  

an e m p i r i c a l  s o l u t i o n  f o r  e q u a t i o n  (111-1).  

(111-1) 

1. The f l u i d  v e l o c i t y ,  0 , can  b e  r e p l a c e d  by a f r a c t i o n ,  K ,  o f  

t h e  d i s k  r o t a t i o n a l  speed :  

0 = K O  (111-2) 

2 .  Equa t ion  (111-1) is i n t e g r a t e d  w i t h i n  t h e  r a d i u s  l i m i t s  o f  

2 t h e  d i s k ,  R t o  R 1 

o r  i n  t h e  c a s e  where 7 i s  n o t  c o n s t a n t  from 1 t o  2 

(111-4) 
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where 

- '2 = H2 a n d 3  = H 1 
y2 y1 

3. Because t h e  f r a c t i o n  K was cons ide red  a c o n s t a n t  i n  t h e  i n t e g r a t i o n ,  

i t  can  be  made a f u n c t i o n  of any v a r i a b l e  t h a t  i s  though t  t o  i n f l u e n c e  

t h e  f l u i d  a n g u l a r  v e l o c i t y ,  4 , such a s  

K = f ( R ,  C ,  T, N B ,  R e ,  e t c . )  

and de termined  e x p e r i m e n t a l l y .  

4 .  When K i s  found t o  be  a f u n c t i o n  of r a d i u s ,  R ,  t h e  head 

d i s t r i b u t i o n  becomes: 3 9  

2 
n n K ~ W ~  

- i (Ri+l - R i 2 )  (111-5) 
2g 

c ( H i + l  - H i )  - c 
i= 1 i= 1 

and t h e  head r i s e  i s  summed over  t h e  d i s k  r a d i u s .  

I n  t h e  f o l l o w i n g  pa rag raphs  a d i s c u s s i o n  o f  t h e  e x p e r i m e n t a l l y  

de t e rmined  head r i s e  v a l u e s  i s  p r e s e n t e d .  

1. Smooth Di sk ,  Smooth Housing - Wate r  

For  t h e  smooth d i s k  i n  a smooth hous ing  w i t h  outward f low,  t h e  Phases  I 

and I1 d a t a  r e s u l t e d  i n  a s t r a i g h t  l i n e  A H  v s  R p l o t  a s  shown i n  f i g u r e  111-1, 

e x c e p t  f o r  a s m a l l  a r e a  a t  t h e  d i s k  c e n t e r .  The s t r a i g h t  l i n e  shows t h a t  

a f o r c e d  v o r t e x  e x i s t s  over  most o f  t h e  r a d i a l  span .  The Phase I11 smooth 

d i s k  d a t a  v e r i f i e d  t h i s  s t r a i g h t  l i n e  d i s t r i b u t i o n ,  b u t  t h e  s l o p e  of t h e  

c u r v e  was less t h a n  t h o s e  from Phases I and I1 a s  a l s o  shown i n  f i g u r e  111-1. 

This d e v i a t i o n  i s  a t t r i b u t e d  t o  s l o t s  i n  t h e  hous ing  w a l l  t h a t  p robably  

c r e a t e d  l o c a l  f low d i s t u r b a n c e s  a long  t h e  f low p a t h  r e s u l t i n g  i n  a reduced  

f l u i d  v e l o c i t y  a n d ,  t h e r e f o r e ,  a reduced head  r ise .  These s l o t s  were 

r e q u i r e d  f o r  t h e  s p e c i a l  Rosemount t empera tu re  probes  used i n  t h e  Phase I11 

l i q u i d  hydrogen tests t o  de t e rmine  t h e  t e m p e r a t u r e  p r o f i l e .  

2 

2 

c u r v e  t h a t  was n o t  a s t r a i g h t  l i n e ,  ( s e e  f i g u r e  111-2) .  The shape  of t h e  

c u r v e  i n d i c a t e s  t h a t  t h e  v o r t e x  mode i s  changing  w i t h  r a d i u s .  I n  a d d i t i o n  

i t  was found t h a t  t h e  s l o p e  of  t h e  AH v s  R2 c u r v e  was a f f e c t e d  by c l e a r a n c e  

and f l o w  c o e f f i c i e n t  f o r  bo th  inward and outward f low.  

For  t h e  smooth d i s k  w i t h  inward f low,  t h e  d a t a  r e s u l t e d  i n  a AH v s  R 
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A p o r t i o n  of t h e  s t u d i e s  i n  Phases I1 and I11 was devoted  t o  de t e rmin ing  

t h e  e f f e c t  o f  t h e  a d d i t i o n  of  a n  i n l e t  hub on t h e  smooth d i s k  head d i s t r i b u -  

t i o n .  (See  t h e  i n s e r t  i n  f i g u r e  11-1.) The Phase I1 s t u d y  i n c l u d e d  two 

hub s i z e s ,  w i t h  i n l e t  d i ame te r  t o  hub d i a m e t e r  r a t i o s  of  1 . 3 3  and 2 .00 .  

There was no a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  r e s u l t s  o b t a i n e d  between t h e  

two hubs t e s t e d  (see f i g u r e  111-3) .  

f rom Phase 11 it was de te rmined  t h a t  t h e  a d d i t i o n  of  a n  i n l e t  hub ,  w h i l e  

c a u s i n g  a more r a p i d  a c c e l e r a t i o n  of t h e  f l u i d  a t  t h e  i n l e t ,  d e c r e a s e d  

t h e  s l o p e  of t h e  c u r v e  r e s u l t i n g  i n  a lower o v e r a l l  head r i s e .  However, 

t h e  d a t a  from Phase I11 showed no e f f e c t  on head r i s e  by t h e  a d d i t i o n  

of a n  i n l e t  hub. It a p p e a r s  from t h e  r e s u l t s  of t h e s e  t e s t s  t h a t  t h e  

d e c r e a s e  i n  t h e  s l o p e  of t h e  A H  vs  R c u r v e s ,  caused  by t h e  a d d i t i o n  of  

a hub i n  t h e  Phase I1 t e s t s ,  may b e  a t t r i b u t e d  t o  i n c r e a s e d  t u r b u l e n c e .  

I n  t h e  Phase I11 t e s t i n g  t h e  head r i s e  on t h e  smooth d i s k  w i t h o u t  a hub 

w a s  p robab ly  dec reased  because  of t h e  t u r b u l e n c e  caused by t h e  s l o t s  i n  

t h e  h o u s i n g ,  as mentioned p r e v i o u s l y ,  t h e r e b y  masking t h e  e f f e c t  o f  

add ing  t h e  i n l e t  hub. This  t h e o r y  is  s u p p o r t e d  i n  p a r t  by t h e  f a c t  t h a t  

t h e  head  r ise  i n  t h e  Phase I1 hub t e s t  w a s  n e a r l y  i d e n t i c a l  t o  t h e  head 

By comparing t h e  AH vs R2 c u r v e s  

2 

0 5 10 15 20 25 30 

DISK RADIUS SQUARED - in.' 

F i g u r e  111-3. R a d i a l  Head D i s t r i b u t i o n  f o r  Smooth FD 1°999* 
Disk  w i t h  I n l e t  Hub i n  Water ,  R a d i a l l y  
Outward Flow 
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2. Smooth Di sk ,  Smooth Housing - Hydrogen 

The smooth d i s k  and smooth housing c o n f i g u r a t i o n  was t e s t e d  i n  l i q u i d  
2 

hydrogen i n  Phases  I1 and 111. A t y p i c a l  AH vs R p l o t  f o r  a t e s t  w i t h  

outward f low i s  shown i n  f i g u r e  111-4. A s  t h i s  c u r v e  shows, t h e  head 

d i s t r i b u t i o n  d e s c r i b e s  a s t r a i g h t  l i n e  a s  was t h e  c a s e  i n  w a t e r .  For 

inward f low ( f i g u r e  111-5) t h e 4 1 1  vs R c u r v e  i s  s i m i l a r  i n  shape  t o  t h e  

inward f low smooth d i s k  c a s e  i n  wa te r  w i t h  t h e  v o r t e x  mode b e i n g  dependent  

on r a d i u s  r a t i o ,  c l e a r a n c e ,  and f low c o e f f i c i e n t .  

2 

0 5 10 15 20 25 30 
DISK RADIUS SQUARED - in.* 

F i g u r e  111-4. R a d i a l  Head D i s t r i b u t i o n  f o r  Smooth FD 145556 
Disk  i n  L i q u i d  Hydrogen, R a d i a l l y  
Outward Flow 
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DISK RADIUS SQUARED - in.' 

F i g u r e  111-5. R a d i a l  Head D i s t r i b u t i o n  f o r  Smooth FD 14554 
Disk  i n  L iqu id  Hydrogen, R a d i a l l y  
Inward Flow 

The a d d i t i o n  of a n  i n l e t  hub t o  the smoorh d i s k  i n  l i q u i d  lijidi-ogen 

tended  t o  i n c r e a s e  t h e  o v e r a l l  head r i s e  f o r  t h e  outward f low c a s e  i n  

Phase 11. Th i s  was i n  o p p o s i t i o n  t o  the Phase  I1 w a t e r  t es t s  where t h e  

o v e r a l l  head r i s e  dec reased  w i t h  t h e  a d d i t i o n  of t h e  i n l e t  hub. There  

i s  a t  p r e s e n t  no comple te  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e  i n  r e s u l t s  between 

t h e  two f l u i d s ;  however,  one p o s s i b i l i t y  i s  t h a t  t h e  lower v i s c o s i t y  and 

d e n s i t y  of t h e  hydrogen may r educe  t h e  amount of tu rbulence ,  and t h u s  t h e  

i n i t i a l  a c c e l e r a t i o n  impar ted  t o  the  f l u i d  by t h e  hub would n o t  be  d e s t r o y e d  

and the  f l u i d  v e l o c i t y  a long  t h e  d i s k  would be  p r o p o r t i o n a l l y  h i g h e r .  

The Phase I11 l i q u i d  hydrogen t e s t  r e s u l t s ,  l i k e  t h e  Phase I11 w a t e r  

t e s t s ,  showed lower f l u i d  v e l o c i t i e s  t h a n  i n  Phase 11. A l s o ,  t h e  a d d i t i o n  

of a n  i n l e t  hub had less e f f e c t  t han  was no ted  i n  t h e  Phase I1 t e s t i n g .  

Th i s  d i s c r e p a n c y  between t h e  Phase I1 and I11 r e s u l t s  i s  a t t r i b u t e d  t o  

the s p e c i a l  Rosemount t empera tu re  probes.  The l o s s e s  c r e a t e d  by t h e  s l o t s  

t h a t  accommodated t h e  probes  cou ld  a l s o  r e d u c e  t h e  e f f e c t  o f  t h e  i n l e t  

hub.  
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The smooth d i s k  inward f low d a t a  were ex tended  t o  lower r a d i u s  v a l u e s  

i n  Phase  111 by r e v e r s e  f lowing  t h e  t e s t  a p p a r a t u s  w i t h  l i q u i d  hydrogen .  

Under c o n d i t i o n s  o f  r e v e r s e  f low,  inward f low would be  ach ieved  on t h e  

f r o n t  s i d e  o f  t h e  r o t a t i n g  d i s k  p r o v i d i n g  p r e s s u r e  i n s t r u m e n t a t i o n  a t  

r a d i u s  squa red  v a l u e s  of 29, 21 ,  13,  and 5 i n . 2 ,  whereas  w i t h  normal f low 

d i r e c t i o n ,  p r e s s u r e  d a t a  were  o b t a i n a b l e  o n l y  a t  r a d i u s  s q u a r e d  v a l u e s  

o f  29, 21 ,  and 13 i n . 2 .  

s e v e r e  p r e s s u r e  d rop  a t  t h e  i n l e t  (no rma l ly  t h e  d i s c h a r g e )  which caused  

c a v i t a t i o n  o r  b o i l i n g  w i t h i n  t h e  f low p a s s a g e .  T h e r e f o r e ,  u s a b l e  d a t a  

were  l i m i t e d  t o  v e r y  low flow c o e f f i c i e n t s .  These d a t a  were  g e n e r a l l y  i n  

good agreement  w i t h  d a t a  from p r e v i o u s  t e s t s  and were  used t o  modify t h e  

smooth d i s k ,  inward f low r e g r e s s i o n  e q u a t i o n  f o r  K. 

The r e s u l t s  of t h e  t e s t s  were  a f f e c t e d  by a 

3 .  Bladed Di sk ,  Smooth Housing 

The Phase I s t u d y ,  w i t h  w a t e r  a s  t h e  t e s t  f l u i d ,  produced c o n s i s t e n t  

r e s u l t s  f o r  b o t h  0.125-and 0 .250- inch  h i g h  b l a d e s  w i t h  24-bladed d i s k s .  

T y p i c a l  AH v s  R2 c u r v e s  f o r  outward and inward f low c o n d i t i o n s  ( f i g u r e s  111-6 

and 111-7) show t h a t  t h e  d a t a  l i e  on a cu rved  l i n e ,  and t h e r e f o r e  t h e  f l u i d  

a n g u l a r  v e l c c i t y  is no t  constant over t h e  d i s k  r a d i a l  span .  The Phase I 

d a t a  a l s o  showed t h a t  f l o w r a t e  had no e f f e c t  on t h e  AH v s  R c u r v e s .  2 

400 
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DISK RADIUS SQUARED - in! 

32 

F i g u r e  111-6. R a d i a l  Head D i s t r i b u t i o n  f o r  Bladed FD 7840A 
Disk  i n  Water ,  R a d i a l l y  Outward Flow 
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IMPELLER RADIUS SQUARED - in? 

F i g u r e  1 1 1 - 7 .  R a d i a l  Head D i s t r i b u t i o n  f o r  FD 7821A 
Bladed Disk  i n  W a t e r ,  R a d i a l l y  
Inward Flow 

The e f f e c t  on head d i s t r i b u t i o n  of r educ ing  t h e  number of b l a d e s  

was a l s o  s t u d i e d  under Phase I. A 0.125-inch b l a d e  h e i g h t  d i s k  was 

t e s t e d  w i t h  12 and 6 b l a d e s  a t  c o n s t a n t  c l e a r a n c e .  The t e s t  r e s u l t s  

show a r e l a t i v e l y  small e f f e c t  of b l a d e  number on t h e  head  d i s t r i b u t i o n  

f o r  inward and outward f low.  

These  same d i s k  c o n f i g u r a t i o n s  were t e s t e d  i n  Phase  I1 w i t h  l i q u i d  
2 

hydrogen  a s  t h e  t e s t  f l u i d .  T y p i c a l  A H  vs R c u r v e s  a r e  shown i n  

f i g u r e  111-8. The head  d i s t r i b u t i o n  p l o t t e d  a s  a s t r a i g h t  l i n e  f o r  a l l  

v a l u e s  of c l e a r a n c e ,  b l a d e  h e i g h t ,  and b l a d e  number f o r  outward f low.  

The inward  f low c a s e  y i e l d e d  a head d i s t r i b u t i o n  s i m i l a r  t o  a l l  p r e v i o u s  

c a s e s :  t h a t  i s ,  a curved  AH v s  R2 l i n e .  

The e f f e c t  of d i s k  t i p  b lockage  was i n v e s t i g a t e d  i n  b o t h  w a t e r  and 

l i q u i d  hydrogen i n  Phases  I1 and 111. The t i p  b lockage  s i m u l a t e s  t h e  

c o n d i t i o n  o f  a hous ing  overhang a t  t h e  i m p e l l e r  t i p .  For outward f low 

w i t h  w a t e r ,  t h e  AH vs R p l o t  t e n d s  toward a s t r a i g h t  l i n e  a s  shown i n  

f i g u r e  111-9, b u t  o v e r a l l  head  r i s e  i s  n o t  a f f e c t e d .  There  was n e g l i g i b l e  

e f f e c t  on t h e  head d i s t r i b u t i o n  f o r  inward f low a s  a l s o  shown i n  

f i g u r e  111-9. 

2 
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(a) Radially Outward Flow 
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DISK RADIUS SQUARED - in.' 

(b) Radially Inward Flow 

F i g u r e  111-9. R a d i a l  Head D i s t r i b u t i o n  f o r  FD 10998A 
Bladed  Disk  wi th  T i p  Blockage 
i n  Water 
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For l i q u i d  hydrogen,  t h e  r e s u l t s  showed t h a t  t h e  a d d i t i o n  of t i p  

b lockage  had no measurable  e f f e c t  on head d i s t r i b u t i o n  f o r  bo th  t h e  

inward and outward f low.  The on ly  change no ted  by t h e  a d d i t i o n  of t i p  

b lockage  was a s i g n i f i c a n t  i n c r e a s e  i n  l i q u i d  hydrogen t empera tu re  a t  

t h e  d i s k  d i s c h a r g e  annu lus  ove r  t h e  t e s t s  w i t h o u t  t i p  b lockage .  Th i s  

i n c r e a s e  i n  t empera tu re  was f i r s t  noted i n  t h e  Phase  I1 t e s t i n g  and w a s  

b e l i e v e d  t o  be  caused  by f l u i d  f r i c t i o n  i n  t h e  annu lus  between t h e  t i p  of 

t h e  d i s k  and t h e  b lockage  r i n g s .  The s p e c i a l  Rosemount s u r f a c e  t e m p e r a t u r e  

probes  were i n s t a l l e d  i n  Phase  111 and v e r i f i e d  t h i s  t h e o r y .  The tempera-  

t u r e  r i s e  a l o n g  t h e  f a c e  of  t h e  d i s k  was t h e  same w i t h  o r  w i t h o u t  t i p  

b lockage  and t h e r e  was a n  i n c r e a s e  i n  t empera tu re  a c r o s s  t h e  annulus  between 

t h e  d i s k  and t h e  b lockage  r i n g .  The f l u i d  f r i c t i o n  on t h i s  annu lus  was 

a l s o  r e f l e c t e d  by a n  i n c r e a s e  i n  to rque  r e q u i r e d  t o  d r i v e  t h e  r o t o r  b u t  

t h e  e x a c t  i n c r e a s e  could  n o t  be  de te rmined  because  of s c a t t e r  i n  t h e  t e s t  

d a t a .  

4 .  Smooth Di sk ,  Bladed Housing 

The f o u r  t e s t s  conducted on t h i s  c o n f i g u r a t i o n  inc luded  two i n  l i q u i d  

hydrogen and two i n  w a t e r  w i t h  d i f f e r e n t  b l a d e - t o - d i s k  a x i a l  c l e a r a n c e s .  

The r e s u l t s  show t h a t  no measurable  head r i s e  was g e n e r a t e d  w i t h  outward 

f low and no head drop  w i t h  inward f low,  i n d i c a t i n g  e s s e n t i a l l y  no f l u i d  

r o t a  t i o n .  

5 .  Torque Measurements 

Data  on t h e  ene rgy  i n p u t  t o  t h e  r o t a t i n g  d i s k  were o b t a i n e d  by means 

of  t h e  to rque  measur ing  d e v i c e  d e s c r i b e d  i n  S e c t i o n  11. C o n s i s t e n t  

d a t a  were o b t a i n e d  i n  t h e  w a t e r  t e s t s  b u t ,  because  of  t h e  low power 

r e q u i r e m e n t s  i n  l i q u i d  hydrogen and d i f f i c u l t i e s  encoun te red  w i t h  t h e  

t o r q u e  measuring d e v i c e ,  t h e  d a t a  from t h e  hydrogen t e s t s  were e r r a t i c  

and a r e  c o n s i d e r e d  i n v a l i d .  

F i g u r e  111-10 shows t h e  t o r q u e  data  from a smooth d i s k ,  smooth hous ing  

v e r s u s  d i s k  Reynolds t es t  i n  water p l o t t e d  as  t o r q u e  c o e f f i c i e n t ,  

number,  R e ,  a t  t h e  t i p  o f  t h e  d i s k .  The re  w a s  f a i r l y  c l o s e  agreement  

between t h e s e  d a t a  and t h a t  of D a i l y  and Nece (Reference  1) and w i t h  t h e  

t h e o r e t i c a l  e q u a t i o n s  o f  Schultz-Grunow (Reference  2 ) .  C lea rance  and f low 

c o e f f i c i e n t  had no measu rab le  e f f e c t  on t h e  t o r q u e  c o e f f i c i e n t  w i t h i n  

t h e  r a n g e  t e s t e d .  

'm 
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F i g u r e  111-10. Smooth Disk  Torque Data FD 7 8 3 7 8  

P l o t s  of  t o r q u e  c o e f f i c i e n t  v e r s u s  Reynolds  number f o r  t h e  b l a d e d  

d i s k  i n  w a t e r  a r e  shown i n  f i g u r e  111-11. These c u r v e s  show t h e  e f f e c t  

o f  b l a d e  h e i g h t ,  T ,  and t h e  r a t i o  of b l a d e  h e i g h t  t o  t h e  sum o f  b l a d e  

h e i g h t  p l u s  c l e a r a n c e ,  T/S,  and r e f l e c t  t h e  i n c r e a s e  i n  power r e q u i r e d  

f o r  g r e a t e r  b l a d e  h e i g h t s  and /o r  i n c r e a s e d  c l e a r a n c e .  
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F i g u r e  111-11. Bladed Disk  Torque Data FD 7 8 3 8 ~  
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The t o r q u e  measurements i n c l u d e d  t h e  r i m  d rag  of t h e  

c a l c u l a t i o n  of d i s k  r i m  f r i c t i o n  was necessa ry  f o r  a v a l  

of  d a t a .  The method of D a i l y  and Nece (Reference  1) f o r  

f low was used i n  t h i s  c a l c u l a t i o n .  The method c o n s i d e r s  

between t h e  d i s k  and t h e  w a l l  a s  a duct  ana logous  t o  a c 

The s h e a r  s t r e s s  on t h e  d i s k  r i m  was g i v e n  a s ,  

T = ( f / 4 )  (p /2 )  @Ro/2l2 

PWA FR-1716 

d i s k ,  s o  a 

d comparison 

t u r b u l e n t  

t h e  annu lus  

r c u l a r  p i p e .  

Th i s  e x p r e s s i o n  is  used  i n  d e r i v i n g  the  c o r r e c t i o n  f o r  % e x p r e s s e d  a s ,  

and ,  h e n c e ,  

ci % a c t u a l  = C measured - M 
The f r i c t i o n  f a c t o r ,  f ,  w a s  determined from t h e  smooth p i p e  c u r v e  on a 

Moody d iagram u s i n g  a Reynolds number g iven  a s ,  

WRo C 
R e  = - 

U 
where:  

C = Disk  t i p  c l e a r a n c e  

D a i l y  and Nece found by exper iment ing  w i t h  smooth d i s k s  of v a r i o u s  

t h i c k n e s s  t h a t  t h i s  c o r r e c t i o n  method was v a l i d .  

t h e  t e s t i n g  performed i n  t h i s  r e p o r t  ranged  from 0.0010 t o  0.00133.  

Values  of C’ f o r  M 

6 .  Blade- to-Blade  P r e s s u r e  O s c i l l a t i o n s  

The p r e s s u r e  p u l s e s  g e n e r a t e d  by a b l a d e  sweeping p a s t  a h i g h  r e sponse  

p r e s s u r e  t r a n s d u c e r  ( r e f e r  t o  S e c t i o n  11) were r eco rded  on magnet ic  

t a p e  d u r i n g  t h e  b l aded  d i s k  t e s t s .  

c h a n n e l  wave a n a l y z e r ,  and photographs t a k e n  of  t y p i c a l  t e s t  p o i n t s  a r e  

shown i n  f i g u r e s  111-12 and 111-13 fo r  water and l i q u i d  hydrogen ,  r e s p e c -  

t i v e l y .  Each photograph is a d i s p l a y  o f  t h e  peak-to-peak p r e s s u r e  

a m p l i t u d e s  a t  t h e  f r equency  of t h e  complex wave g e n e r a t e d  by t h e  p a s s i n g  

b l a d e .  S e v e r a l  p r e s s u r e  p u l s e s  appear  on each i l l u s t r a t i o n .  The p u l s e  

o f  p r i m a r y  i n t e r e s t  i n  t h i s  s t u d y  occurs  a t  t h e  f requency  of t h e  p a s s i n g  

b l a d e .  A t  h i g h e r  f r e q u e n c i e s  harmonics appea r .  With t h e  24-b lade  r o t o r  

t h e  a m p l i t u d e s  of t h e  harmonics  were q u i t e  low; however,  f o r  t h e  12- and 

6 - b l a d e  d i s k  t h e  h i g h e r  harmonics  were q u i t e  d i s t i n c t .  A t  t h e  d i s k ,  

These t a p e s  were ana lyzed  on a m u l t i -  

111-17 
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I 

r o t a t i n g  f r equency  p u l s e s  were a l s o  v i s i b l e  and were p r o b a b l y  caused  by  

a s l i g h t  a x i a l  r u n o u t  of  t h e  d i s k .  A b l a d e  p r e s s u r e  l o a d i n g  parameter  

was c a l c u l a t e d  from t h e  d a t a  and p l o t t e d  a g a i n s t  r a d i u s  r a t i o  squa red  

a s  shown i n  f i g u r e s  111-14 and 111-15 f o r  w a t e r  and l i q u i d  hydrogen ,  

r e s p e c t i v e l y .  The b l a d e  p r e s s u r e  load ing  pa rame te r  was d e f i n e d  a s  t h e  

peak- to-peak  p r e s s u r e  p u l s e  a t  t h e  b l a d e  p a s s i n g  f r equency  d i v i d e d  by  

t h e  l o c a l  a v e r a g e  s t a t i c  p r e s s u r e  (or  Ap /P) .  The Ap/P d a t a  f o r  t h e  w a t e r  

t e s t s  were s c a t t e r e d  b u t  c a n  b e  approximated  by a c o n s t a n t  v a l u e  of 

0.075 independent  of  s p e e d ,  c l e a r a n c e ,  r a d i u s  r a t i o ,  and number o f  b l a d e s .  

There  d i d  n o t  appea r  t o  be  a r e a d i l y  p r e d i c t a b l e  t r e n d  from t h e  d a t a  

p l o t t e d  f o r  l i q u i d  hydrogen.  

111- 18 
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(e) Test  32 6 Blades 
T = 0.125 in. C = 0.055 in. 

F i g u r e  111-13. T y p i c a l  Peak- to -Peak  P r e s s u r e  FD 11002A 
vs Frequency  
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Figure 
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RADIUS RATIO, R/Ro 

111-14. Blade Pressure Loading FD 7812A 
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(c) 24 Blades T = 0.125 in. ,  
C = 0.156 

F i g u r e  111-15. Blade  P r e s s u r e  Loading vs Radius  FD 1 l O O l A  
R a t i o  Squared f o r  Bladed Disk  i n  
L i q u i d  Hydrogen 
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SECTION I V  
DETERMINATION OF K VALUES 

A s  ment ioned p r e v i o u s l y  i n  S e c t i o n  111, t h e  v o r t e x  mode f o r  any c a s e  

of r o t a t i n g  f low may b e  de te rmined  by e v a l u a t i n g  K a s  a f u n c t i o n  of t h e  

i n f l u e n c i n g  v a r i a b l e s .  K was c a l c u l a t e d  f o r  each  c o n f i g u r a t i o n  and f low 

c o n d i t i o n  i n v e s t i g a t e d  from t h e  s l o p e s  of t h e  AH v s  R c u r v e s .  The 

e q u a t i o n  f o r  K i s  a s  f o l l o w s :  

2 

2g (H2 - HI) 
K = J 2  o ( ~ ~ 2 - ~ ~ 2 >  ( I V -  1) 

2 For  t h e  c a s e  where t h e  AH vs  R c u r v e  was n o t  l i n e a r ( i . e . ,  n o t  a 

f o r c e d  v o r t e x )  t h e  K v a l u e  was determined a s  a f u n c t i o n  of r a d i u s  by 

d i v i d i n g  t h e  AH - R2 c u r v e  i n t o  a number of  sma l l  s t r a i g h t - l i n e  segments 

( each  approx ima t ing  a fo rced  v o r t e x )  and c a l c u l a t i n g  a K f o r  each segment 

The r a d i u s  r a t i o  f o r  each  segment w a s  o b t a i n e d  by d i v i d i n g  t h e  r a d i u s  

a t  t h e  midpo in t  of t h e  segment by t h e  o u t e r  r a d i u s  of t h e  d i s k .  

n l l - -  C-- - - A * - l l T 7  n.,+rTn,-,4 F l n ~ . ~  b e l L e L d L l y ,  L u L  i a u i a i i j  V u L w u i u  L I V w ,  K ws d ~ - t ~ - r m . i ~ e r !  +_Q h e  

f u n c t i o n  of f low c o e f f i c i e n t  and c l e a r a n c e  f o r  t h e  smooth d i s k  i n  b o t h  

hydrogen and w a t e r .  For  t h e  b l aded  d i s k  i n  w a t e r ,  K was de te rmined  t o  

a l s o  b e  a f u n c t i o n  of c l e a r a n c e  r a t i o ,  r a d i u s  r a t i o ,  and b l a d e  h e i g h t .  

Fo r  t h e  b laded  d i s k  i n  l i q u i d  hydrogen, K w a s  de t e rmined  t o  be  c o n s t a n t  

and e q u a l  t o  u n i t y  f o r  a l l  cases. 

d i d  not y i e l d  any  change i n  head ,  s o  t h a t  t h e  K v a l u e  was e s s e n t i a l l y  

zero f o r  a l l  f low c o n d i t i o n s  t e s t e d .  

The b laded-hous ing  smooth-d isk  tes t  

The head d i s t r i b u t i o n  d a t a  were used t o  d e r i v e  t h e  fo l lowing  r e g r e s s i o n  

e q u a t i o n s  f o r  K a s  a f u n c t i o n  of the  s i g n i f i c a n t  v a r i a b l e s  by t h e  methods 

p r e v i o u s l y  d e s c r i b e d .  The maximum p e r c e n t  e r r o r  (MPE) and t h e  ave rage  

p e r c e n t  e r r o r  (APE) i n  t h e  f i t  of t h e  d a t a  t o  t h e  e q u a t i o n s  i s  g i v e n  

w i t h  each  e q u a t i o n .  

1. Smooth Di sk ,  Smooth Housing 

For  Water - Outward Flow 

K = 0.578 - 4.114 - 1 . 6 7 C  ( I V - 2 )  

MPE = 4.5% APE = 2.0% 

IV- 1 
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For Water - Inward Flow 

K = 0.3865 + 9 5 . 3 @  - 12.6@ (<)2 - 9.17 x 10 ( IV-3) 

+ 2 7 . 8 ( ~ )  R 2  (c) c - 2 .75  x 103(+)4($)2 + 6 .51  x 10 

0 0 

+ 2.13 @ O S 5  - 6.59(<) 

MPE = 28.6% 

APE = 4.92% 

For LH2 - Outward Flow 

c 2.0 K = 0.906 + 0.012@ - 5 . 3 6 9  - 51.1(<) + 1295.3(,) 

MPE = 29.2% 

APE = 5.54% 

For LH, - Inward Flow 

(IV-5) 

MPE = 4.12% 

APE = 1.69% 

F i g u r e  I V - 1  shows p l o t s  o f  K vs f low c o e f f i c i e n t  f o r  t h e  smooth d i s k  

i n  w a t e r  w i t h  r a d i a l l y  outward and inward f low.  For outward f low,  K 

i s  a f u n c t i o n  of c l e a r a n c e  ( C )  and f low c o e f f i c i e n t  ( $ )  b u t  independent  

of r a d i u s .  For inward f low K i s  a f u n c t i o n  of  r a d i u s  a s  w e l l  a s  t h e  

o t h e r  two. F i g u r e  I V - 1  a l s o  shows t h e  same p l o t s  f o r  l i q u i d  hydrogen.  

A s  i n  t h e  c a s e  of  w a t e r ,  K i s  a f u n c t i o n  of C and @ f o r  outward f low and 

C ,  $ and R f o r  inward;  however,  t h e  e f f e c t  o f  f low c o e f f i c i e n t  w i t h  

inward f low i s  s l i g h t  and can  b e  cons ide red  n e g l i g i b l e  between @ =  0.010 

and 0.040.  

F i g u r e  IV-2 shows c r o s s - p l o t s  of t h e  same v a r i a b l e s  showing t h e  change 

i n  K w i t h  c l e a r a n c e .  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  d i f f e r e n c e  between 

t h e  t w o  f l u i d s  f o r  t h e  outward f low c a s e ;  K i s  a l i n e a r  f u n c t i o n  of 

clearance i n  water and n o n l i n e a r  i n  hydrogen.  

I V -  2 

(IV-4) 
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2 .  Bladed Di sk ,  Smooth Housing 

For  Water - Inward and Outward Flow 

( I V -  6 )  

MPE = 6.0% 

APE = 2.5% 

For LH2 - Outward Flow 

K = 1.0 (Both b l a d e  h e i g h t s )  

MPE = 5.0% 

APE = 1.69% 

For LH - Inward Flow 

( a )  Blade  Height  = 0.250 inch  
2 

K =-0.8819 + 1.24 (e7 - 1.94 ($( + 0.841(<r ( I V -  7 1 

+ 4 . 0 6 0  - 2 . 4 1 ( 5 )  ‘i’ 2 - 2 3 . 9 ( c r @  I - \  + 1 2 8 3 . 1 @ - @  ‘ R ’ 4  2 

- 1.985 x 10 4 (c) R 6 @ 2  

MPE = 14.37% 

APE = 2.28% 

(b) Blade  Height  = 0.125 inch  

K =-2.511 + 0.49 + 103.4@ - 7 2 6 . 9 @ ~ ~  + 0.26(,) 

-1.0 -4  -2 - 55.0  z2+ + 405.0 -2.6 x 10 @ + 0 . 0 4 5 0  
(Ro) e)@ 

+ 0 . 0 6 9 ( 5 )  R -1.0 

MPE = 11.9277 

APE = 2.11% 

IV-5 
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F i g u r e  I V - 3  shows a p l o t  of t h e  r e g r e s s i o n  e q u a t i o n  f o r  t h e  b l a d e d  

d i s k  i n  w a t e r .  Th i s  e q u a t i o n ,  which r e f l e c t s  t h e  change i n  v o r t e x  mode 

w i t h  r a d i u s  and t h e  dependency of K on T and TIS ,  i s  a p p l i c a b l e  t o  b o t h  

outward and inward f low c o n d i t i o n s .  Flow c o e f f i c i e n t ,  w i t h i n  t h e  r a n g e  

t e s t e d ,  had no measurable  e f f e c t  on K v a l u e .  The e f f e c t  on K of  r e d u c i n g  

t h e  number of  b l a d e s  from 24 t o  12  or 6 i s  r e l a t i v e l y  s m a l l .  Th i s  e f f e c t  

i s  c o n s i s t e n t  w i t h  r e s u l t s  r e p o r t e d  by o t h e r  i n v e s t i g a t o r s  such  a s  

S tepanof f  and Acos ta .  

No. of Blades = 24 

0.2 
~~ 

0.4 0.6 0.8 1 .o 
RADIUS RATIO, R/R, 

F i g u r e  I V - 3 .  F l u i d  Angular V e l o c i t y  C o r r e l a t i o n  FD 7833A 
f o r  24-Blade,  0 .250- in .  I m p e l l e r  
i n  Water ,  Inward and Outward Flow 

F i g u r e  IV-4 p r o v i d e s  p l o t s  of  K vs r a d i u s  r a t i o  squa red  a t  t h r e e  

v a l u e s  o f  T / S  (0.8,  0 . 6 ,  and 0 . 4 )  f o r  t h e  two b l a d e  h e i g h t s  (0.125 and 

0 .250  i n c h )  f o r  r a d i a l l y  inward flow w i t h  l i q u i d  hydrogen.  The r e d u c t i o n  

i n  t h e  number of  b l a d e s  from 24 t o  1 2  o r  6 had no measurable  e f f e c t  on 

K f o r  e i t h e r  outward o r  inward f low.  

3. Smooth D i s k ,  Bladed Housing 

W i t h i n  t h e  r a n g e  of v a r i a b l e s  t e s t e d  t h e r e  was no measurable  change 

i n  p r e s s u r e  f o r  e i t h e r  inward o r  outward f low so  t h a t  K f o r  t h i s  c a s e  

i s  e q u a l  t o  z e r o .  

I V -  6 
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F i g u r e  I V - 4 .  F l u i d  V e l o c i t y  R a t i o  vs Radius 
R a t i o  Squared  f o r  Bladed Disk  
i n  L i q u i d  Hydrogen, R a d i a l l y  
Inward F l o w  

IV- 7 
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4. I n l e t  and Di scha rge  Geometry 

The e f f e c t  on K of changes t o  the  i n l e t  and d i s c h a r g e  geometry was 

i n v e s t i g a t e d  i n  Phases  I1 and 111. The e f f e c t s  of  t h e s e  changes a re  

d i s c u s s e d  i n  t h e  f o l l o w i n g  pa rag raphs .  

a .  I n l e t  Hub 

A s  d i s c u s s e d  i n  S e c t i o n  111, t h e  a d d i t i o n  of  a n  i n l e t  hub t o  t h e  smooth 

d i s k  w i t h  a smooth hous ing  had a s i g n i f i c a n t  e f f e c t  on head r i s e  i n  b o t h  

w a t e r  and hydrogen.  Th i s  e f f e c t  on the  v a l u e  of  K i s  d e p i c t e d  i n  f i g u r e  I V - 5  

f o r  b o t h  wa te r  and hydrogen .  These cu rves  show a d e c r e a s e  i n  K f o r  w a t e r  

and a n  i n c r e a s e  i n  IZ f o r  hydrogen wi th  t h e  a d d i t i o n  of a n  i n l e t  hub w i t h  

a n  in lee-eo-hub diamecer  r a c i o  (iiji-a) of 2 .  Tescs wiKh a i a r g e r  d i ame te r  

hub (ID/HD = 1.33) produced t h e  same r e s u l t s .  An e x p l a n a t i o n  of t h e  d i f f e r e n c e s  

i n  t h e  two f l u i d s  and /o r  t h e  e f f e c t  of t h e  hub i n  e i t h e r  c a s e  would r e q u i r e  

a d e t a i l e d  i n v e s t i g a t i o n  of t h e  f low c o n d i t i o n s  i n c l u d i n g  t u r b u l e n c e  and 

r e c i r c u l a t i o n  i n  b o t h  c o n f i g u r a t i o n s .  Due t o  t h e  i n c o n c l u s i v e  d a t a  on 

t h e  i n l e t  hub e f f e c t s  i n  Phase 111, a s  d i s c u s s e d  i n  S e c t i o n  111, and because  

t h e  Phase I1 t e s t s  w e r e  conducted a t  o n l y  one d i s k - t o - h o u s i n g  c l e a r a n c e ,  

i t  i s  n o t  known i f  t h e  magnitude of the  i n l e t  hub e f f e c t  i s  t h e  same a t  

a l l  c l e a r a n c e s .  For t h i s  r e a s o n  t h e  e q u a t i o n  f o r  K f o r  t h e  smooth d i s k  

h a s  n o t  been  modi f ied  t o  i n c l u d e  t h e  i n l e t  hub c a s e .  

b .  T ip  Blockage,  Bladed Disk 

The a d d i t i o n  of b lockage  r i n g s  a t  t h e  t i p  of t h e  b l aded  d i s k  t o  s i m u l a t e  

hous ing  overhang had no measurable  e f f e c t  on f l u i d  v e l o c i t y  i n  l i q u i d  

hydrogen .  However, i n  w a t e r , t h e  t i p  b lockage  changed t h e  v o r t e x  mode 

c r e a t i n g  a f o r c e d  v o r t e x  and making K a c o n s t a n t  w i t h  r a d i u s  a s  shown i n  

f i g u r e  IV-6. T h i s  e f f e c t  was noted  i n  t i p  c l e a r a n c e s  (Z) from 0.050 t o  

0.150 i n .  w i t h  t h e  0 .125- inch  h i g h  b l ades  a t  a b l ade - to -hous ing  c l e a r a n c e  

o f  0.065 inch .  It i s  p o s s i b l e  t h a t  t h i s  e f f e c t  would be reduced  a t  t i p  

c l e a r a n c e s  g r e a t e r  t h a n  S ( t h e  sum of b l a d e  h e i g h t  and b l ade - to -hous ing  

c l e a r a n c e ,  i n  t h i s  c a s e ,  0 .190 i n . ) .  However, f o r  c a s e s  w i t h i n  t h e  Z/S 

r a t i o s  t e s t e d  (0 .26  t o  0 . 7 9 ) ,  i t  appears  t h a t  t h e  ( R / R  ) t e r m  i n  t h e  e q u a t i o n  

f o r  K may be  r e p l a c e d  w i t h  a c o n s t a n t  e q u a l  t o  0.170. 
0 
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SECTION V 
DISCUSSION OF RESULTS 

A.  GENERAL 

The r e s u l t s  of t h e  e x p e r i m e n t a l  program have  y i e l d e d  a n  e m p i r i c a l  

method f o r  p r e d i c t i n g  t h e  r a d i a l  p r e s s u r e  d i s t r i b u t i o n  g e n e r a t e d  by low- 

f low b laded  o r  smooth (unbladed)  d i s k s  i n  smooth hous ings  and b l aded  

hous ings  w i t h  smooth d i s k s  w i t h i n  the  r ange  o f  v a r i a b l e s  t e s t e d .  

The e q u a t i o n s  f o r  K d e r i v e d  from t h e  w a t e r  t e s t s  a r e  c o n s i d e r e d  

a p p l i c a b l e  t o  i n c o m p r e s s i b l e  f l u i d s  a t  d i s k  Reynolds numbers g r e a t e r  

t h a n  L O 6 ,  w h i l e  t h e  e q u a t i o n s  d e r i v e d  f o r  l i q u i d  hydrogen a r e  a p p l i c a b l e  

o n l y  t o  l i q u i d  hydrogen because  of t h e  un ique  p r o p e r t i e s  of t h i s  f l u i d ,  

such  a s  t h e  v a r i a t i o n  of d e n s i t y  and s p e c i f i c  h e a t  w i t h  t e m p e r a t u r e .  

The e q u a t i o n s  f o r  K a r e  cons ide red  v a l i d  f o r  a p p l i c a t i o n  t o  t h e  

p r e d i c t i o n  of r a d i a l  p r e s s u r e  d i s t r i b u t i o n  w i t h i n  t h e  r ange  o f  v a r i a b l e s  

t e s t e d ,  a s  g i v e n  i n  t a b l e  V - 1 .  The i r  u s e  o u t s i d e  t h e s e  r anges  should  

be  w i t h  c a u t i o n .  

The r e s u l t s  d i s c u s s e d  i n  S e c t i o n s  I11 and I V  have been  concerned 

v i t h  the  p r e r l F c t i n n  of head d i s t r i b u t i o n  o r  p r e s s u r e  d i s t r i b u t i o n  w i t h  

no a p p r e c i a b l e  d e n s i t y  change.  I n  an a c t u a l  c a s e  t h e  d e n s i t y  may v a r y  

enough t o  have a n  e f f e c t  on t h e  p r e s s u r e  d i s t r i b u t i o n .  The major cause  

o f  t h e  d e n s i t y  change i s  a t t r i b u t e d  t o  a n  i n c r e a s e  i n  f l u i d  t empera tu re  

due  t o  f l u i d  f r i c t i o n  and t u r b u l e n c e .  F i g u r e  V - 1  w i l l  s e r v e  t o  demons t r a t e  

t h e  magni tude  o f  t h e  t empera tu re  change observed  d u r i n g  t e s t i n g .  

From t h e  w a t e r  t e s t  d a t a  i t  was observed  t h a t  a s m a l l  t empera tu re  r i s e  

(maximum 

t e m p e r a t u r e  change occur red  w i t h  inward f low.  

e f f e c t  on d e n s i t y  and hence  p r e s s u r e  d i s t r i b u t i o n .  

9'F) occu r red  f o r  t h e  outward f low c o n d i t i o n  and a n e g l i g i b l e  

Th i s  would have a n e g l i g i b l e  

I n  l i q u i d  hydrogen t h e r e  was a t empera tu re  r i s e w i t h  outward f low on b o t h  

t h e  smooth and b l aded  d i s k s .  

i n c o n s i s t e n t .  I n  t h e  low p r e s s u r e  (95 p s i a )  t e s t s ,  t h e  t empera tu re  f o r  

inward f low was n e a r l y  c o n s t a n t  b u t  i n  t h e  t e s t  a t  h igh  p r e s s u r e  (650 p s i a )  

t h e r e  was a s i g n i f i c a n t  i n c r e a s e  i n  t empera tu re  ( 5 " t o  10'F). In  t h e  h igh -  

p r e s s u r e  t e s t  t h e  t empera tu re  r i s e  on t h e  f r o n t  f a c e  (outward f low c o n d i t i o n )  

was n e a r l y  t h e  same a s  i n  t h e  low-pressure  t e s t s .  

However, t h e  inward f low t empera tu re  d a t a  was 
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N2 N2 -8 -( 10.') OR - (10 ) 
cp cpC 

F i g u r e  V - 1 .  Temperature  Rise f o r  Outward Flow FD 14538 

The d i f f e r e n c e  i n  AT between the  low-pres su re  and h i g h - p r e s s u r e  t e s t s  

c a n  be  a t t r i b u t e d  t o  t h e  unique  p r o p e r t i e s  u i  iiydi-ogsri. w-.- L i t =  L * y U ' L U L " . .  - . F . . - - c 4 n n  of  

hydrogen  t o  a lower p r e s s u r e  can  r e s u l t  i n  a t empera tu re  i n c r e a s e  o r  d e c r e a s e  

depending  on t h e  i n i t i a l  p r o p e r t i e s  ( t e m p e r a t u r e  and p r e s s u r e )  of  t h e  f l u i d .  

I n  a d d i t i o n ,  t h e  s p e c i f i c  h e a t  of  hydrogen v a r i e s  r a d i c a l l y  w i t h  p r e s s u r e  

a s  w e l l  a s  t e m p e r a t u r e ,  e s p e c i a l l y  a t  lower t empera tu res  (below 80'R) which 

was t h e  r e g i o n  of p r imary  i n t e r e s t  i n  t h i s  s t u d y .  A s  t h e  s p e c i f i c  h e a t  

changes ,  o f  c o u r s e ,  t h e  AT f o r  a g iven  h e a t  i n p u t  a l s o  changes .  To make 

t h e  p r e s s u r e  p r e d i c t i o n  a n a l y s i s  c o m p l e t e , e m p i r i c a l l y  de te rmined  moment 

c o e f f i c i e n t s  based  on t h e  observed  d a t a  were encorpora t ed  t o  e n a b l e  t h e  

p r e d i c t i o n  of t e m p e r a t u r e  r i s e .  This i s  t h e n  a p p l i e d  t o  t h e  head r i s e  

c a l c u l a t i o n  t o  y i e l d  t h e  p r e s s u r e  d i s t r i b u t i o n .  A c o r r e l a t i o n  was e s t a b -  

l i s h e d  from t h e  d a t a  f o r  b o t h  t h e  smooth and b l aded  d i s k  f o r  b o t h  f l u i d s .  

The t e m p e r a t u r e  r i s e  was found t o  be a f u n c t i o n  of 02/q5, s p e c i f i c  h e a t ,  

moment c o e f f i c i e n t ,  and gap w i d t h ,  S .  

The e q u a t i o n s  d e r i v e d  f o r  t h e s e  c a s e s  a r e  i n c o r p o r a t e d  i n  t h e  computer 

program d i s c u s s e d  i n  Appendix A .  
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C o n f i g u r a t i o n  & 
Test F l u i d  

Table  V - 1  

@ C ,  i n  Re ( l o 6 )  

Smooth Disk  

Water 0-0.035 0.040-0.138 6.87-22.5 

Hydrogen 0.004-0.123 0.024-0.138 77.2-123.0 

Bladed Disk 

Water 0-0.024 0.020-0.125 3.8-27.9 

Hydrogen 0.010-0.046 0.035-0.156 37.3-121.7 

B.  FORMULATION OF COMPUTER PROGRAM 

To p r o v i d e  a comple te  and r e a d i l y  u s a b l e  p r e s s u r e  p r e d i c t i o n  sys tem 

a computer program h a s  been  formula ted  based on t h e  e q u a t i o n s  f o r  K 

deve loped  from t h e  expe r imen ta l  d a t a .  This  program, which i s  w r i t t e n  

i n  F o r t r a n  I1 f o r  u se  on t h e  IBM 7090 computer ,  w i l l  p r o v i d e  head and 

p r e s s u r e  d i s t r i b u t i o n  and t h e  a x i a l  f o r c e  g e n e r a t e d  by t h i s  p r e s s u r e  d i s -  

t r i b u t i o n  f o r  any of t h e  c o n f i g u r a t i o n s  i n c l u d e d  i n  t h e  expe r imen ta l  

i n v e s t i g a t i o n .  The computer program, when s u p p l i e d  w i t h  i n p u t s  f o r  a 

s p e c i f i c  c o n f i g u r a t i o n  and s e t  of o p e r a t i n g  c o n d i t i o n s ,  w i l l  per form 

t h e  p r e l i m i n a r y  c a l c u l a t i o n s  r e q u i r e d  f o r  v a r i o u s  p a r a m e t e r s ,  such a s  

r o t o r  speed ,  f l u i d  v e l o c i t y ,  d e n s i t y ,  s p e c i f i c  h e a t ,  and v i s c o s i t y .  The 

K v a l u e  i s  t h e n  c a l c u l a t e d  us ing  the  a p p l i c a b l e  e q u a t i o n  from S e c t i o n  I11 

and t h i s  K v a l u e  ( 8 )  i s  t h e n  a p p l i e d  t o  t h e  mod i f i ed  f o r c e d  v o r t e x  

e q u a t i o n  t o  de t e rmine  head r i s e .  

A more d e t a i l e d  d e s c r i p t i o n  of t h e  f o r m u l a t i o n  of t h e  computer program 

i s  p r e s e n t e d  i n  Appendix A .  
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SECTION VI 
CONCLUSIONS 

Based on t h e  r e s u l t s  of  t h e  p r e s s u r e  p r e d i c t i o n  program f o r  r a d i a l ,  

low-flow i m p e l l e r s  t h e  f o l l o w i n g  c o n c l u s i o n s  may b e  s t a t e d .  

1. The w a t e r  and l i q u i d  hydrogen t e s t s  r e v e a l e d  s e v e r a l  major  

d i f f e r e n c e s ,  t h e  most s i g n i f i c a n t  o f  which fo l low:  

a .  Smooth Di sk ,  Smooth Housing (outward f low)  - (1) The 

change i n  f l u i d  v e l o c i t y  r a t i o ,  K ,  w i t h  d i sk - to -hous ing  

c l e a r a n c e  i s  l i n e a r  i n  wa te r  and n o n l i n e a r  i n  hydrogen;  

( 2 )  The a d d i t i o n  of an i n l e t  hub reduced  t h e  K v a l u e  

i n  w a t e r  and i n c r e a s e d  K i n  hydrogen.  

b .  Bladed Di sk ,  Smooth Housing (outward f low)  - K was 

de t e rmined  t o  be  c o n s t a n t  and e q u a l  t o  u n i t y  f o r  a l l  

c a s e s  t e s t e d  i n  hydrogen b u t  v a r i e d  a s  a f u n c t i o n  o f  

R/Ro ,  T/S, and T i n  w a t e r .  

c .  Smooth Di sk ,  Bladed Housing (outward and inward f low)  - 
There  was no measurable  p r e s s u r e  change over  t h e  d i s k  r a d i u s  

s o  t h a t  K was z e r o  f o r  a l l  v a l u e s  of  c l e a r a n c e  t e s t e d  

w i t h  b o t h  w a t e r  and l i q u i d  hydrogen.  

2 .  The f l u i d  v e l o c i t y  r a t i o ,  K ,  and t h e r e f o r e  t h e  p r e s s u r e  d i s t r i b u -  

t i o n  f o r  t h e  smooth d i s k  w i t h  a smooth hous ing  i n  hydrogen  

and w a t e r  was de t e rmined  t o  be dependent  on f low c o e f f i c i e n t  

and c l e a r a n c e  f o r  r a d i a l l y  outward f low,  

and f o r  t h e  r a d i a l l y  inward f low,  

K = f ( R / R o ,  C, e )  
3 .  For  t h e  b l a d e d  d i s k  i n  hydrogen,  K was de te rmined  t o  b e  independen t  

o f  a l l  v a r i a b l e s  w i t h i n  t h e  r anges  t e s t e d  and e q u a l  t o  u n i t y  

f o r  r a d i a l l y  outward f low.  A r e d u c t i o n  from 24 t o  1 2  o r  6 b l a d e s  

had no  e f f e c t  on K. 
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4 .  For t h e  b l aded  d i s k  w i t h  r a d i a l l y  inward f low i n  hydrogen,  

K was de te rmined  t o  be  dependent  on f low c o e f f i c i e n t ,  T ,  T/S,  

and R / R o ,  

5 .  K v a l u e s  f o r  t h e  b l aded  d i s k  i n  w a t e r  were  de te rmined  t o  be  depen- 

d e n t  on R / R  T/S,  and T .  One e q u a t i o n  was found t o  f i t  b o t h  inward 

and outward f low c o n d i t i o n s .  
0 )  

K = f (R/Ro, T/S, T) 

6 .  Impe l l e r  t i p  b lockage  on t h e  bladed d i s k  i n  l i q u i d  hydrogen had 

no e f f e c t  on K ,  which remained c o n s t a n t  and e q u a l  t o  u n i t y  a s  i t  

was w i t h o u t  b lockage ;  however, f o r  w a t e r  t h e  t i p  b lockage  r a i s e d  

t h e  v a l u e  of K and made i t  independent  o f  R/R . 
0 

7 .  The r e s u l t s  of  t h e  smooth disk-smooth hous ing  t e s t s  of Phase 11, 

b o t h  i n  w a t e r  and l i q u i d  hydrogen, do n o t  a g r e e  w i t h  t h e  f i n d i n g s  

of o t h e r  i n v e s t i g a t o r s  such as D a i l y  and Nece (Refe rence  l ) ,  who 

have found t h a t  a z e r o  o r  s h u t o f f  f low c o n d i t i o n  i n  t h e  channe l  

between a s t a t i o n a r y  hous ing  and a smooth r o t a t i n g  d i s k  the f i u i d  

v e l o c i t y  r a t i o  K i s  approximate ly  0.5 f o r  c l e a r a n c e s  below 0.200 i n .  

The e x p e r i e n c e  p l u s  a s c a r c i t y  of d a t a  r e s u l t e d  i n  t h e  Phase I 

smooth d i s k  t e s t  r e s u l t s  be ing  p l o t t e d  ( K  v s  +) a s  a f a m i l y  of 

cu rves  f o r  v a r y i n g  c l e a r a n c e  f ann ing  o u t  from a common apex  a t  

a K v a l u e  of approx ima te ly  0.5.  The wa te r  t e s t s  i n  Phase I1 

gave i n d i c a t i o n s  t h a t  t h e  l i n e s  of c o n s t a n t  c l e a r a n c e  do n o t  

converge  a t  K = 0.5 b u t  a r e  a c t u a l l y  p a r a l l e l  and t h a t  t h e  s l o p e  

of a cu rve  of  K v s  c l e a r a n c e  i s  q u i t e  s t e e p .  (See  f i g u r e  I V - 1 . )  

Subsequent  t e s t s  i n  l i q u i d  hydrogen conf i rmed t h e s e  r e s u l t s  

( f i g u r e  I V - 1 ) .  

8. The h igh - re sponse  p r e s s u r e  da ta  from t h e  b l aded  d i s k  t e s t s  i n  

l i q u i d  hydrogen f a i l e d  t o  i n d i c a t e  t h e  r e l a t i o n s h i p  between t h e  

p r e s s u r e  p u l s e  a c r o s s  t h e  b l ade  and p r e s s u r e , r o t o r  s p e e d ,  or  

f l o w r a t e .  T h e r e f o r e ,  i t  i s  not p o s s i b l e  a t  t h i s  t i m e  t o  d e r i v e  

a n  e q u a t i o n  f o r  p r e d i c t i n g  b l ade  l o a d i n g .  F u r t h e r  t e s t i n g  over  

a wider  r ange  of o p e r a t i n g  c o n d i t i o n s  might  e s t a b l i s h  t r e n d s  t h a t  

would b e  u s e f u l  i n  fo rmula t ing  an  a c c u r a t e  p r e d i c t i o n  sys tem f o r  

b l a d e  l o a d i n g .  V I - 2  
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APPENDIX A 
PRESSURE PREDICTION FOR RADIAL FLOW IMPELLERS 

FORTRAN PROGRAM FORMULATION 
(PWA FRDC DECK NO. 5363) 

The f i n a l  t a s k  i n  the t h i r d  phase o f  t h e  p r e s s u r e  p r e d i c t i o n  program 

was t o  combine t h e  r e s u l t s  of the i n v e s t i g a t i o n s  on t h e  v a r i o u s  c o n f i g u r a -  

t i o n s  i n t o  a F o r t r a n  program t o  be  used w i t h  t h e  I B M  7090 computer.  

The purpose of t h e  computer program i s  t o  c a l c u l a t e  t h e  r a d i a l  head 

and p r e s s u r e  d i s t r i b u t i o n s  f o r  a p r e s c r i b e d  set  o f  o p e r a t i n g  c o n d i t i o n s  

and geometry.  It i s  impor t an t  t o  n o t e  whe the r  t h e  p r e s c r i b e d  c o n d i t i o n s  

f a l l  w i t h i n  t h e  r ange  o f  v a r i a b l e s  i n v e s t i g a t e d  i n  t h e  e x p e r i m e n t a l  program 

because  i t  i s  n o t  known whether  a n  e x t r a p o l a t i o n  beyond t h e  e x p e r i m e n t a l  

r ange  i s  v a l i d .  

The i n p u t  r e q u i r e d  f o r  t h i s  program c o n s i s t s  of  f l o w r a t e ,  r o t o r  s p e e d ,  

c l e a r a n c e ,  b l a d e  h e i g h t ,  b l a d e  t h i c k n e s s ,  number of  b l a d e s ,  i n l e t  tempera- 

t u r e ,  i n l e t  p r e s s u r e ,  o u t e r  r a d i u s ,  i n n e r  r a d i u s ,  f l o w  d i r e c t i o n ,  the t y p e  

o f  f l u i d  (hydrogen o r  wa te r ) ,  and whether  t h e  d i s k  i s  b l aded  o r  smooth 

(unbhded) . 
The o u t p u t  i n c l u d e s  s t a t i o n ,  r a d i u s ,  r a d i u s  s q u a r e d ,  h e a d ,  p r e s s u r e ,  

and t o t a l  t h r u s t .  The c a l c u l a t i o n  c o n s i s t s  of a numer i ca l  i n t e g r a t i o n  o f  

t h e  r a d i a l  p r e s s u r e  r i s e  e q u a t i o n  beg inn ing  a t  t h e  i n l e t  r a d i u s  i f  t h e  

f l o w  i s  r a d i a l l y  outward o r  t h e  o u t e r  r a d i u s  i f  t h e  flow i s  inward. The 

c a l c u l a t i o n  is  performed a t  12 s t a t i o n s  a l o n g  t h e  d i s k  a t  e q u a l  i n c r e -  

ments o f  r a d i u s  s q u a r e d .  I n  t h e  c a s e  o f  hydrogen,  where a l a r g e  v a r i a t i o n  

of  d e n s i t y  and s p e c i f i c  h e a t  w i t h  t empera tu re  e x i s t s ,  c a l c u l a t i o n s  a re  

i t e r a t e d  u n t i l  convergence of p r e s s u r e s  i s  o b t a i n e d .  

Because each  o f  t h e  c o n f i g u r a t i o n s  have  a un ique  e q u a t i o n  f o r  K ,  

s e p a r a t e  r o u t i n e s  are r e q u i r e d  €or  each c a s e  a s  s p e c i f i e d  by t h e  i n p u t .  

The program b e g i n s  by s p e c i f y i n g  t h e  i n p u t  c o n d i t i o n s  a s  f o l l o w s :  

Flow = Inward o r  outward 

F l u i d  = Water o r  l i q u i d  hydrogen 

C o n f i g u r a t i o n  = Outward f low 

1. Smooth d i s k  - w a t e r  

2. Bladed d i s k  - w a t e r  
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3 .  Smooth d i sk  - LH2 

4. Bladed d i sk  - LH2 

Configurat ion = Inward flow 

1. Smooth d i sk  - water 

2. Bladed d i sk  - water 

3 .  Smooth disk - LH2 

4. 0.125-inch bladed d i s k  - LH2 

5. 0.250-inch bladed d i s k  - LH2 

Q =  
RPM = 

CL = 

BH = 

BT = 

BN = 

T I  = 

RO = 

R I  = 

P I  = 

Flowrate - gpm 

Rota t iona l  speed 

Clearance - inches 

Blade he igh t  - inches 

Blade th i ckness  - inches 

Number o f  blades 

I n l e t  s t a t i c  temperature - "F 

Outer r a d i u s  - inches 

Inne r  r ad ius  - inches 

I n l e t  s t a t i c  p re s su re  - p s i  

C a l c u l a t i o n s  which remain the  same f o r  each case a re :  

1. The flow passage gap he igh t  

S = BH + CL 

2 .  The meridional  f l o w  a r e a  a t  t h e  d i s k  ou te r  r a d i u s  

AT = [ 2  k RO (BH -t CL) - (BH)(BT)(BN)]/144 

3 .  Disk angular  v e l o c i t y  

0 = T(RPM)/30 

4. Tangent ia l  v e l o c i t y  of d i sk  a t  RO 

u = W R 0 / 1 2  

5. Radius squared increment 

d r s  = ( R ** - R,')/12 
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F l u i d  p r o p e r t i e s  a t  t h e  i n l e t  of the  d i s k  

6 .  F l u i d  d e n s i t y  de te rmined  b y :  

yi = 63.218 - 0.0128 ( T i ) ,  f o r  w a t e r  

( a c c u r a t e  w i t h i n  2% between 60 and 150°F) 

o r  

= f ( P i ,  T i ) ,  f o r  l i q u i d  hydrogen 
'i 
(Th i s  d e n s i t y  s u b r o u t i n e  i s  t a k e n  from t h e  

l a t e s t  a v a i l a b l e  P-V-T r e l a t i o n s h i p s  f o r  pa ra -  

hydrogen  from NBS.)  

7 .  F l u i d  s p e c i f i c  h e a t  de te rmined  by:  

Cpi  = 1.0 ,  f o r  water  

or 

Cpi  = f ( P i ,  T i ) ,  f o r  l i q u i d  hydrogen 

8 .  F l u i d  V i s c o s i t y  de te rmined  b y ;  

( a c c u r a t e  t o  w i t h i n  2% between 60 and 150°F)  

o r  

= f ( P i ,  T i ) ,  fo r  l i q u i d  hydrogen pi 

The i n l e t  head i s  c a l c u l a t e d  a s ,  

= P.(144)/Yi 
Hi 1 

F o r  t h e  i n i t i a l  c a l c u l a t i o n  t h e  f low c o e f f i c i e n t  i s  based  on t h e  

v o l u m e t r i c  f l o w r a t e  a t  t h e  i n l e t ;  

@ = Q l ( 4 4 8 . 8  x A, x U) 

For  t h e  outward f low c a s e  t h e  s p e c i f i e d  i n l e t  p r e s s u r e  and i n l e t  tempera- 

t u r e  a r e  used  f o r  t h e  f l u i d  c o n d i t i o n s  a t  t h e  i n n e r  r a d i u s , w h i c h  i s  t h e  

f i r s t  s t a t i o n .  
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P1 = P 
i 

i T1 = T 

RS1 = ( R i )  2 

Y1 - - Ti 

H1 = Hi 

c = c  
P I  P i  

P, = Pi 

The number i ca l  i n t e g r a t i o n  i s  begun by e n t e r i n g  i n t o  a l oop  which 

r e p e a t s  t h e  c a l c u l a t i o n s  f o r  head and p r e s s u r e  a t  each  r a d i a l  s t a t i o n  

from t h e  i n l e t  t o  t h e  o u t e r  r a d i u s  of t h e  d i s k .  

For  each  i n c r e m e n t a l  s t e p  from I = 1 t o  1 2  

RS(1 + 1) = RS(1) + DRS 

A t  s t a t i o n  1, t h e  i n l e t  

RS(1 )  = RS(1) 

For  I = 1 

RS(2) = RS(1) + DRS 

C a l c u l a t i o n s  of K a r e  made a t  t h e  midpoint  of  each  r a d i a l  increment  g i v e n  

b y ,  

RB = [ (RS2)’ + (RSl)’  ]/2 
The t e m p e r a t u r e  r i s e  i n  t h e  f l u i d  caused by f r i c t i o n  and t u r b u l e n c e  

l o s s e s  i s  p r e d i c t e d  by  e q u a t i n g  t h e  ene rgy  i n p u t  c a l c u l a t e d  by 

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

Q = h C  AT 
P 

The combina t ion  y i e l d s  t h e  e q u a t i o n  f o r  c a l c u l a t i n g  t h e  approximate  

o v e r a l l  t e m p e r a t u r e  r i s e  i n  t h e  f l u i d  

(a2 1 

2 (105)c  ( ~ 4 )  

3 
‘M Ro T =  

P 
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S i n c e  t h i s  e q u a t i o n  i s  approximate ,  t h e  v a l u c  of  C was de te rmined  

e x p e r i m e n t a l l y  from t h e  t empera tu re  da t a  o b t a i n e d  i n  t h e  t e s t  program. 

The v a l u e s  de te rmined  f o r  hydrogen were approx ima te ly  t h e  v a l u e s  expec ted  

based  on comparisons w i t h  the d a t a  from p r e v i o u s  i n v e s t i g a t i o n s  w i t h  water ,  

The f o l l o w i n g  v a l u e s  of  C are recommended f o r  u s e  i n  t h i s  program f o r  the 

s p e c i f i c  c o n f i g u r a t i o n s .  

M 

M 

cM F l u i d  C o n f i g u r a t i o n  

smooth d i s k  0.003 

b laded  d i s k  0.020 

Water  smooth d i s k  0 .003  

Water b l aded  d i s k  0 .025 

LH2 

LH2 

For t h e  purpose  of t h e  s t e p - b y - s t e p  c a l c u l a t i o n  a long  t h e  d i s k  r a d i u s ,  

t h e  t empera tu re  r i s e  i s  assumed t o  vary l i n e a r l y  w i t h  the  r a d i u s  squa red  

s o  t h a t ,  

T (I = 1) = T (I) + A T 1 1 2  

The i n p u t  s t a t e m e n t  de t e rmines  which e q u a t i o n  i s  t o  be used f o r  t h e  

c a l c u l a t i o n  of K. 

K =  a s  g i v e n  i n  S e c t i o n  I V  f o r  t h e  v a r i o u s  
c o n f i g u r a t i o n s  

The head  r i s e  i s  c a l c u l a t e d  f o r  t h e  increment  from R t o  R a s  1 2 
A H  = K 2 2  w ( R 2 2  - R1 2 ) / (258.0 x 32 .2)  

The head  a t  s t a t i o n  2 i s  c a l c u l a t e d  a s ,  

H2 = H1 + A H  

I t e r a t i o n  on p r e s s u r e :  

The p r e s s u r e  a t  s t a t i o n  2 i s  c a l c u l a t e d  a s ,  

P2 1 = H2 Y1/144 

1 
Y2 i s  found based  on P from the d e n s i t y  e q u a t i o n s  p r e v i o u s l y  

2 
w r i t t e n ,  A new P2 i s  c a l c u l a t e d  based on the  v a l u e  of 'Y a s ,  2 

= H2 Y 2 / 1 4 4  p2 
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1 
P i s  compared w i t h  P * i f  t hey  ag ree  w i t h i n  1% t h e  c a l c u l a t i o n  2 2 '  

c o n t i n u e s ,  i f  n o t  an  i n t e r a t i o n  i s  performed u n t i l  convergence i s  

a c h i e v e d .  

The t h r u s t  on t h e  a r e a  between R and R i s  c a l c u l a t e d  a s ,  1 2 

and summation i s  t a k e n  over  t h e  d i s k  

FT = FT + F(1)  

The c a l c u l a t i o n s  a r e  complete  f o r  t h e  f i r s t  increment  of r a d i u s .  The 

program now r e p e a t s  t h e  p rocedure  by index ing  t o  t h e  RS(1 + 1) s t a t e m e n t  

and p roceed ing  w i t h  I = 2 .  The i n i t i a l  v a l u e s  t aken  f o r  I = 2 a r e  t h o s e  

p r e v i o u s l y  c a l c u l a t e d  a t  I = 1. This  p rocedure  i s  con t inued  u n t i l  I = 1 2  

where R i s  e q u a l  t o  t h e  o u t e r  d i s k  r a d i u s .  

The c a l c u l a t i o n  p rocedure  f o r  inward f low i s  i d e n t i c a l  t o  t h a t  o f  

outward f low excep t  t h a t  t h e  c a l c u l a t i o n  b e g i n s  a t  t h e  o u t e r  r a d i u s  

and p roceeds  t o  t h e  i n n e r  r a d i u s .  The i n l e t  c o n d i t i o n s  a r e  r e f e r r e d  

t o  t h e  d i s k  o u t e r  r a d i u s .  

The fo l lowing  is  a l i s t i n g  of  t h e  s o u r c e  deck  f o r  t h e  computer pro-  

gram. The l i s t i n g  p r e s e n t s  t h e  in fo rma t ion  c o n t a i n e d  on each c a r d  i n  

t h e  b a s i c  program. The s u b r o u t i n e s  f o r  f l u i d  p r o p e r t i e s ,  i . e . ,  d e n s i t y ,  

s p e c i f i c  h e a t ,  and v i s c o s i t y  a r e  no t  i n c l u d e d .  A n o t a t i o n  appears i n  

t h e  l i s t i n g  wherever  t h e  p r o p e r t y  s u b r o u t i n e s  a re  u s e d .  Inc luded  a t  

t h e  end o f  t h e  l i s t i n g  is a n  i n p u t  i n s t r u c t i o n  s h e e t  which p rov ides  

t h e  format  t o  be used  f o r  each c a s e .  
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, 

* CCP T R A L1 
% PRESSURE P R E 3 I C T I C f <  FOR Z'PDIPL FLOW IMPELLERS 

D I V F N S I O Y  T I T L r ( 1 2 )  9 T ( 1 5 )  9 P ( l . 5 )  9 H ( 1 5 )  v R ( 1 5 )  9 F ( 1 5 )  9 RHO(  
1 1 5 )  9 R A D ( 1 5 )  

10 READ 2 C , ( T I T L E ( I ) ,  I = l  9 1 2 )  
2C FORMAT ( 1 2 A 6  1 

3C F O R K A T l S F 1 ? . 4 )  

4 0  F O R M C T ( 6 F l C . 4 )  
ICCNF= CONF 
P I =  3 .1416 
S =  OH+ CL 
AT= ( P I *  2.Cl * RC)* (BH+CL)  - @t-I*BT* E Y )  / 144.0  
CMEGA= P I /3a . ' .>  * RPM 
U= OMEGA* R O /  12.C 

R E P , D  3L,FL3K,CONF, F L U I C I  c) ,  RPV, CL, BH,BT 

READ 4 2 9 b N 9  T I ,  I??, R I I  P IN,CYP 

DR= ( ? 0 * * 2  - R I " Q 2  ) / 12.9 
I F ( F L U 1 D -  1 . 0 ) 6 ~ , 5 ~ ' ,  6 0  

5 0  T I =  T I -  460 .0  
R H O I =  63 .218 - d.2128 * T I  
C P I =  1.c 
V I S =  8.'.'84E-J4 / T I * * l . C 2 1 7 7  
R E I =  CYEGA* RC**2 / (144.:; * V I S )  
GO T O  7*? 

6 0  RHCI= DENST(  T I ,  P I N * 1 4 4 . ? )  
C A L L  VCPA(  P I N I T I I  C P I )  

C P L L  V I S C O ( R H O I , T I ,  V I S )  
C P I =  C P i i T i B . 2 6  

4 E 1 =  OYEGA" R0**2  * R H O I /  V I S /  144.C 
7 0  H I  = P I N / R H O I *  144.0 

I F (  FLOW- 1.0 ) 3 2 3 , 3 2 3 r  6': 
C 
C OUTWARD FLOW 
C 

SO F T =  C.C 
T ( 1 )  = T I  
P ( 1 )  = P I N  
H(1) = H I  
P ( 1 )  = R I * * 2  
RHO(1) = RHO1 
DO 3 1 0  I = l  9 1 2  
R ( I + l )  = R ( I )  + DR 
R E =  ( S Q P T F ( R ( 1 ) )  + S Q R T F ( P ( I + l ) ) )  / 2.0 
GO T O (  90, 123, 1 5 : : ~  2 c c ,  z q c ,  ~ O ~ ) , I C O N F  

9 0  CM= Q / ( 7 . 4 8  *60.C -X A T )  
P H I =  C M /  U 
D T T =  CMP* R O * * ~ * O ' ~ ~ F G A * * 2 / ~ 2 ~ ~ ~ * l ~ @ F + O ' 5 * C P I *  S * P H I * 3 . 1 4 1 5 9  1 / 1 2 .  
XK= 0.578 - 4.11* P H I -  1.67 * CL 
I F ( X K -  l . C ) l l ~ ~ , l l ~ ~  1 C ' C  

1 0 0  XK= 1.0 
1 1 C  CONTINUE 

1 2 0  C M =  c 3 / (  7.48 * 6L1.i' * A T )  
GO TO 2 8 3  

P H I =  CK/  U 
DTT= C M P *  RO~~?*O~~~FGA**2/(28~.*l.OF+C~*CPI* S * P H I * 3 . 1 4 1 5 9  ) / 1 2 .  

1 
2 

0 0 0 3  
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  

0 0 1 4  
1 5  
16 
17 
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  

2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
36 
3 7  
3 8  
3 9  
40 
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  

0 0 4 7  
4 8  
49 
5 0  
5 1  
5 2  
5 3  
5 4  

0 0 5 5  

7 0  
L" 
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XK= 0.951 - 0.282 (RBIRO) + 0.2137* (BH/S) + (0.175 *BH) 
IF(XK- l.C)14~,1409 13C 

130 XK= 1.0 
140 CONTINUE 

150 CM= o/  (7.48 * 6C.i' * AT) * RHO11 RHO(1) 
GO TO 280 

PHI= C V /  U 
IF1 1-1 1 160916fr 17f' 

160 DTT= CMP* R @ * * 3 * O ~ ! E G A * * 2 / ( 2 9 8 . * l . O F + C 5 * C P I *  S*PHI*3.14159 ) / 1 2 .  
170 CR= CL/ RO 

XK= 0.9C6 + 0.012 * PHI/CR- 5.36* PHI-(51.1 - 1295.3*CR)*CR 
IF(XK- i . ~ ) i 9 c ~ i 9 ~ ~  ier! 

189 XK= l.C 
19C CONTINUE 

DELH= XK**2 * Ot4ECA**2 * (R(I+l) - R(I))/(288.0 * 32.2) 
GO TO 2 3 0  

200 PHI= ?*(RH@I/ RH@(I) / ( AT* U* 7.48 * 60.0 
C 

IF( 1-1 21092199 220 
210 DTT= CMP* R O * ~ . ? * @ ~ ~ ~ E ~ A * * 2 / ( 2 R R . * l . O € + ~ 5 * C P I *  S*PHI*3.14159 ) / 1 2 .  
2 2 0  CELH= or.i~C-A**z * ( R ( I + ~ )  - R ( I ) )  /(288.(! * 32.2) 
23C T(I+l) = T(1) + DTT 

H(I+l) = H ( I )  + DELH 
PFG= H(I+l) * RHO(1) 1144.0 

C 
C ITERATION ON PRESSURE 

Kc'd;;T= 7, 

P(I+l) = H(I+1) * RHC(I+l) /144.0 
IF (KOUNT)25C925C, 26C 

PI1= PFG 
PFG= P(I+l) 
KOUNT= K@UNT+ 1 
GO TO 240 

260 D 2 =  PFG- P(I+l) 
270 F(I)=(P(I) + P(I+l)) * PI* ( ' ? ( I + l ) -  R(I))/ 2.0 

240 RHO(I+l) = D€NST(T(I+l),PFG*l44.C) 

25C D1= PFG- P ( I + 1 )  

FT= FT+ F(1) 
GO TO 310 

H(I+1) = H(1) + CELH 

F(1) = (P(I)+ P(I+l))* PI*(R(I+I)- R ( I ) )  / 2.0 
FT= FT+ F(1) 
T(I+1) =T(I)+ DTT 
RHOI= 63.216 - U.0128 * T(I+1) 
GO TO 310 

2 8 0  DELH= XK**2 * OMEGA**2 (P(I+l) - R(1) / (2RB.C * 32.2) 
P(I+l) = H(I+l) * RHO11 144.0 

C 
C 2C0C AND 30°C A R E  SAVE@ FCR BLADED HOUSING 
c 

29C CONTINUE 
300 CONTINUE 
31C CONTINUE 

320 FT= 0.0 
60 TC 470  

0056 
57 
58 
59 
60 
61 
62 
63 

0064 
65 

0066 
67 
68 
69 

0070 
71 

0072 
73 
74 

0075 
0076 
77 
78 
79 
80 
81 
82 

84 
85 
86 
87 
08 
89 
90 
91 
92 
93 
94 

0095 
96 
97 

0 98 
99 
100 
101 
102 
103 

0104 
105 
106 
107 
108 
109 
110 

0 2  
" 2  
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T ( 1 3  ) = T I  
P ( 1 3 )  = P I N  
H ( 1 3 )  = HI 
R ( 1 3 )  = RO**2 
R H O ( 1 3 )  = RHO1 

C 
C INWARD FLOW 
r c 

DO 4 6 0  J = 1 9 1 2  
I =  1 4  - J 
R ( I - 1 )  = R ( I )  - DR 
RB= ( S Q R T F ( R ( 1 ) )  + S G R T F ( R ( 1 - 1 ) ) )  / 2.0 
GO TO (35G,363,370,3e0,44~r3’C,740),1CONF 

C 
C 4000 AND 500C ARE SAVED FOR PLADED HOUSII\!G 
r 
L 

3 3 0  CONTINUE 
3 4 0  CONTINUE 
3 5 0  CM= Q /  (7 .48  * 60.0 * A T )  

P H I =  C M /  U 

CR= C L /  RO 
REO= RB/RO 

DTT= CMP* R O * * 7 * O M E G A * ” 2 / ( 2 8 8 . * 1 ~ 0 F + Q 5 * C P 1 *  S * P H I * 3 . 1 4 1 5 9  ) / 1 2 .  

XK= 0 .3865 + 95.3 * P H I * * 2  -12 .6 *PHI * (  RBO)* *2  - 9.17E05*  P H I *  CR* 
1*3 + 27.8 * ( R B 0 ) * * 2  “ C R -  2 * 7 5 € 0 3 * ( R B O ) * * 4  * CR**2 + 6 .51€04*  RBO 
2* *6  * CR**3 + 2.13 * S Q R T F ( P H 1 )  - 6.59 * C R  

GO I v  4 5 0  

P H I =  C M /  U 
DTT= CMP* R O * * 7 * O I ’ E G A * * 2 / ( 2 @ R . * l . O E + P 5 * C P I *  S * P H I * 7 . 1 4 1 5 9  1 /12 .  
XK= 0 .951 - 0.282 * ( R E / R O )  + ( C . 2 1 3 7 ) * ( C H /  S )  + ” 1 7 5  *f lH 
GO TO 4 5 0  

P H I =  CM/U 
D T T =  CPP* 9 0 * * 7 * @ ~ ’ E ~ A * * 2 / ( 2 R 8 . * l . O E + ~ 5 * C P I *  S * P H I * 3 . 1 4 1 5 9  )/lZ. 

GO TO 3 9 0  

P H I =  CM/U 

CR= C L /  R O  
T S =  BH/  S 
RRO= RB/RO 

3 6 0  CM= Q /  (7.48 * 6C.7 * A T )  

3 7 0  CM= O /  (7 .48  * 60.0 * A T )  

XK= 0.18 * PHI * *3 .16  /((PR/ R@)*W1.434 * CL**0 .233)  

3 8 0  CM= Q /  ( 7 . 4 8  * 6C.O * A T )  

D T T =  CMP* RO**7*OMEGA**2/(28R.*l~@F+C5*CL’I* S * P H I * 3 . 1 4 1 5 9  ) / 1 2 .  

XK= -2 .511 + C.49*RBO**2 + 1(‘3.4*PHI- 726.9* P H I * * 2  +0.26*TS- 55.0 
1 * RB0**2  * P H I +  4C5.0* RB0**4 * PHI * *2  + 0 .045 /PHI- 2.6E-04 / P H I  
2 * * 2  + 0.069 / RBO 

3 9 0  D F L H =  XK**2 * OMFGA**2 * ( R ( 1 )  - R ( 1 - 1 ) )  1 ( 6 4 . 4  * 144.0  ) 

T ( 1 - 1 )  = T ( I )  + DTT 
H ( I - 1 )  = H ( I )  - DFLH 
PFG= H ( I - 1 )  * R H O ( 1 )  / 144.0  

C 
C I T E R A T E  ON PRESSURE 
C 

KOUNT= 0 
4 0 0  R H @ ( I - 1 )  = D F N S T ( T ( I - l ) , P F G * l 4 4 . 0  ) 

111 
1 1 2  
1 1 3  
1 1 4  
115  
1 1 6  
1 1 7  
1 1 8  
119 
1 2 0  
1 2 1  
1 2 2  

0 1 2 3  
1 2 4  

0 1 2 5  
1 2 6  
1 2 7  
1 2 8  
1 2 9  
1 3 0  

0 1 3 1  
1 3 2  
1 3 3  

0 1 3 4  
0 1 3 5  
0 1 3 6  

1 3 7  
1 3 8  
1 3 9  

0140 
0 1 4 1  

1 4 2  
1 4 3  
1 4 4  

0 1 4 5  
0 1 4 6  

1 4 7  
1 4 8  
149 

0 1 5 0  
151 
1 5 2  
1 5 3  

0 1 5 4  
0 1 5 5  

1 5 6  
0 1 5 7  

1 5 8  
1 5 9  
1 6 0  
1 6 1  
1 6 2  
1 6 3  
1 6 4  
1 6 5  

A - 9  
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P ( I - 1 )  = H ( I - 1 )  * R H O ( 1 - 1 )  / 144.0 
I F ( K 0 U N T )  410,41c ' ,  4 2 0  

4 1 0  D1= PFG- P ( I - 1 )  
P I l =  PFG 
PFG= P ( I - 1 )  
KOUNT= KOUNT+ 1 

4 2 0  D2=  PFG- P ( I - 1 )  
4 3 0  F ( I - 1 )  = ( P ( I - 1 )  + P ( I ) )  * ( Q ( 1 )  - R ( I - l l ) *  P I /  2.0 

F T =  F ( I - 1 )  + FT 
GO TO 4 6 0  

P H I =  C M /  U 

TS= 0 H /  S 
RBO= R0 /RO 

GO T O  4 0 0  

4 4 0  CM= O /  ( 7 . 4 8  * 60.0 * A T 1  

DTT= CMP* R 0 * * 3 * O b ' E G A * * 2 / ( 2 R R . * l e C E + C ' * C P T *  S*Pk ' I *3 .14159  ) / 1 2 m  

XK=-0.881? + 1.24 * R 0 0 * * 2  - 1.?43*RB0**4 +.R4100 *RB0**6  + 4.06 * 
1 TS- 2.41 * ( T S ) * * 2  - 2 3 . 9 4  *RB0**2 * PHI+ 1283 .1*RB0**4  * P H I * * 2  - 
2 1 .985E04*  RBO**6 * P H I * * 3  

GO T O  3 9 0  

H ( 1 - 1 )  = H ( I )  - DELH 
P ( I - 1 )  = H ( I - 1 ) *  R H O I / 1 4 4 . 0  
F ( I - 1 )  = ( P ( I - 1 )  + P ( I ) )  * ( R ( I )  - R ( I - l ) ) *  P I /  2.0 
T ( 1 - 1 )  = T ( I )  + DTT 
DucI !=  63.716 - 0.0128 * T ( I - 1 )  
F T =  F ( I - 1 )  + FT 

4 5 0  DELH= XK**2 * OMEGA**2 * ( R ( I )  - R ( I - 1 ) )  1 ( 2 8 8 . 0  * 32.2)  

4 6 0  CONTINUE 
4 7 0  P R I N T  5 2 0  

I F ( F L L i 1 D -  1 . 0 ) 5 C C . 4 8 0 ~  5 0 0  
4 8 0  T I =  T I +  460.0 

DO 4 9 0  1 ~ 1 9 1 3  
4 9 0  T ( I )  = T ( I )  + 460.0 
5 0 0  P R I N T  5 1 0 ,  ( T I T L E ( I ) * I = 1 9 1 2 )  
5 1 C  FORPAT( / / / / r l @ X , 1 2 A 6  1 
5 2 0  FORMAT( 1H1, / / I / ,  32X 9 4 h H  PRESSURE P P E D I C T I O N  FCR R A D I A L  FLOW 

1 I M P E L L E R S )  
I F ( F L 0 W -  l . C ) 5 3 0 , 5 3 0 ,  6 1 0  

5 3 0  GO T 0 ( 5 4 0 , 5 5 0 r 5 6 G , 5 7 0 , 5 8 C 1 5 9 C , 6 C O ) * I C O N F  
5 4 0  P R I N T  7 5 0  

GO TO 6 8 0  
5 5 0  P R I N T  7 6 0  

GO TO 6 8 0  
5 6 0  P R I N T  7 7 0  

GO TO 6 8 0  
5 7 0  P R I N T  7RC 

GO TO 68C 
5 8 0  P R I N T  7 0 0  

GO TO 6 8 0  
5 9 0  P R I N T  R C O  

GO TO 6 8 0  
600  P R I N T  8 1 0  

GO T O  6 8 0  
6 1 0  GO T O  ( 6 2 ? , 6 3 v , 6 4 3 , 6 5 0 ~ 6 6 ; r  6 7 3 ) , I C C N F  
6 2 c  PRINT 8 2 0  

1 6 6  
1 6 7  
1 6 8  
1 6 9  
1 7 0  
1 7 1  
1 7 2  
1 7 3  

0 1 7 4  
1 7 5  
1 7 6  
1 7 7  
1 7 8  

180  
1 8 1  

0 1 8 2  
0 1 8 3  

1 8 4  
1 8 5  

0 1 8 6  
187 
1 8 8  

0189 
1 9 0  
1 9 1  
1 9 2  
1 9 3  
1 9 4  
1 9 5  
1 9 6  
1 9 7  
1 9 8  
1 9 9  
2 0 0  

0 2 0 1  
2 0 2  
2 0 3  

0 2 0 4  
2 0 5  
2C6 
2 0 7  
2 0 8  
2 0 9  
2 1 0  
2 1 1  
2 1 2  
2 1 3  
2 1 4  
2 1 5  
2 1 6  
2 1 7  
2 1 8  
2 1 9  
2 2 0  

0 1 7 9  

A-10 
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GO TO 6 8 0  
6 3 0  P R I N T  8 3 0  

GO TO 680 
6 4 0  P R I N T  8 4 0  

GO TO 6 8 0  
6 5 0  P R I N T  8 5 0  

GO TO 6 8 0  
6 6 0  P R I N T  8 6 0  

GO TO 6 8 0  
67C P R I N T  8 7 0  

GO TO 6 8 0  
6 8 0  P R I N T  690, C,RPM,CL,~H,BTI~N,TI*RO*RI,PIN 
6 9 C  F O R M A T ( / / / l Z H  FLCW R k T F  = , 1 8 X , F 1 0 . 4 r l X , 3 ~ G P M 1 / 1 4 H  klHFEL SPEED = )  

~ ~ ~ X I F I C . ~ ~ ~ X I ~ ~ R P M , / ~ ~ ~ H  CLFARANCE =,18X,Fl0.4,1X,ZHIN,/, 
2 1 5 H  BLADE HFIGLiT = , 1 5 X , F 1 ~ ~ . 4 , 1 X * 2 H I N , / , 1 P H  RLADE THICKNESS = r l 2 X *  
3 F10.4,1X,  2 H I N 9  / 
4 1 9 H  NUMBER OF BLADES =, l lX ,F10.4 , /  ,2LH I N L E T  TEYPERATURE =,lox, 
5 F l C e 4 , 1 X ,  ?HDFGRFFS R * / ,  1 5 H  OUTER RADIUS = ,15X,F10.4 ,1X*2HIN*  1 9  

6 1 5 H  INNER R A D I U S  =,15X,F10.4,1X,2HIN,/r17H I N L E T  PRFSSURE = * 1 3 X *  
7 F10.4,1X,3HPSI, / / /  ) 

P R I N T  7 2 0 ,  P H I  
7 0 0  FORPAT(  1 9 H  FLOW C O E F F I C I E N T  = r l l X , F 1 0 . 4 )  

P R I N T  7 1 0 ,  R E 1  

DO 7 2 3  I =  1.13 
7 1 0  FORMAT( 1 9 H  REYNOLDS NLJP'BER r l l X , F 1 0 . 4 / )  

7 2 0  R A D ( 1 )  = S Q R T F ( R ( 1 )  1 
PR:NT 7 ~ C , ! ! ; P A O ! ! ! r R I I l . H ( 1 )  r P ( I 1 r  T ( I ) , I = l ,  13) 
P R I N T  7 3 0 ,  FT 

7 3 0  FORMAT( / / /  1 5 H  T O T A L  THrlUST =,15X,ElC.4 ,1X,3HLBS 1 
GO TO 10 

741: FORMAT ( 7 x 9  7WSTAT I O N  1 5 X  ,6HRADIUS, 8 x 9  14HRADTUS SQUARED, 1 1 X  94HHEA 
~ D , ~ ~ X , ~ H P R E S S U R E I ~ ~ X , ~ ~ H T E I ~ P E R A T U R E  / 
2 ,29X,6HINCHESr 9X913HSQUARE I & C H E S , l l X , 4 H F E E T ,  
3 1 6 X , 3 H P S I , 1 5 X ,  9H3EGREES R 9 

4 / 1 ( 1 DX 1 2 3 1 4 X  F 1 i' -3 9 1 C X  F 1 9  3 9 1 O X  9 F 1 Y 3 9 1 O X  3 F 10 3 9 1 O X  9 F 10.3 1 
7 5 0  FORMAT( 5 4 H  T H I S  CASE I S  INWARD FLOW 9 SV,OOTH D I S K  9 AND WATER 1 
7 6 C  FORVAT(  5 4 H  T H I S  CASF I S  INWARD FLOW 9 BLADED D I S K  t AND NATER 1 
7 7 L  FORMAT( 5 4 H  T H I S  CASE I S  INWARC FLOW 9 SPCOTH D I S K  9 AND HYDROGEN) 
78 '2  FORMAT( 5 4 H  T H I S  CASE I S  INWARD FLOV 9 C.125 6LADEDq AND HYDROGEN) 
7 9 C  FORMAT( 5 4 H  T H I S  CASF I S  IN 'dARD FL@W 9 0.25C ELAOFD, AND HYDROGEN) 
8 0 0  FORMAT( 5 4 H  T H I S  CASE I S  IN\*!ARC FLOW 9 BLADED HSG 9 AND WATER 1 
8 1 0  FORMAT( 5 4 H  T H I S  CASE I S  INWARI) FLOW 9 ELADED HSG 9 AND HYDROGEN) 
8 2 3  F O R M A T ( 5 5 H  T H I S  CASF I S  OUTWARD FLOW 9 SMOOTH D I S K  9 AND WATER 
8 3 0  F O R M A T ( 5 5 H  T H I S  CASE I S  OUTWARD FLOW 9 BLADED D I S K  9 AND WATER ) 

8 4 C  F O R M A T ( 5 5 H  T H I S  CASE I S  OUThfkRD FLOW t SHOOTH D I S K  9 AND HYDROGEN) 
8 5 0  F O R M A T ( 5 5 H  T H I S  CASE I S  OUT't!ARD FLOW 9 BLADED D I S K  9 AND HYDROGEN) 
8 6 C  F O R M A T ( 5 5 H  T H I S  CASE IS OUT\.!ARD FLOW 9 BLADED HSG 9 AND WATER 1 
8 7 C  F O R K A T ( 5 5 H  T H I S  CASE I S  3UT'nlARD FLOW 9 BLADED HSG 9 AND HYDROGEN) 

END 

2 2 1  
2 2 2  
2 2 3  
2 2 4  
2 2 5  
2 2 6  
2 2 7  
2 2 8  
2 2 9  
2 3 0  
2 3 1  

0 2 3 2  
0 2 3 3  
0 2 3 4  
0 2 3 5  

2 3 6  
0 2 3 7  
C 2 3 8  
0 2 3 9  

2 4 0  
2 4 1  

0 2 4 2  
2 4 3  

0 2 4 4  
2 4 5  
2 4 6  

0 2 4 7  

0 2 4 9  
2 5 0  

0 2 5 1  
2 5 2  

0 2 5 3  
2 5 4  

0 2 5 5  
0 2 5 6  
0 2 5 7  
0 2 5 8  
0 2 5 9  
0 2 6 0  
0 2 6 1  
0 2 6 2  
0 2 6 3  
0 2 6 4  
0 2 6 5  
0 2 6 6  
0 2 6 7  
0 2 6 8  

2 6 9  

7,0 
L L t O  

A-11 
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T I T L E  CAR@ ANY D E S I R E D  COMMENTS 2 - 7 2  

NOTE V A R I A B L E S  ARE I N P U T  I N  F I E L D S  OF TEN. A L L  V A R I A B L E S  MUST 
HAVE A D E C I M A L  POINT.  

c c  1 0  2 0  3 0  40 50 60  70  
B N  T I  RO R I  P I  CMP 

FLOW CONF F L U I D  Q RPM C L  0 H  B T  

F L U I D  = 1.0 F L U I D  I S  H2C 
= 2.3 F L U I D  I S  L H 2  

= 2.C FLOW I S  OUTWARD 

= 1.0 SYIOOTH D I S K  Y WATER 
= 2.2 BLADED D I S K  Y WATER 
= 3.0 SXOOTH D I S K  Y L H 2  
= 4 . P  ELADED D I S K  Y L H 2  

FLOW = 1.0 FLOW I S  INlr!ARD 

CONF FOR OUTWARD FLOW 

CONF FOR INWARD FLOW 
= I.? SPOOTH D I S K  Y WATER 
= 2.c ELADED D I S K  9 WATER 
= 3.2 SMOOTH D I S K  Y L H Z  
= 4.c 0.125 BLADED D I S K  9 L H 2  FLOW 
= 5.r C.250 ELADED D I S K  9 L H 2  FLOW 

F L O ' P R A T E  - G P h '  
REVOLUTIONS PER I.1IFJUTE 
CLEARANCE - INCHES 
E L A F E  Y F I G H T  - IMCPES 
BLADE THICKNESS - I h C H E S  
NUMBER P F  BLPDFS 
I N L E T  S T A T I C  TEMPERATURE - PEGREES RANKINE 
OUTER R A 3 I U S  - Ir4CHES 
I N N E R  R A D I U S  - INCHES 
I N L E T  S T A T I C  PRESSURE - P S I  
MOMENT C 3 E F F I C I E N T  - NO DIbIEYSIONS 

A-12 


