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ABSTRACT 

, T h i s  r e p o r t  d e s c r i b e s  t h e  w o r k  p e r f o r m e d  by 

I n g e r s o l l - R a n d  R e s e a r c h ,  I n c . ,  under  Phase 11; Experimental 

S t u d i e s  f o r  t h e  c o n t r a c t  e n t i t l e d ,  " C e n t r i f u g a l  S lu r ry  Pump 

Wear and H y d r a u l i c  S t u d i e s " .  T h i s  work was- c a r r i e d  out f o r  

t h e  U.S. D e p a r t m e n t  o f  E n e r g y  u n d e r  C o n t r a c t  No. 

DE-AC-82PC50035. 

The b a s i c  development approach pursued during t h i s  phase 

i s  p r e s e n t e d ,  followed by a  d i scuss ion  on wear r e l a t i o n s h i p s .  

T h e  a n a l y s i s ,  w h i c h '  r e s u l t e d  i n  t h e  d e v e l o p m e n t  of  a  

m a t h e m a t i c a l  wear model r e l a t i n g  pump l i f e  t o  some of t h e  key 

d e s i g n  and o p e r a t i n g  parameters ,  i s  presented .  The r e s u l t s ,  

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

i n v e s t i g a t i o n  on s m a l l  s c a l e  p u m p s . t h a t  l e d  t o  t h e  s e l e c t e d  
\ design f e a t u r e s  f o r  t h e  pr\ototype pump a r e  d iscussed .  

The m a t e r i a l  i n v e s t i g a t i o n  was performed a t  I R R I ,  ORNL 

and B a t t e l l e .  The r a t i o n a l e  f o r  s e l e c t i n g  t h e  m a t e r i a l s  f o r  

t e s t i n g ,  t h e  t e s t  methods and appara tcs  used, an3 t h e  r e s u l t s  

o b t a i n e d  a r e  p r e s e n t e d  followed by a  d i scuss ion  .on m a t e r i a l s  

f o r  a p r o t o t y p e  pump. I n  a d d i t i o n ,  t h e  prototype pump t e s t  

f a c i l i t y  d e s c r i p t i o n ,  a s '  w e l l  a s  t h e  r e l a t e d  d e s i g n  and 

equipment d e t a i l s ,  a r e  presented.  



SIONS AND RUMME-  

The Phase-11 "Experimental . . . s t u d i e s n  is complete and t h e  

fo l lowing main conclus ions  and recommendations a r e  made: 

1. Based on t h e  a n a l y t i c a l  and experimental  inves t iga-  

t i o n ,  a  s p e c i f i c  speed of 700 t o  1000 o f f e r s  a good 

compromise f o r  t h e  commercial s c a l e  coa l  l ique fac -  

t i o n  pump. A conservat ive  s p e c i f i c  . .  speed of 700 

i s  3 c l e o t c d  f o r  the prototype pump. 

2 .  The e f f e c t  of t h e  pump design and opera t ing  para- 

meters  and t h e i r  r e l a t i o n s h i p  t o  wear i n  t h e  pump 

were exper imenta l ly  inves t iga ted  i n  d e t a i l .  The key 

a r e a s  of i n v e s t i g a t i o n  were c o l l e c t o r  conf igura t ion  

inc luding  cutwater ,  pumpout vanes,  impel le r  f r o n t  

leakage pa th ,  b lade  shape and shroud conf igura t ion  

a t  o u t s i d e  diameter .  Operation a t  p i l o t  p l a n t s  

i n d i c a t c c  s o c e l e r a t e d  wear a n d  high loss of 

m a t e r i a l  a t  t h e  vo lu te  cutwater .  Therefore,  consid- 

e r a b l e  e f f o r t  was di rec ted  t n  improve an3 optimize 

this a r e a ,  2nd ~ u c c e s s f u l  d e s i g n  was achieved ,  
Severa l  impel le r  b lading  concepts  were evalua ted  

and optimum shape was developed. The impel le r  

f r o n t  leakage path conf i g u r a t i o n  and pumpout vane 

were i n v e s t i g a t e d  adequately and s u f f i c i e n t  design 

informat ion  " .  was generated f o r  a  700 s p e c i f i c  speed 
. .. . 

'pump. I t  is recommended t h a t  t h e  pro to type  

pump based on t h e  information cjenerated during this 

phase should be designed,  f a b r i c a t e d ,  and t e s t  
evalua ted  during t h e  Phase . 111.. . I t  is a l s o  

recommended t h a t  f o r  t h e  design of h i g h e r  specif ic  
speed pump (above 7001, t h e  impe l l e r  i n l e t  a r e a  

(b lade ,  leading  edge, e t c .  1 should be i n v e s t i g a t e d  



and fu ' r ther  improvement and op t imiza t ion  should be 
. . 

c a r r i e d  out  i n  t h e  a r e a s  mentioned above. 

3 .  The mathematical wear model r e l a t i n g  pump l i f e  t o  

some of t h e  key design and opera t ing  parameters 

developed dur ing  t h i s  phase should be used a s  a  
guide t o  improve t h e  pump s c a l i n g ,  design and 
performance. I t  is  recommended t h a t  sys temat ic  
experimental  i n v e s t i g a t i o n  be c a r r i e d  out  t o  
v e r i f y  and improve t h e  proposed a n a l y s i s .  

4.  The cor ros ion  of HC 250 m a t e r i a l  in  coa l  l ique fac -  

t i o n  p l a n t  is i n s i g n i f i c a n t .  Er.osive wear ' i s  t h e  
'dominant f a c t o r  f o r  t h e  l i f e  of pump : i n t e r n a l  

. . 

components. Surface boronized HC 250 i s  ranked 
f i r s t  amongst t h e  seven m a t e r i a l s  eva lua ted  during 

t h i s  phase. 1t i s  recommended t h a t  boronized HC 250 

m a t e r i a l  be f u r t h e r  evaluated i n  a  pro to type  pump. 

F u r t h e r ,  it i s  recommended t h a t  thermal shock and 
impact s t r e n g t h  t e s t s  be c a r r i e d  out  on promising 
pump m a t e r i a l s  t o  e s t a b l i s h  t h e i r  c a p a b i l i t y  and 

l imi t .a t ions .  

5. Viscos i ty  appears t o  have no in f luence  o n . t h e  wear 
, . 

l o c a t i o n s  i n  t h e  pump, however, t h e  wear p a t t e r n  
, . 

and 'wear r a t e  changes somewhat w i t h  t h e  v i s c o s i t y .  
  his .observat ion is  based on sand/water s l u r r y  where 

: t h e  d e n s i t y  d i f ference .be tween s o l i d  and l i q u i d  . 

i s  h i g h .  I t  i s  recommended t h a t  t e s t i n g  be c a r r i e d  

ou t  with c o a l - o i l  mixture where t h e  d e n s i t y  
. .  . .  

d i f f e r e n c e  is low. 

iii 
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DBJECTIVES AND SCOPE OF P 7 O S  

The o v e r a l l  o b j e c t i v e  of t h e  program is t o  provide a  

t e c h n i c a l  da.ta base on m a t e r i a l  wear and hydrau l i c s  

f o r  c e n t r i f u g a l  i n  coa l  l i q u e f a c t i o n  p lan t  

s e r v i c e s .  The development program is composed of 

t h r e e  phases.  

The o b j e c t i v e . o f  Phase I ,  P i l o t - P l a n t  Experience and 

L i t e r a t u r e  Search, i s  (1) t o  v i s i t  p i l o t  p l a n t s  and 

r e p o r t  t h e i r  experience and ( 2 )  t o  summarize 

m a t e r i a l s  wear da ta  and t h e  e f f e c t  of hydraul ic  

parameters on wear p a t t e r n s .  

The o b j e c t i v e s  of Phase 11, Experimental S tud ies ,  a r e t  

a s  fol lows:  

(1) To perform labora to ry  e ros ion  t e s t s  f o r  se lec ted  

m a t e r i a l s .  The t e s t s  a r e  t o  determine t h e  e f f e c t  
- . of var ious  parameters such a s '  s l u r r y  type and 

temperature,  s o l i d  p a r t i c l e  c h a r a c t e r i s t i c s ,  and 

p r o p e r t i e s  of tile m a t e r i a l s  of constr 'uct ion.  

( 2 )  .To conduct t e s t s  t o  determine t h e  e f f e c t  and 

na tu re  of co r ros ion .  

( 3 )  To perform hydraul ic  s t u d i e s  on t h e  e f f e c t  of 

va r ious  design and opera t ing .  parameters such a s  

cutwatcr and  suc t ion  geometry, impeller  vane 

shape, number of vanes, 'pumpout vanes,  and 

s p e c i f i c  speed. 

Tes t  f a c i l i t i e s  w i l l  be developed a s  requi red .  The 

da ta  generated during t h i s  phase w i l l  be analyzed and 



. . . . . . 
- :. . ' I  

used t o  improve t h e  c e n t r i f u g a l  pump d e s i g n  f o r  c o a l  

l i q u e f a c t i o n  s e r v i c e s .  . .. 

Phase  111, P r o t o t y p e  Pump f o r  P i l o t - P l a n t  E v a l u a t i o n ,  

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

t e s t i n g  of  a n  i d e a l  pump d e r i v e d  from t h e  i n f o r m a t i o n  

o b t a i n e d  i n  Phase  11. Two pumps w i l l  be  f a b r i c a t e d  

and t e s t e d  i n  t h e  l a b o r a t o r y  fo l lowed  by f i e l d  

e v a l u a t i o n  at .  a nnF: designated t e E t  citc,, Technical 

s u p p o r t  i n  r e l a t e d  a r e a s  w i l l  be.  p r o v i d e d  d u r i n g  this 

phase .  



, . . . 

This  r e p o r t  documents ' the work performed under 

Phase I1 - ~ x ~ e r i m e n ' t a l  S tud ies  f o r  t h e  c e n t r i f u g a l  

s l u r r y  pump,development program. I n  t h i s  phase, 

s t u d i e s  were ' c a r r i e d  out  i n  t h e  a r e a s  of hydrau l i c s  ' 

.and m a t e r i a l s .  

The successfu l '  development e f f o r t .  during t h i s  phase 

w i l l  permit t h e  design of a 3 0 0  gpm, 3 0 0 '  head 

pro to type  pump in .Phase  111, f e a t u r i n g  improved hy- 

d r a u l i c s  and m a t e r i a l s ,  f o r  coa l  l i q u e f i c a t i o n  p i l o t  

p l a n t  use. I n  a d d i t i o n ,  a  t e s t  f a c i l i t y  has been de- 

veloped i n  which t o  eva lua te  t h e  prototype pump a t  

f u l l  flow and pressure  with a  sand s l u r r y .  

The hydrau l i c s  i n v e s t i g a t i o n  was i n i t i a t e d  with an 

a n a l y s i s  of t h e  a reas  where s i g n i f i c a n t  w e 2 r . i ~  ob- 

served i n  t h e  pump and a  review of t h e  s t a t e - o f - a r t  

wear model which r e l a t e s  some hydrau l i c s  parameters 

t o  wear i n  pump. The a n a l y s i s  was advanced t o  

inc lude  t h e  e f f e c t  of some key design and opera t ing  

parameters ( s o l i d  p a r t i c l e  s i z e ,  s p e c i f i c  speed, 

cu twa te r ,  impel ler  diameter)  or  pump l i f e .  This 

~nathemat ica l  wear model r e q u i r e s  r e l i a b l e  ex- 

per imental  d a t a  f o r  v e r i f i c a t i o n .  

The major e f f o x t  i n  t h e  hydraul ic  s t u d i e s  included 

t h e  development of t h e  small  s c a l e  pump t e s t  f a c i l -  

i t y ,  t h e  design of t h e  small  pump hardware; followed 

by i t s  t e s t  eva lua t ion .  Various pump hydraul ic  

design parameters such a s  impel le r  blade shape, c u t  

water des ign ,  pumpout vane, c o l l e c t o r  conf igura t ion ,  

impel le r  f r o n t  leakage path and ou t s ide  diameter 

shroud conf igura t ion .were  screened and evalua ted .  I n  



a d d i t i o n ,  t h e  e f f e c t  of  v i s c o s i t y .  on performance  was 

s t u d i e d .  The pump per fo rmance ,  w i t h  re ' spec t  t o  head 
v s .  f l o w ,  power,  e t c . ,  was moni tored  and wear p a t -  

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

l e a d i n g  t c  . t h e  d e s i r e d  p r o t o t y p e  pump f e a t u r e s  d i s -  

c u s s e d  i n  S e c t i o n  3.2.5. 

The m a t e r i a l  s t u d i e s  i n c l u d e d  a  r ev iew of  a v a i l a b l e  

a l l o y s ,  c e r a m i c s ,  c o a t i n g  and weld o v e r l a y .  S e v e r a l  

m a t e r i a l s  ( a b o u t  s e v e n )  were s e l e c t e d  f u r  t e s t  

e v a l u a t i o n .  The e v a l u a t i o n  c o n s ~ s t e d  o f  e r o s i o n  
t e s t i n g  a t  I R R I ,  c o r r o s i o n  t e s t i n g  a t  ORML and h o t  

c o a l - o i l  e r o s i o n - c o r r o s i o n  t e s t i n g  a t  B a t t e l l e .  The 

I R R I  e r o s i o n  t e s t i n g  was performed w i t h  a j e t -  
impingement n o z z l e  t e s t e r  u s i n g  a n  a g g r e s s i v e  sand /  

w a t e r  s l u r r y .  The e f f e c t s  of impingement a n g l e s ,  j e t  

v e l o c i t y ,  and s l u r r y  v i s c o s i t y  were examined.  The 

ORNL c o r r p s i o n  t e s t i n g  was performed u s i n g  h o t  

p r o c e s s  s o l v e n t .  The B a t t e l l e  e r o s i o n - c o r r o s i o n  

t e s t i n g  was performed w i t h  a  je t - impingement  n o z z l e  

t e s t e r  u s i n g  h o t  c o a l - o i l  s l u r r y  a t  two j e t  v e l o c i -  

t i e s .  The r e c u l t s  of  a l l  of t h e s e  t e s t s  were 

a n a l y z e d  i n  d e t a i l  and compared t o  a r r i v e  a t  a  

r a n k i n g  o f  a l l  t e s t  m a t e r i a l s .  Based on t h i s  s t u d y  

the m a t e r i a l s  f o r  t h e  p r o t o t y p e  pumps were  s e l e c t e d  

and a r e  d i s c u s s e d  i n  S e c t i o n  3.3.9. 

I n  o r d e r  t o  p e r m i t  t h e  e v a l u a t i o n  of t h e  p r o t o t y p e  

pump d u r i n g  t h e  n e x t  phase  a t e s t  f a c i l i t y  was 

d e s i g n e d .  The equipment  was p rocured  and t h e  t e s t  

l o o p  h a s  been e r e c t e d .  The t e s t  f a c i l i t y  is c a p a b l e  

o f  e v a l u a t i n g  two f u l l  s i z e  ( 3 0 0  gpm, 3 0 0  f t .  h e a d )  

p r o t o t y p e  pumps i n  s e r i e s  f o r  t h e  d e t e r m i n a t i o n  of 

pe r fo rmance  and wear c h a r a c t e r i s t i c s .  The f a c i l i t y .  

which u t i l i z e s  a  200  HP pump motor d r i v e r ,  is  de- 



s igned  t o  handle  a s a n d  s l u r r y  c o n c e n t r a t i o n  up t o  
. . 

40% by w e i g h t .   his f a c i l i t y  w i l l  be capable  of 2 4  . ; 
hour ,  unat tended o p e r a t i o n .  . . 



3.1 TECHNICAL APPRQACH 

The b a s i c  development  approach 'consis ted of s e v e r a l  

i n d e p e n d e n t  t a s k s  which can le.ad t o  impr0ve.d pump 

des ign  and s e r v i c e  l i f e .    he development was c a r r i e d  

o u t  p r i m a r i l y  ,in the  two most important areas: .  pump 

h y d r a u l i c s  and m a t e r i a l  f o r  wear components. 

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

r e v i e w i n g  t h e  l o c a t i o n s  where s i g n i f i c a n t  wear i s  

o b s e r v e d  i n  t h e  pump. Some of t h e  key l o c a t i o n s  a r e  

c u t w a t e r ,  s u c t i o n  pipe and p l a t e ,  and impel ler  blade 

l e a d i n g  a n d  t r a i n i n g  e d g e s .  The s t a t e - o f - a r t  

u n d e r s t a n d i n g  of how v a r i o u s  h y d r a u l i c s  parameters 

a f f e c t  wear  i n  t h e  pump a n d  t h e  wear  model was 

r e v i e w e d .  A n a l y s i s  was p e r f o r m e d  t o  d e v e l o p  a  

mathematical  wear model r e l a t i n g  pump l i f e  t o  some of 

t h e  key design and opera t ing  parameters such a s  s o l i d  

p a r t i c l e  s i z e ,  s p e c i f i c  speed, cutwater and impel le r  

d iameters .  

\ 4 

~ x ~ e r i m e n t a l  i n ~ e s t i ~ a t i o n s  i n c l u d e d  modify ing  an  

e x i s t i n g  s l u r r y  t e s t  f a c i l i t y  , t o  accommodate  

comparative screening  t e s t s  of two small  s c a l e  pumps. 

These smal l  s c a l e  pumps were designed,  f a b r i c a t e d  and 

t e s t e d  t o  e v a l u a t e  v a r i o u s  impel le r  b l a d e  s h a p e s ,  

cutwater  d iameter ,  pump out  vanes, i n l e t  a r e a ,  e f f e c t  

of v i s c o s i t y ,  e t c . .  Wear p a t t e r n s  and performance 

w e r e  s t u d i e d  and e v a l u a t e d  i n  d e t a i l .  l e a d i n g  t o  

design improvements i n , s e v e r a l  a reas .  

The m a t e r i a l s  i n v e s t i g a t i o n  c o n s i s t e d  of reviewing 

a l l  t h e  a v a i l a b l e  m a t e r i a l s  f o r  f a b r i c a t i n g  impe l l e r ,  

v o l u t e  l i n e r ,  and s u c t i o n  p l a t e .  .Severa l  m a t e r i a l s  



w e r e  s e l e c t e d  f o r  t e s t  e v a l u a t i o n .  A minimum of one 

m a t e r i a l  f r o m  e a c h  o f  t h e  f o l l o w i n g  c a t e g o r i e s  was 
s e l e c t e d  f o r  e x p e r i m e n t a l  i n v e s t i g a t i o n :  a l l o y s ,  

w e l d  o v e r l a y s ,  s u r f  a c e  a l l o y i n g  a n d  c e r a m i c s .  The 

i n v e s t i g a t i o n  c o n s i s t e d  o f  j e t - i m p i n g e m e n t  n o z z l e  

t e s t i n g  t o  d e t e r m i n e  e r o s i o n  r e s i s t a n c e  o f  t h e s e  

m a t e r i a l s  w i t h  a g g r e s s i v e  s a n d / w a t e r  s l u r r y  a n d  a  

s a n d / w a t e r  s l u r r y  c o n t a i n i n g  two p e r c e n t  by we igh t  of 

s o d i u m  c a r b o x y  m e t h y l - c e l l u l o s e  ( h i g h  v i s c o s i t y  

s l u r r y )  - b o t h  a t  room t e m p e r a t u r e .  These n a t e r i a l s  

w e r e  a l s o  e v a l u a t e d  f o r  c o r r o s i o n .  F u r t h e r ,  n o z z l e  

t e s t s  w e r e  c a r r i e d  o u t  t o  examine e r o s i o n  c o r r o s i o n  

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

i n f o r m a t i o n  f r o m  t h e s e  t e s t s  w e r e  a n a l y z e d  and t h e  

r e s u l t s  a r e  d i s c u s s e d  i n  S e c t i o n  3.3. 

1 n  ' a d d i t  i o n  t o .  i n v e s t i g a t i n g  e x i s t i n g  a l l o y s  f o r  t h e  

.pump n a t e r i z l ,  a t t e m p t s  w e r e  made t o  d e v e l o p  new 

a l l o y s  w h i c h  w i l l ' h a v e b e t t e r  e r o s i c n  r e s i s t a n c e  
. . . . . .. p r o p e r t i e s ' .  , . 

A t e s t  f a c i l i t y  i s  b e i n g  d e v e l o p e d  t o  e v a l u a t e  a  

p i l o t - s c a l e / p r o t o t y p e  pump. The d e s i g n ,  p rocurement ,  
i n s t a l l a . t i o n  a c t i v i t i e s  a n d  t e s t i n g  p r o c e d u r e  a r e  

. . d i s c u s s e d '  i n  S e c t i o n ' . 3  .'4. '' 

. . .  . . 



3.2  HYDRAULIC INVESTI-ahT 
' c 

, . 

. . . . . . . , 

3.2.1.J C u r r e n t  Wear E x p e r i e n c e  , . , . . .  

. . 
t . :  . . 

One o.f t h e  o b j e c t i v . e s ,  of  t h i s  p r o g r a m  i s  t o  s t u d y  
. . . . . . 

w e a r  i n  c e n t r i f u g a l  pumps u s e d  i n  s y n f u e l  s l u r r i e s  

a n d  t o  i m p r o v e  a n d  p r e d i c t  t h e  . l i f e  . o f  b o t h  

p i l o t - p l a n t  and f u l l - s c a l e  p l a n t  pumps. ~t presen t ,  
l i m i t e d  d a t a  e x i s t .  The l i £ e  o f  th , e  p i l o t - p l a n t  

. , ' ,  . . 
pumps s u r v e y e d  i s  a b o u t ,  one y e a r  o r .  l e s s . ,  e x c l u d i n g  

s e a l  f a i l u r e s  a n d  o t h e r  minor problems u n r e l a t e d  t o  

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

t h e s e  mach ines .  

2 .  . . 

E x p e r i e n c e  w i t h  wear  i n  s l u r r y  pimps t h a t  have been . . 

e m p l ' o y e ' d  i n  m o r e  ' t r a d i t i o n a l  s . o ' l ' i d s - h a n d l i n g  
, . .  . 

a p p l i c a t i o n s  i s  o n l y  of q u a l i t a t i v e  use ;  because  t h e  

c a r r i e r  f l u i d  i s  u s u a l l y  w a t e r .  'and t h e  u s u a l l y  

d e n s e r  s o l i d s  r e a d ' i l y  move p e r p e n d i c u l a r l y  t o  t h e  

m a i n  f l o w  d i r e c t i o n  u n d e r  t h e  i n f l u e n c e  of  body 

f o r c e s  i n i t i a t e d  by t u r n i n g  of t h e  f1 ,u id .  T h i s  k ind  

o f  m o t i o n  a n d  t h e  a t t e n d a n t  wear r e l a ' t i o n s h i p s  would 

a p p e a r  t o .  b e  u n t y p i c a l  o f  t h e  more  v i s c o u s  s y n f u e l  . .  
s l u r r i e s .  N e v e r t h e l e s s ,  such  e x p e r i e n c e  is  u s e f u l  i n  

d e l i n e a t i n g  the s p e c i f i c  l o o a t i o n c  i n  ' t he  pump whore 
. . 

we c a n - e x p e c t  t o  s e e  w e a r  d u e  t o  t h e  a c t i o n  of  
' .  I 

c y n f  uel s l u r  ~ i e s ,  F o r  example, t a b u l a t i o n s  of pump 
. 1 

l i f e  f o r  ' v a r i o u s  c o n c e n t r a t i o n s  of ~ h o s ~ h a t e  s l u r r i e s  . . . . 3 ,  

e x i s t  (1) - s e e  A p p e n d i x  A f o r  t h e  r e k e r e n c e s .  
, . 

F u r t h e r m o r e ,  a  c o m p r e h e n s i v e  d i s c u s s i o n  of  a l l  

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

pumps was g i v e n  by Wilson ( 2 ) .  V o c a d l o  (3) s t a t e s  i n  

c o n n e c t i o n  w i t h  h i s  e x p o s i t i o n  of a  performance  model 
. , 

t h a t  t h e  c r o s s - s t r e a m l i n e  mot ion  of s o l i d  p a r t i c l e s  
. . 



i s  s u f f , i c i & n t l y  t u r b u l e n t  t o  j u s t i f y  t h e  use of a  
cons tan t  drag c o e f f i c i e n t  f o r  such motion. The value 
of t h e  d r a g  coef k i c i e n t  under these  circumstances is  

low a n d  t h ' e r e f o i e  p e r m i t s  more p a r t i c l e s  t o  w e a r  

loaded  h y d i a u l ' i c '  s u r f  a c e s .  ~ u r t h e r  . such behavior 

h a s  d i f f e r e n t  consequence& w i t h  r e s p e c t  t o  s p e e d ,  
, . 

.. s c a l e - u p ,  . , head',  and p a r t i c l e  s i z e  e f f e c t s  on pump 

wear than i f  t h e  cross-s t reaml ine  motion of p a r t i c l e s  

were laminar .  

.:'. . A r e c e n t  s tudy. .  of wear r a t e s  by Tuzson f o r  p a r t i c l e  

. . .. , s i z e s  of 0 . 1  .mm ( 1 0 0 / J m  or 150 mesh) i n d i c a t e s  
. . 8 t h a t  t h e  c r o s s - s t r e a m l i n e  p a r t i c l e  drag i s  laminar 

, > . . 

. 
. . ' ( 4  , a n d  , -  ~ h ' . i s ~ ' ; ~ ~ l l  be  e s p e c i a l l y  s o  i n  s y n f u e l  

* .. . . 
. . ' I  . > ,, 

. . . .  
. . . . .  . ' s l u k ' i i e s  .with, c a r r i e r  kinematic  visc5osi ' t i .e~ from 1.0 

. . : . 

t o -  1 0 0 0  c e n , t ' i S t @ k & s .  To draw u s e f u l  c o n c l u s i o n s  . . . . . . . . ,  . .  - . . : ., , 
. . 

.. . a b o u t  wear," i t  i s  nec6:ssary  t o  use  t h e  appropr ia te  
, . 

,. . . pa ' r t ic . le-moti .on rrio2el.- ~t i s  a l s o  shown t h a t  t h e  
- .  , . . .  . . 
: dominant .  . wear . .  i s  s c o u r i n g  or s l i d i n g  by 

p a r t i o l e ' s  . . On, su r faces  r a t h e r  than impingement-type 

wear. 

Z a r z y c k i  ( 5 )  and Bak (6) conducted  wear t e s t s  on 

d i f f e r e n t  types  o f .  inp ,e l le rs .  Both reported s l i g h t l y  

higher  we'ar r a t e s  f o r  a  convent ional ly  bladed design 

t h a n  f o r  an unchokable - c h a n n e l  t y p e .  Wiedenroth's 

v i s u a l  ' s tud ies  (7) £;om h i s  lacquer  wear t e s t s  showed 

wear o n l y  on t h e  suc t ion  s i d e  of t h e  impel ler  b lades  

when pumping sand b u t  extending t o  the'  p ressu re  s i d e  

w i t h  f i n e  g r a v e l .  wear a t  the  o u t l e t  t i p s  increased 

w i t h  f l o w .  ~ e r b i s h ' s  r e p o r t  (8) on d redge  pump 

d e s i g n  ment ions  t h a t  t h e  l e a s t  wear occurred f o r  a  

b l a d e  o u t l e t  a n g l e  of 2 2 . 5  degrees .  Over t h e  range 

of 2 2 . 5  d e g r e e s  t o  335 degrees t h e  e i i t  ' ang le  of t h e  

s o l i d  p a r t i c l e s  t h e n  c o r r e s p o n d e d  c l o s e l y  t o  t h e  

bla,de . . angle.  
. .  , . . . . 

. .  . . . .  . . . . . . . . '  
. .  . 

, . . .. . . - I . . 
.:. t : . :. . . , - .  



Welte . ( 9 )  w h i l e  d i s c u s s i n g  wear p a t t e r n s  i n  dredge 
pumps . s t a t e s  t h a t  wear i s  g r e a t e s t  a t  t h e  impel ler  

. b l a d e  i n l e t  and o u t l e t  edges and on t h e  outer  shroud 

w a l l s  on t h e  s u c t i o n  s i d e .  Cas ing  wear is usual ly  

. g r e a t e s t  n e a r  t h e  c u t w a t e r .  G e n e r a l l y .  s i m i l a r  

t e n d e n c i e s  a r e  no ted  by o the r  au thors  (5, 6 ,  7 ,  10 ,  

and 11). Both Wel te  (9) and Ernst  ( 1 2 )  show dredge 

pump d e s i g n  .hav ing  a  r e l a t i v e l y  ,snal . l .  v o l ~ , ~ t e  s i d e  

c l e a r a n c e ,  However. R e r g ~ r n n  I l l 1  i n  d iscuss ing  t h e  

e f f e c t s  s f  p r imary  a n d  secondary  f low paLLerris u n  

pump wear recommends a  l a r g e  s i d e  c l ea rance  except 
3 

~ h e r e ~ d s c r a p e r  vanes a r e  used a s  w e l l  a s  shrouded 

impe l l e r s  and l a r g e  r a d i i .  of curvature  of t h e  b lades .  

Regarding  t h e  l e s s  c o n v e n t i o n a l  pump types ,  Warnan 

( 1 3 )  c o m p a r e s  c a s i n g  w e a r  p a t t e r n s  u s i n g  t h e  

c o n v e n t i o n a l  and h i s  own design and' claims t h a t  wear 

i s  reduced  with the  I . a t t a r l s  special impel ler  ~ h a p e .  

Reference 1 4  a l s o  mentions t h i s  a spec t .  Wear i s  a l s o  

s ~ a L e d ' t u  b e  l e s s  i n  t h e  ' !TUP.On d e s i g n  than i n  t h e  

c o n v e n t i o n a l  (14) b u t  t h e  o n l y  comparison reported 

involves  a  d i f f e r e n t  pump.materia1 f o r  each type.  

E x p r e s s i o n s  f o r  p r e d i c t i n g  pump l i f e  a r e  g i v e n  i n  
References 6,  10 ,  and 11. Bak (6)  g ives  a  formula: 

where A c o n s t a n t  f a c t o r  (based on some known l i f e  

f i g u r e )  ; Q = s o l i d s  c o n c e n t r a t i o n  i n  mixture ( p c t )  ; 

n = an  e x p o n e n t ;  k = i m p e l l e r  shape f a c t o r  ( 1 . 0  f o r  

mult ibladed impe l l e r s  and 1 . 4  f o r  channel impe l l e r s )  ; 

H = t o t a l  h e a d  p e r  s t a g e ,  WS = c o e f f i c i e n t  o f  



a b r a s i v e  wear f o r  i m p e l l e r  m a t e r i a l  = ( v o l u m e t r i c  

we'ar o f  t e s t  . m a t e r i a l )  , a n d  X = ' coe 'f ' f  i c i e n t  o f  
a b r a s i v e n e s s  of s o l i d s .  Bergeron (11) ' a l s o  deve lops  

e x p r e s s i o n s  f o r  d e t e r m i n i n g  s e r v i c e  l i v e s  o f  

g e o m e t r i c a l l y  s i m i l a r  pumps of d i f f e r e n t  s i z e .  i n  

t e r m s  of head and  f l o w  v a r i a t i o n s . '  V a s i l i e v , ( l O )  

' a n a l y z e s  t h e  s t a t i s t i c a l  . p r o b a b i l i t y  o f  a  pump 

a c h i e v i n g  a .  c e r t a i n  d u r a t i o n  ' o f  t r oub le - f  r e e  s e r v i c e  

de f  i n e d  by a  s p e c i f i e d  maximum wear based, 'on e r o s i o n  

t e s t s .  
' .  . 

I t .  is q u e s t i o n a b l e  wh'ether t h e s e  complex t h e o r i e s  can 

b e  u s e d  t o  p r e d i c t  pump l i ' f e  w i t h  .any c e r t a i n t y  -- 
~ ~ s t  involve  e m p i r i c a l  c o n s t a n t s  and o t h e r  paramete rs  

d i f f i c u l t  t o  determine f o r  an a c t u a l  pump. In  f a c t ,  

B e r g e r o n  i n d i c a t e s  t h a t  some of t h e  a s s u m ~ t i c n s  nzde 

'nay be q u e s t i o n a b l e .  However, such theo r i e s '  a r e  of 

s o z e  v a l u e  ir? p r e d i c t i n g  . l i k e l y  t r e n d s , o f  wear. r a t e s  

when o n l y  o n e  o r  two of t h e  r e l e v a n t  f a c t o r s  a r e  

a l t e r e d .  

3.2.1.2 B ax Loca t ions  and Fhenomenz 

Good h y d r a u l i c  d e s i g n ,  p a r t i c u l a r l y  t h a t  which avo ids  

r a p i d  c h a n g e s  i n  f l o w  d i r e c t i o n s ,  d e c r e a s e s  w e a r .  

S l u r r y  pump d e s i g n  h a s  p rog re s sed  i n  some ' i n s t a n c e s  

t o  t h e  p o i n t  t h a t  a  h i g h  d e g r e e  o f  wear r e s i s t a n c e  

h a s  r e s u l ' t e d .  T h i s  h a s  been  a c c o m p l i s h e d  t h r o u g h  

proper  shaping of t h e  h y d r a u l i c  passages  and a d j a c e n t  

f l o w  e l e m e n t s  over  many yea r  of development. F igu re  

1 shows a  t y p i c a l  c r o s s - s e c t i o n  o f . s u c h  a  pump and i s  

r e f  e r r e d  t o  t h r o u g h o u t  t h e  d i s c u s s i o n  o f  t h i s  

s e c t i o n .  A s l u r r y  pump e x p e r i e n c e s  c r i t i c a l  wear i n  

t h e  fo l l owing  a r e a s :  
- .  

a )  S u c t i o n  P i ~ e .  - I n t e r a c t i o n  of pump i m p e l l e r  





f r o n t  r i n g  l e a k a g e  w i t h  - t h e  incoming flow (or  w i t h  

bac.kf low t h a t  can occur  from t h e  i m p e l l e r  eye  a t  
s u b s t a n t i a l l y  lower- than  normal flow r a t e s ) ,  causes  

t o r o i d a l  v o r t i c e s  whose s o l i d  p a r t i c l e s  can cut  deep ' 

r i n g s  i n t o  t h e  suc t ion  pipe and impe l l e r :  eye I . D .  

. . 

b )  U p d J e r  Rlade L ~ a d F n g  Edaes - A t  t he  impel ler  

i n l e t  ( S t a t i o n  1 . 1 ,  a  h i g h . r e l a t i v e  v e l o c i t y  W1 seen 

by t h e  b l a d e  can l e a d  t o  many t y p e s  of blade wear. 

Espec ia l ly  t y p i c a l  a r e ,  horseshoe vortex gouges i n  the  

hub and shroud su r faces  a t  t h e  p o i n t s  where t h e  blade 

leading  edge , i n t e r s e c t s  them. 

C )  U p & e r & l ~ d ~ S ~ f i a ~ e s  - The blade su r faces  

can d e v e l o p  h o l e s  -- a p p a r e n t l y  o r i g i n a t i n g  on the  

d r i v i n g  ; , f a c e  o r , ,  p r e ' s s u r e  . . s i d e .  S c a l l o p i n g  

( t r a n s v e r s e  t o  t h e  f l o w )  , sometimes appears on t h e  

s u c t i o n  s i ' de  or. t r a i l i n g  f a c e s  -- p r o b a b l y  due t o  

s e c o n d a r y  f 1 o . w ~  o r  t r a n s v e r s e  v o r t i c e s  i n  t h e  

boundary l a y e r .  Blcde th icknesses  of about 4 percent  

of i m p e l l e r  o u t s i d e  d iamete r ,  i . e . ,  about twice the  

b l a d e  t h i c k n e s s  of c o n v e n t i o n a l .  c l e a r  water pumps, 

lengthen pump l i f e .  , , .  

d )  I m ~ l l e r B _ l a d e u  Ed- 
. . - The b l ade  land 

fo rmed  by t h e  . . o u t s i d e  d i a m e t e r  machining of  t h e  

impel le r  can develop c i r cumferen t i a l  grooves near the' 

hub a n d s h r o u d  wa l l s  -- poss ib ly  f r d i  t h e  i q t e r a c t i o n  

of emerging boundary l a y e r  f low w i t h  ' t h e  a d j a c e n t  

f l u i d  a t  the  O.D. 
.. . ( I 

. .. 
; . . . . 

e  C ~ L K ~ L ~ L  - Wear h e r e  i s  s i m i l a r  t o  t h a t  

descr ibed f o r  impel ler  blade leading  edges and i s , t h e  

c o n s e q u e n c e  o f  a  h i g h ,  l a r g e l y  c i r c u m f e r e n t i a l  

approach  v e l o c i t y  V3 of  t h e  f l u i d  emerging from the  

i m p e l l e r .  A l a r g e  v a l u e  of c u t w a t e r  r a d i u s  r3 i n  



c o m p a r i s o n  t o  r2  --  s a y  r j / r 2  = 1 . 3  o r  g r e a t e r  -- 
l e a d s  t o  lower v a l u e s  of approach v e l o c i t y  V3 because  
t h e  f l u i d  t e n d s  t o  ma in t a in  c o n s t a n t  angu la r  momentum 

i n  f lowing  from i m p e l l e r  t o  cu twa te r .  

£ 1  Y o l u t e  Outer  S u r f a c e  and S i d e w a l l s  - The v o l u t e  

l i n e r  e x p e r i e n c e s  m a t e r i a l  removal by t h e  a c t i o n  of 

moving a t  t h e  s cou r ing  v e l o c i t y  -- about  

e q u a l  t o  V3. Sca lop ing  t r a n s v e r s e  t o  t h e  f low 

d i r e c t i o n  sometimes can be seen on t h e s e  s u r f a c e s  -- 
a g a i n ,  p robably  t h e  r e s u l t  of secondary flow i n  t h e  

v o l u t e  c r o s s  s e c t i o n s ' o r  t r a n s v e r s e  v o r t i c e s  i n  t h e  

boundary l a y e r .  

4 )  S u c L i ~ n - g l a L e  - S l u r r y  t h a t  l e a k s  f r o m  
i i n p e l l e r  o u t  s i d e  diameter  through t h e  f r o n t  i z p e l l e r  

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

c o ~ p o n e n t  b e c a u s e  t h e  a n g u l c r  momentum of t h e  f l u i d  

t e n d s  t o  be c o n s e r v e d  a s  i t  f l o w s  r ~ d i a l l y  inward. 

W i t h  t h i s  v e l o c i t y  b e i n g  a t  t h e  o u t s i d e  d i a m e t e r  

a b o u t  h a l f  o f  i m p e l l e r  t i p  s p e e d f i r 2 ,  it i s  easy t o  

see  t h a t  t h e  s u c t i o n  p l a t e  can expe r i ence  t h e  h i g h e s t  

v e l o c i t i e s  i n  t h e  punp.  S p i r a l l y - o r  i e n t e d  gouging 

o f t e n  appea r s  on t h e  s u c t i o n  p l a t e ,  and t h e  r a d i a l l y -  

o r i e n t e d  f r o n t  r  i ~ g  c l e a r a n c e  can  wear  r a p i d l y .  

T h i s ,  however, i s  l e s s  o b j e c t i o n a b l e  t han  t h e  Taylor-  

V o r t e x - r e l a t e d  c i r c u m f e r e n t i a l  g r o o v i n g  t h a t  would 

occur  on t h e  a x i a l l y - o r i e n t e d  f r o n t  r i n g  c l e a r a n c e  of 

c o n v e n t i o n a l  c l e a r  w a t e r  pumps. 

h )  Eump-out Y ~ E S  - T h e s e  a r e  sometimes used t o  

l i m i t  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  co~apunent a d j a c e n t  

t o  t h e  i m p e l l e r ,  t o  r e d u c e  leakage  and r e l a t e d  r i n g  

w e a r ,  and  t o  p rov ide  a x i a l  t h r u s t  c o n t r o l .  However, 

t h e s e  v a n e s  can cause  o b j e c t i o n a b l e  wear on a d j a c e n t  

p o r t i o n s  o f  t h e  hub and  s h r o u d .  Pump-out vanes  on 



t h e  h u b - s i d e  o f  t h e  i m p e l l e r  h e l p  t o  p r o t e c t  t h e  

pump a g a i n s t  s e a l  f a i l u r e .  

~t h a s  b e e n  o b s e r v e d  t h a t  t h e  w i d e  p r o f i l e  o f  t h e  

s l u r r y  pump i m p e l l e r  s h o w n  i n  F i g u r e  4 l e a d s  t o  

s e p a r a t i o n  o f  t h e  f l o w  . w i t h i n  t h e  . i m p e l l e r ,  

e s p e c i a l l y  when  c o m b i n e d  w i t h  c o n v e n t i o n a l  b l a d e  

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

r e l a t i v e  v e l o c i t y  W w i t h i n  t h e  i m p e l l e r  p a s s a g e s .  . . 

T h e  r e s u l t i n g  c h u r n i n g  of  t h e  f l o w  may b e  t h o u g h t  o f  

a s  p r o d u c i n g  unwanted wear  ( 1 5 ) .  However, w i t h  w i d t h  

b, b e i n g  s o  l a r g e  ( n a m e l y ,  t h , a t  r e s u l t i n g f r o m  

r a d i a l l y  p a r a l l e l  h u b  a n d  s h r o u d  s u r . f a c e s )  -- a )  

t h e r e  i s  m o r e  b l a d e  s u r f a c e  a r e a  t o  " . s p r e a d n  t h e  

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

s e p a r a t e d ,  m i x i n g  f l o w  may g r e a t l y  d e c r e a s e  t h e  

o t h e r w i s e  t h i c k  p a r t i c l e  l a y e r  which Tuzson  shows. t o  

b e  h i g h l y  demaging ( 4 ) .  
, . 

3 . 2 . 1 . 3  Hear Kodel  

E v a l u a t i o n  o f  e a c h  w e a r  phenomenon  o c c u r i n g  i n  a 

s l u r r y  pump would be  n e c e s s a r y  t o  d e t e r m i n e  t h e  l i f e  

o f  t h e  a s s o c i a t e d  p a r t  o f  t h e  m a c h i n e .  . W i t h o u t  

a t t e m p t i n g  t o  do t h ' i s ,  hnwever ,  some o b s e r v a t i o n  c a n  

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

g i v e n  pump g e o m e t r y  b y  a p p l y i n g  a  f u n d a m e n t a l  model 

f o r  wear  by s y n f u e l  s l u r r i e s .  F i r s t  t h e  l i f e  of  a 

c r i t i c a l  c o m p o n e n t  o f  t h i c k n e s s  t i s  s t a t e d  a s  

f o l l o w s :  



where e  is  t h e  l o c a l  r a t e  of increase  of ,we'ar depth 

in .  t h e  a f  f e c t e d  zone of t h e '  su r face .  'Tuzson s t a t e s  

t h a t  

.. p, 
6 = U o s i v e  Power/Area of S u r f i s  ' . = -  . , (2) E i  Erosion Energy/Voiume o f  s u r f a c e  P . ' . .  

where E i s  also.  known a s  t h e  s p e c i f i c  energy of t h e  * P 
s u r f a c e  and is equal t o  about t w i c e  t h e  hardness p  i n '  

2 kgf/mm . For exzmple, p. = 2 0 0 '  fo;r co ld - ro l l ed ,  low- 

c a r b o n  s t e e l  and 6 5 0 '  f o r  hardened 28-dhr.orne'..iron. 

( 1 6 )  A l l  p a r t i c l e s  i n  Tuzson's. 'apparatus j c i n d  an. 

abra 'd ing  l a y e r  and l e d ,  t o '  t h e  fo1lowin.d' d e v e l o ~ n e n t  
. . 

of Equation ( 2 ) :  . ' 

where t h e ,  Cor i o l i s  f o r c e  t h a t  moved t h e ,  p a r t i c l e s '  

toward  h i s  r o t a t i n g  paddle  or  blade of width' b ( c f .  
2 F i g u r e  1) is r ' e l d t e d  t o n  r or  t h e  " g n - f i e l d  of t h e  

f l o w .  H r ~ a ,  f j  arid yJ are  th ,e  paralcle ,  a n d  c a r r i e r  . . 

l i q u i d  d e n s i t i e s ,  r e s ~ & c t i v e l y .  C, i s .  t h e  

c o n c e n t r a t i o n  hy v o l u m e  +?LQ i s  t h a  l q t a l .  s l u r r y  

volume flow r a t e .  

I n  an a c t u a l  pump, t h e  ng"-feld i s  a l s o  p r o p e r l y  
2 r e p r e s e n t e d  byfl r, and i t  c o n s i s t s ~ o f  f o r c e s  a r i s i n g  

from c e n t r i f u g a l ,  C o r i o l i s  and s t r eaml ine  ,curvature,, 
. . 

e f f e c t s  -- t h e  l a t t e r  e f f e c t  b e i n g  t h e  only one i n  
t h e  s t a t i o n a r y  passages.  But; i n  a  pump, n o t  all t.he 



p a r t i c l e s  r e a c h  t h e  p r e s s u r e  s i d e  o f  t h e  f l o w  

p a s s a g e .  I n  f a c t ,  some a r e  even thrown o u t  i n  o t h e r  
d i r e c t i o n s  by c e n t r i f u g a l  f o r c e .  
. . .  . ,  

. 4  .- . 

.Thus', a .-pump .etosi:o.n moilel would p rope r ly  t a k e  i n t o  

account  t h e  a b i l i t y  of p a r t i c l e s  t o  c r o s s  s t r e a m l i n e s  

a t  a  v e l o c i t y  W, ( o r  VL i n  s t a t i o n a r y  components) ,  so  

t h a t  i t  i s  : . p roposed  t h a t  Tuzson.! s'  mo'del be ,  modified 

I 
and  k g  i s  a '  c o n s t a n t  of t h e  geometry a t  a  p i v e n  f low 

c o n d i t i o n ,  (which is  what we a r e  examin ing) .  

E x p e r i e n c e  i n d i c a t e s  t h a t  t h e  geometry o r  a n g u l a r i t y  

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

T h e r e f o r e  we w i l l  examine t h e  same pump and t h e  same 

p a r t i c l e  geometry  and i n c l u d e  t h e  l a t t e r  z l s o  i n  t h e  
I 

c o n s t a n t  k 9 ' H e r e ,  s o l u t i o n  of t h e  e q u a t i o n  of 

mo t ion  f o r  p a r t i c l e  d r a g  a t  v e l o c i t y  K, normal t o  a  
.. . s t r e m a l i n e  ' y i e l i i s  t h e  f o l l o w i n g  f o r  a  c a r r i e r  f l u i d  

. of k inemat ic  v i s c o s i t y  3 a n d .  n . p a r t i c l e  of s i z e  d 
, . ;  . , . . f , . P : 

. . . .  3; 

where  R i s  t h e  r a d i u s  of c u r v a t u r e  of t h e  s t r e a m l i n e  

.. i n  t h e '  r e l a t i v e '  system (or '  i n  t h e  a b s o l u t e  system f o r  

. . s t a t i o n a r y  components, 'where kL i a s  r ep l aced  by ~d and 

t h e  o t h e r  *two "G" t e r m s  a r e  z e r o ) ,  -and is t h e  a c u t e  

. . .  a n g l e  b e t . w e e n  . t h e  r e l a t i v e  s t r e a m l i n e  an.& t h e  

t a n g . e n t i a 1  ' d i r e c t i o n .  '1n formula ' t ing Equat ion ('61, 



t h e  l a m i n a r  d r a g  c o e f f i c i e n t  C?: f o r  ' s p h e r e s  was 
. ,, 

assumed t o  h o l d ;  namely,  

w h i c h  i s  v a l i d  s o  l o n g  a s  t h e  ' c r o s s : - s t r e a m l i n e  

R e y n o l d s  number P,,+, is l e s s  t h a n  5.  " ( 1 6 ) .  A s  no ted  

e a r l i e r  , t h e  c o n s t a n t  i n c l u d e s  t h e  geometry 

a n d  t h e r e f o r e  t h e  a l t e r a t i o n  r e q u i r e d  t o  CD f o r  

p a r t i c l e  a n g u l a r i t y .  

C o m b i n i n g  E q u a t i o n s  (1) , ( 4 1 ,  and ( 6 )  ,. we o b t a i n  a n  

E q u a t i o n  f o r  p u m p  l i f e ,  a s s u m i n g  t h a t  t / r p  i s  

c o n s t a n t  ( =  g i v e n  geomet ry ) :  . 

w h e r e  pump head  HYI ~ ? r  and wheia t h e  c o n c e n t r a t i o n  2 
by  v o l u m e  C, i s  f o u n d  f r o m  t h a t  by w e i g h t ,  C, a s  

. .. 
f o l l o w s :  

r+ 
CV = Clv 

a n d  o t h e r  c o n s t a n t s  h a v e  b e e n  a b o s r b e d  i n t o  

g e o m e t r i c a l  c o n s t a n t  k 
3 -  . . 

D e t e r m i n i n g  k 9  f r o m  o n e  o f  t h e  two 3 5 6 0 r p m  p i l o t  

p l a n t  p u m p s  f o r  w h i c h  we . h a v e  a p p r o x i m a t e  d a t a ,  

E q u a t i o n  ( 8 )  p r o d u c e s  t h e  c u r v e s  of F i g u r e  2 .  which 

shows  t h e  f i n a l  f o r m  o f  t h e  e q u a t i o n ,  employing t h e  



LIFE,  

h o u r s  

, . . . 

F ig " - re  2 :  ~ p p r o x i m a t e  L i f e   elations ship f o r  P i l o t  P l a n t  Pumps 

7 

- 

. ; - ! , b  : .  
. , 

C a r r i e r  V i s c o ~ i t y * ~ = l  Ocs'. 

Coal C o n c e n t r a t i o n  = 382 b y  w t .  

.Speed N = 3560'RpM , 

. . 

' . 

~ e a d ,  'H = '80 f t .  ' , 

- ,  , . '  . 
.. . 

SS = SP. GR. o f  S o l i d s  (=1..4) 

Sf = S P .  GR. G f  C a r r i e r  ( = I  ) 

0 - SRC -1,  P I02  C I R C  PUMP 
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P a r t i c l e  S i z e ,  dp, ym (mesh) '  



u n i t s  n o t e d  i n  t h e  f i g u r e .  The o the r  pump f i t s  t h i s  

c o r r e l a t i o n .  A p p r o x i m a t e ' l y  s i m i l a r  " f r o n t - e n d "  
s l u r r i e s  and  s i m i l a r  abrading c h a r a c t e r i s t i c s  of t h e  

s o l i d s  conta ined  i n  them were involved i n  both cases .  

B o t h  p u m p s  we ' re  o n l y  p a r t i a l  d e p a r t u r e s  ' f r o m .  
. . 

c o n v e n t i a l  c l e a r  water des igns  from a  hydrau l i c  . . .  

s t a n d p o i n t ,  but  hard m a t e r i a l s  were eriiployed i n  t h e i r  

c o n s t r u c t i o n .  S p e c i f i c  s p e e d s  a t  t h e  o p e r a t i n g  , 

p o i n t s  were  s i m i l a r  ( N , . z  9 0 0 1 ,  and speeds were high 
, - .  - b ~ t h  ran a t  3560 rpm. 

. . 

 quat ti on (8) anci Figure 2 do not  e x p l i c i ' t l y  show t h a t  
wear is p ropor t iona l  t o  t h e  cube of f l u i d  v e l o c i t y  or  

t o  a s  i s  o f t e n  s t a t e d  ( 1 7 ) .  However, from 
E q u a t i o n  (1) a n d  t h e  f a c t  t h a t  t / r 2  was assumed 
c o n s t a n t  i n  Equa t ion  ( 8 )  , i t  is  s e e n  t h a t  t h e  wear 
depth r a t e "  'is given by 

2 . Z  
w i t h  t h e  pump head  H 6 1, and t h e  f a c t  t h a t  

v e l o c i t i e s  i n  t h e  pump a r e  p ropor t iona l  t o  t i p  speed 
. b r L ,  w e s e e  now t h a t  

t h a t  i s ,  ' t h e  wear d e p t h  r a t e  v a r i e s  a s  t h e  cube of 

v e l o c i t y  ( o r  t h e  3 / 2  - power o f  puinp head 8) and 
d i r e c t l y  with t h e  pump r o t a t i v e  speed. 

~ n c l u d e d  i n  t h e  f a c t o r  k i s  t h e  a b r a s i v i t y  of t h e  3 
p a r t i c l e s ;  i . e . ,  k w i l l  be smal ler  f o r  more h ighly  

3 
a b r a s i v e  s l u r r i e s  t h a n  t h e  front-end,  synfuel  s l u r r y  

o f  F i g u r e  2 .  F o r  e x a m p l e ,  k may b e  i n v e r s e l y  
9 .  



p r e p o r t i o n a l  t o  p a r t i c l e  a b r a s i v i t y  o r  k n o o p  

h a r d n e s s .  T h i s  d o e s  n o t  n e c e s s a r i l y  mean t h a t  a  

b o t t o m s  s l u r r y  w i t h ,  s a y ,  a s h  a t  C y  = 0 . 1  ( 1 0 %  

c o n c e n t r a t i o n  by volume) would reduce pump l i f e  below 

t h a t  o f  a  s i m i l a r  pump i n  C, = 0.3 f ron t -end  s l u r r y  

-because ( s e e  equa t ion  8) v i s c o s i t y  of t h e  c a r r i e r  i s  

a t  l e a s t  a n  o r d e r  of m a g n i t u d e  g r e a t e r  i n  b o t t o m s  

s l u r r y ,  and  t h e  c o n c e n t r a t i o n  t h e r e  i s  lower than  i n  

f ron t - end  s l u r r y .  

To be put  forward wi th  con f idence ,  however; t h i s  wear 

model ,  w h i l e  y i e l d i n g  expec ted  t r e n d s ,  r e q u i r e s  no re  

c o r r o b o r a t i n g  d a t a  t han  a r e  c u r r e n t l y  a v a i l a b l e  from 

p i l o t  p l a n t  expe r i ence .  

3.2.1.4 S p e c i f i c  Speed 

I f  t h e  s p e e d  of  t h e  pumps of F igu re  2 ha,d been more 

l i k e  t h a t  of most  of t h e  o t h e r  p i l o t  p l a n t  pumps, 

i . e . ,  g e n e r a l l y  h a l f  of t h e  3560 rpm f i g u r e  shown, 

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

g r e a t e r  t h a n  i l l u s t r a t e d  t h e r e .  Thus, a  des i c jne r  

n e e d s  c r i t e r i a  t o r  c h o o s i n g  s p e e d ,  b a s e d  on l i f e  

r equ i r emen t s .  

A p r o p e r l y  d e s i g n e d  s l u r r y  pump w i l l  have c r i t i c a l  

v e l o c i t i e s  t h a t  e s s e n t i a l l y  e q u a l i z e  t.h'e wear r a t e s  

on v a r i o u s  p a r t s .  T h i s  l e a d s  t o  a  pump geometry t h a t  

i s  c h a r a c t e r i s t i c  of  a p a r t i c u l a r  va lue  of s p e c i f i c  

speed NS, where 

t h e r e b y  d i c t a t i n g  a  s p e e d  14 f o r  a g i v e n  head H and 



volume f l o w  r a t e  Q .  

The  m a j o r  g e o m e t r i c a l  i n f l u e n c e  l e a d i n g  t o  a  v a l u e  of 

s p e c i f i c  s p e e d  a r i s e s  f rom a t t e m p t i n g  t o  e q u a l i z e  t h e  

i m p e l l e r  i n l e t  r e l a t i v e  v e l o c i t y  Vl a n d  t h e  c u t w a t e r  

a p p r o a c h  v e l o c i t y  V 3  ( F i g u r e  1 ) .  Excep t  p o s s i b l y  f o r  

t h e  f r o n t  s h r o u d  l e a k z g e  v e l o c i t i e s  i n  c e r t a i n  c a s e s ,  

t h e s e  a r e  t h e  h i g h e s t  v e l o c i t i e s  t h a t  d i r e c t l y  

. i m p i n g e  o n  !cnown high-wear  l o c a t i o n s  of  s l u r r y  pumps. 

T h i s  i s  e x p l a i n e d  a s  f o l l o w s .  N o t i n g  t h a t  f o r  n o  

p r e w h i r l ,  

a n d  

w h e r e  k2-3 ( (1)  i s  a  f a c t o r  t h a t  r e p r e s e n t s  t h e  

r e d u c t i o n  ( d u e  t o  s i d e w a l l  f r i c t i o n )  of V3 below t h e  

v a l u e  it would have  it a n g u l a r  momentum were  c o n s t a n t  

f rom i m p e l l e r  O.U. t o  cu twa te r .  The f l u w  c u e f f i c i e ~ l t  

f;=x h ~ . 4 ;  2 n d  k2-3 i s  0 . 8  t o  0 . 9  f o r  fir,. 
r = 3. .3 r  , a c  i~ o f t e n . f o u n d  i n  s l u r r y  pumps, The  

c i r c u m f e r e n t i a l  v e l o c i t y  component V~ Y-/i ) *Rî , , 
w h e r e  Thy i s  t h e  h y d r a u l i c  e f f i c i e n c y .  hYThe h e a d  

c o e f f i c i e n t  y= S ~ / f i T ~ ~  is e s s e n t i a l l y  e q u a l  t o  0 . 5 .  

R e q u i r i n g  t h e  v e l o c i t i e s  UI a n d  Vg t o  e q u a l  o n e  

a n o t h e r  l e a d s  t o  t h e  f o l l o w i n g  r e q u i r e m e n t  f o r  

s p e c i f i c  s p e e d :  



w h e r e  AS i s  t h e  ( u n i v e r s a l )  

u n i t l e s s  s p e c i f i c  speed  (Ns /2733)  : 

E q u a t i o n  ( 1 5 )  y i e l d s  

Because  o f  i t s  p r e d o m i n a n t  and  d i r e c t  e f f e c t  on t h e  ' 

c r i t i c a l  a p p r o a c h  v e l o c i t i e s  C 2nd V,,' t h e  r a d i u s  L 
. r a t io  r3  / r L  h a s  t h e  p r i m a r y  e f f e c t  o n  t h e  

g e o m e t r i c a l  c o n s t a n t k  o f  t h e  l i f e  e q u a t i o n  ( 8 ) .  9 2 
C o n s e r v a t i v e l y ,  , i s  p r o p o r t i o n a l  t o  (V2/V3 1 

.J 

where ,  by d e f i n i t i o n  
. . 

Wal l  d r a g  s t u d i e s  s u g g e s t  t h a t  

s o  t h a t  . t h e  v e l o c i t y  r e d u c t i o n  to '  t h e  c u t w a t e r  i s  

r e p r e ~ e n t e d  by 



where  s u b s c r i p t  o  d e n o t e s  b a s e  v a l u e s  ( k t . . 3  = 0 .85  

and ( r 2 / r j  )O = 1 .3  1 .  Thus from Equat ions  (17)  and 

9 we g e t  t h e  e f f e c t  on t h e  ( 1 9 )  a n d  k ' d  (VL/V3 1 ,  

l i f e  f a c t o r  of cu twa te r  r a d i u s ;  namely. 

~ s s u r n i n q  t h a t  t h e  w e a r  m o d e l  o f  t h e  p r e c e e d i n g  

s e c t i o n  a p p l i e s ,  E q u a t i o n  ( E l  b e c o m e s .  ( u s i n g  

Equa t ion  161,  t h e  fo l l owing :  

 ow w i t h    qua ti on (1.9). t h e  s p e c i f i c  s p c e d  Rr i s  

e x p r e s s e d  a s  a  f u n c t i o n  of r a d i u s  r a t i o ;  i . e . ,  wi th  

T =  1 / 2 1  = 3 / 4 , a n d  $, = 0 . 4 ,  E q u a t i o n  ( 1 5 )  
r educes  t o  t h e  fo l l owing :  



à his r e l a t i o n s h i p  i s  p l o t t e d  i n  F i g u r e  3 ,  where i t  i s  . . 

n o t e d  t h a t  a s m a l l e r  c u t w a t e r - t o - i m p e l l e r  r a d i u s  
r a t i o  p r o d u c e s  g r e a t e r  s p e e d  and  s h o r t e r  l i f e .  I n  

f a c t ,  i f  Equa t ion  (22a)  is s u b s t i t u t e d  i n t o  E q u a t i o n  

( 2 1 1 ,  we g e t  a n  e x p r e s s i o n  f o r  pump l i f e  t h a t ' .  

i m p l i c i t l y  c o n t a i n s  s p e e d  and  s i z i n g  i n ' f o r m e t i o n  

t o g e t h e r  w i t h  a  d i r e c t  s t a t e m e n t  of  synf:uel p l a n t  

s c a l e  e f f e c t  : namely, -- --- -- 
7. .5. I 

tr& ! i(4P p1)~  Q i ~ i f e ' =  
I ' - c/23d''kgr>)e'] 
i 

, 

where speed i s  found from , 

'14 .: '; 
-0- = - 3  I(yi4) /@ 

(LT N = p,,!, .X 14 '/4/\,@') 

and 8 is . . found fro,  Equat ion (22al  ; 
G 

and 

and , ( r  / r  t y p i c a l l y  e q u a l s  1 .3 .  
3 -  2- 

F i g u r e  4 i s  a  p l o t  o f  E q u a t i o n  ( 2 3 )  w h i c h  

i l l u s t r a t e s  t h e  p o w e r f u l  e f f e c t  o f  c u t w a t e r - t o -  

i m p e l l e r  r a d i u s  r a t i o  r3 / r  on s l u r r y  pump l i f e .  2 
Here  s p e c i f i c  s p e e d  i s  r e d u c e d  a t  l a r g e r  r j / 5  t o  

t a k e  f u l l  a d v a n t a g e  o f  e q u a l i z i n g  I . J i  w i t h  t h e  

c o r r e s p o n d i n g l y  lower V3. T h i s ,  of c o u r s e ,  l e a d s  t o  

a l a r g e r ,  sl.ower pump f o r  a g iven  head and f low r a t e ,  

( E q u a t i o n  24 and  2 5 1 ,  and  c o r r e s p o n d i n g  s p e e d  and  



SPEC1 FIC SPEED 
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Shown a r e  opt imum v a l u e s  t h a t  e q u a l i z e  
v e l o c i t i e s  r e l a t i v ~  t o  c u t w a t e r  V, and i m p e l l e r  
b l a d e  l e a d i n g  edge V1. (No te  t h a t  a  l a r g e r  c u t -  
w a t e r  r a d i u s ,  r3, reduces  V 3 ;  m a i n t a i n i n g  W1 = V 3  
t h e n  p roduces  a  l o w e r  r o t a t i o n  spccd  N and 
g r e a t e r  1  i f e .  ) 

cutwater-to-impeller Rad ius  Xatio  5 1 

F i  gur.e 3 :  S l u r r y  Pump S p e c i f i c  Speed vs. cutwater-to-Imraeller 
Radius Ra t i o .  

2 6 



Cutwater-To-Impeller Radius ratio, '3'2 

Figure 4: Slurry Pump Life, Size and Speed relations hi^ 
(Head and Flow Rate Fixed) 

For e a c h  v a l u e  o f  t h e  c u t w a t e r - t o - i m p e l l e r  d i a m e t e r  raticy, 
t h e  s ~ e c i f i c  speed i s  chosen t h a t  e q u a l i z e d  t h e  i n l e t  r e l a -  
t i v e  v e l o c i t y  b7 and t h e  cutwater-appro 'ach v e l o c i t y  V 

1' , 3 ' 



pump O.D.  cu rves  a r e  a l s o  shown on Figure 4 .  where it 

h a s  been  assumed t h a t  pump O . D .  i s  p ropor t iona l  t o  
r3. Thus w i t h  Equations (22a) and (251, a t  cons tant  

head and flow r a t e ,  

s i n c e  

\:'bile E q u a t i o n  ( 2 3 )  n a y  appear t o  be d i f f e r e n t  from 

Equation (8) and the  t r end  shown i n  Figure 2 .  t h i s  is  
n o t  s o .  I n s p e c t i o n  of Equa t ion  ( 2 4 )  and (23) show 

t h a t  f o r  c o n s t a n t  s p e c i f i c  speed  ( a s  was t h e  case ,  

approximately,  f o r  Figure 2 )  Q H ' jr , y ie ld ing  t h e  

i n v e r s e  dependence on head expressed i n  Equation ( 8 ) .  

E q u a t i o n  ( 2 3 )  a l s o  shows t h a t  l i f e  of s l u r r y  pumps 

i m p r o v e s  d i r e c t l y  w i t h  f low r a t e  s o  t h a t  when we 

s c a l e  a  y i v e n  geometry ,  h o l d i n g  head cons tan t ,  t h e  

f u l l - s c a l e  p l a n t  will h a v e  b e t t e r  l i f e  i n  d i r e c t  

p r o p o r t i o n  t o  f low r a t e ;  and, f o r  t h e  same s p e c i f i c  

s p e e d ,  t h e  speed w i l l  be lowcr by t h e  inverge Equare 

r o o t  of  t h e  f l o w  r a t e ,  a n d  t h e  s i z e  w i l l  be i n  

p ropor t ion  t o  square roo t  of flow r a t e  (Equations 2 4  

and 2 5 ) .  



O b v i o u s l y  t h e  l a r g e r  pump of t h e  f u l l - s c a l e  p l a n t  

w i l l  be more c o s t l y .  I f  it i s  d e s i r e d  t o  reduce pump 
s i z e ,  t h e  r a d i u s  r a t i o  r 3 / r 2  i s  r e d u c e d :  s p e e d  i s  

i n c r e a s e d  acco rd ing ly ;  and pump r a d i u s  rZ (and r l)  is 

r e d u c e d .  F o r  e x a m p l e  i f  i t  i s  a l s o  d e s i r e d  t o  

d u p l i c a t e  t h e  l i f e  of  a  model f u l l - h e a d  pump; t h e  

r a d i u s  r a t i o  c a n  b e  r e d u c . e d  b y  a  s m a l l  a m o u n t  

( E q u a t i o n  2 3 )  t o  compensa t e  f o r  t h e  f a v o r a b l e  l i f e  

e f f e c t  of t h e  f l ow- ra t e  i n c r e a s e .  

T h e s e  c o n c l u s i o n s  a b o u t  l i f e  a r i s e  from t h e  e f f e c t s  

o f  p a r t i c l e s  c r o s s i n g  s t r e a n l i n e s ,  which phenomenon 

i n  t u r n  d e p e n d s  o n > s t r e a n l i n e  c u r v a t u r e s  t h a t  

d e c r e a s e  w i t h  i n c r e a s i n g  s i z e .  See t h e  development 

o f  E q u a t i o n  ( 8 ) .  I n  a l l  o f  t h i s ,  t h e  u s u s c l  

a s s u m p t i o n  t h a t  s o l i d  p a r t i c l e  s i z e s  s t a y  r e l a t i v e l y  

c o n s t a ~ t  f rom p i l o t  p l a n t  t o  f u l l - s c a l e  p l a n t  h a s  

been a p p l i e d .  

The u s u a l  way t o  s c a l e  up a  pucp  i s  t o  do s o  whi le  

m a i n t a i n i n g  head and s p e c i f i c  speed:  Thus t h e  l a r g e  

and sma l l  machines r e q u i r e  t h e  sane  MPSH, s i n c e  

where t h e  s u c t i o n  s p e c i f i c  speed 



is a l s o  c o n s t a n t ,  and from Equat ion ( 2 4 )  

a n d  d i v i d i n g  E q u a t i o n  ( 2 6 )  by (28)  y i e l d s  RPSH d H .  

However,  i f  more NPSH i s  a v a i l a b l e ,  t h e  p r o t o t y p e  

f111 I - s c a l e  m a c h i n e  d o e s  n o t  need t o  be so  l a r g e  and  

s l o w  r u n n i n g  a s  E q u a t i o n s  ( 2 2 )  a n d  ( 2 5 )  w o u l d  

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

(Equa t ion  8 o r  2 3 )  a r e  a c c e p t a b l e .  



3.2.2 T F A C I L I T Y  AND PROCR- 

A Smal l -Scale  Test (SST) Loop was d e s i g n e d  and 

f a b r i c a t e d  i n  o r d e r  t o  p r o v i d e  r a p i d  s c r e e n i n g  o f  

h y d r a u l i c  c o n c e p t s  f o r  s l u r r y  pump d e s i g n .  The use  
of  sand /wa te r  a s  t h e  p r imary  s l u r r y  was s e l e c t e d  i n  

o r d e r  t o  o b t a i n  a c c e l e r a t e d  wear d a t a .  V a r i o u s  
p a r t i c l e  s i z e s  and v i s c o s i t y  f l u i d s  nay be  used.  

S m a l l - s c a l e  h y d r a u l i c  components ( i m p e l l e r  s i z e s  

4"-5" 0 . D . I  a r e  used f o r  e a s e  o f  f a b r i c a t i o n  and 

h a n d l i n g .  Two pump r i g s  may b e  run  o f f  of  a  common 
d r i v e  s h a f t  f o r  s i d e - t o - s i d e  compar i sons  of  d e s i g n s  

i n  common t e s t  c o n d i t i o n s .  The pump r i g  speed may be  
a d j u s t e d  t o  match b l a d e  speed and s p e c i f i c  speed 
r e q u i r e m e n t s .  H y d r a u l i c  performenee  sf d i f f e r e n t  
d e s i g n s  i n  v a r i o u s  c o n c e n t r a t i o n s  and t y p e s  of  s l u r r y  

can  a l s o  be  o b t a i n e d .  F i n a l l y  t h e  e f f e c t s  on wehr 
and  performance  due t o  s i z e  s c a l e - u p  can  be e v a l u a t e d  
when a  d e s i g n  is ' e v a l u a t e d  i n  t h e  SST Loop a s  well a s  
a  Large-Scale  T e s t  Loop. 

The s l u r r y  t e s t  l o o p  i s  shown i n  F i q u r e  5 and t h e  
s c h e m a t i c  i s  p r e s e n t e d  i n  F i g u r e  6 .  The key e l e m e n t s  

o t  t h e  l o o p  a r e :  

a .  A g i t a t i o n / M i x i n g  
b. Heat  R e j e c t i o n  
c. Head Breakdown 

d.  Dr ive  System 

e. Sampling System 

The s l u r r y  mixing t a n k  (T101) is a  55-ga l lon  drum 

w i t h  a  r u b b e r  l i n e r  m a t e r i a l .  A g i t a t i o n  is 

accompl i shed  by u s i n g  a 1 / 2 "  s a n d  b l a s t  n o z z l e  

( N l O l )  j e t t i n g  a g a i n s t  a t u n g s t e n  c a r b i d e  p l a t e  

s e c u r e d  t o  t h e  bot tom o f  t h e  t a n k .  I n t e r r u p t i o n  of 





Figure 6 :  Smal l  Scale Slurry T e s t  Loop Schematic 



t h e  main f low f o r  a  long pe r iod  of t ime w i l l  cause  
t h e  s o l i d s  t o  s e t t l e  and block t h e  s l u r r y  feed l i n e s .  

S l u r r y  f e e d  is  accomplished th rough  four  1'' pipe  

openings  i n  t h e  bottom of t h e  tank  (T1011 ,  which z r e  

manifolded t o g e t h e r  and rou ted  t o  t h e  pump i n l e t .  

Heat r e j e c t i o n  comes from provid ing  t r e a t e d  coo l ing  

wate r  t o  a  j a c k e t  which sur rounds  t h e  mixing tank 

tTZQ1). 

S e v e r a l  d i f f e r e n t  approaches  t o  head breakdown can be 

employed. Tungsten c a r b i d e  bush ings ,  p ressed  i n t o  

h o l d e r s  and p l aced  between f l a n g e s  e r e  used a s  main 
p r e s s u r e  breakdown. Clarkson "B" v a l v e s ,  knuckle 

pinch- type w i t h  a  rubber i n s e r t ,  a r e  used f o r  f i n e  
t h r o t t l i n g .  A 1/2' sand b l a s t  nozz le  (wi th  a 
t u n g s t e n  c a r b i d e  c o a t i n g )  is used f o r  head  breakdown 
nd is a l s o  an  i n t e g r a l  p a r t  of t h e  s l u r r y  a g i t a t i o n  

system i n  T101 -  

The s h a f t  pnwer i s  d e l i v e r e d  from a 15 Hp, 3600 rpm 

AC synchronous motor. The n o t o r  d r i v e s  z Reeves- 
v a r i a b l e  speed motodrive ( o u t p u t  speeds  400-3980 
RPM). The tes t  r i g s  a r e  coupled t o  t h e  rnotodrive 

o u t p u t  v i a  t iming  b e l t s  and p u l l e y s .  The t e s t  r i g s  

can  be ope ra t ed  up t o  6000 rpm. 

The a b i l i t y  t o  o b t a i n  a sample of t h e  pumped f l u i d  i s  
r e q u i r e d  f o r  two reasons :  f i r s t ,  to c a l i b r a t e  f low 

meters  and second,  t o  o b t a i n  a r e p r e s e n t a t i v e  sample 

f o r  s l u r r y  c o n c e n t r a t i o n  de t e rmina t ion .  To d i v e r t  
t h e  f low,  two f a s t  a c t i n g  b a l l  v a l v e s  (V103 and V104) 

a r e  p l aced  i n  a "Yn f i t t i n g .  The sample l i n e  l e a d s  

t o  a  nozz l e  (N102) which i s  i d e n t i c a l  t o  N101. I n  

t h e  sample mode it is impor tan t  t h a t  t h e  r e s i s t a n c e  

of t h e  sample branch be t h e  same as t h e  s l u r r y  r e t u r n  



l i n e  t o  TlOl  s o  t h a t  when d o i n g  a f low c a l i b r a t i o n  o r  
s l u r r y  sample ,  t h e  o p e r a t i n g  p o i n t  of t h e  pumps i s  

n o t  changed due t o  a s i g n i f i c a n t  change i n  sys tem 

r e s i s t a n c e .  The sample l i n e  n o z z l e ,  N102 d i s c h a r g e s  

i n t o  a  t a n k ,  T102- which is  c a l i b r a t e d  f o r  volume. 
The s a n p l e  may be weighed f o r  c o n c e t r a t i o n  

d e t e r m i n a t i o n  o r  t imed f o r  f l o w  r a t e  check.  

A h i g h  p r e s s u r e ,  low f low g e z r  pump ( ~ 1 0 3 )  i s  used t o  
p r o v i d e  c l e a r  w a t e r  f o r  sez.1 f l u s h  i n j e c t i o n  a n d  

i n s t r u m e n t  Line  purge .  

The s i z e  of t h e  hose  and p i p i n o ,  used i n  t h e  l o o p ,  is 

d e t e r m i n e d  on t h e  b a s i s  two f z c t o r s ,  b o t h  a  f u n c t i o n  
of s l u r r y  v e l o c i t y  ( i - e .  f l o ~  r a t e  and p i p e  
d i a m e t e r ) .  High v e l o c i t i e s  p r o n o t e  r s p i d  wear a t  

f i t t i n g s  and o t h e r  d i s c o n t i n u i t i e s  b u t  i n h i b i t  s l u r r y  
s e t t l i n g  o r  c l o g g i n g  a t  bends  and  v e r t i c z l  s e c t i o n s .  
Low v e l o c i t i e s  would a l l o w  f i t t i n g s  t o  s e a r  
i n d e f i n i t e l y  b u t  c l o g g i n g  problems w i l l  o c c u r .  For 
t h e  e x p e c t e d  f l o w  r a t e s ,  30  t o  6 0  gpm, 1.25"  I . D .  

hose  and 1" Sch 80 pipe was s c l e z t e d .  T h i s  
c o r r e s p o n d s  t o  hose  v e l o c i t i e s  of 7.8 t o  1 5 - 7  f e e t /  
second  and p i p e  s e c t i o n  v e l o c i t i e s  of 1 4  t o  28 f e e t /  
second, 

A p r i m a r y  c o n s i d e r a t i o n  i n  t h e  d e s i g n  of t h e  pump 
t e s t  r i g s  was t o  p r o v i d e  a v e h i c l e  which makes a n  
i n t r o d u c t i o n  o f  h y d r a u l i c  d e s i g n  changes  f a s t  and 

s i m p l e .  The modular  approach  shown i n  F i g u r e  7 was 

s e l e c t e d .  The t y p i c a l  t e s t  hardware  is shown i n  
F i g u r e  8. T h r e e  s t a t o r  p i e c e s  a r e  r e q u i r e d  f o r  each  
b u i l d :  s u c t i o n  n o z z l e ,  f r o n t  w a l l -  and v o l u t e  l i n e r .  
The i m p e l l e r  is t h e  f o u r t h  component of  t h e  b u i l d .  

All four p i e c e s  are s u b j e c t  t o  wear.  The o t h e r  
components  a r e  common f o r  a l l  b u i l d s .  



Figure 7 :  SST Pump Rfs Hydraul ic  Components  
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FIGURE 8: TYPICAL SST HYDRAULIC COMPONENTS 



S e v e r a l  compromises a r e  made i n  o r d e r  t o  make 

f a b r i c a t i o n  and assembly of t e s t  components e a s i e r  

and l e s s  time-consuming. The p r e s e n t  v o l u t e  d e s i g n s  

c a l l  f o r  two-dimen'sional, r e c t a n g u l a r  c o r s s  s e c t i o n s .  

They a r e  machined p a r t s .  The f r o n t  w a l l  mounting 
does  n o t  .al low f o r  a  f i l l e t  a long  t h e  mat ing s u r f a c e  
wi th  t h e  v o l u t e  p i ece .  A two-dimensional d i f f u s e r  is  

miL1edd i n t o  t h e  v o l u t e  r i n g .  The i m p e l l e r s  a r e  a l s o  

kvo-dimwnsinnal, machined p a r t s .  The f r o n t  shroud is  
machined s e p a r e t e l y  and is bonded t o  t h e  bladed h a l f  

of t h e  impel le ' r  w i th  a  h i ch - s t r eng th  epoxy- The 

whole i m p e l l e r  i s  - then  f i n i s h e d  machined .- The f r o n t  
shroud p i e c e  may be removed l a t e r  f o r  i n s p e c t i o n  of 
t h e  b l a d e  pas sages .    he mating of t h e  f r o n t  shroud 
p i e c e  t o  t h e  b l a d e  forms a 90 degree  f i l l e t .  

C o n s i d e r a t i o n  of t h i s  t ype  of g i t  i s  impor tan t  when 
i d e n t i f y i n g  and e v a l u a t i n g  i n p e l l e r  wezr. 

I n  o r d e r  t o  avoid  an e l a b o r a t e  s e a l  des ign  e f f o r t  a 

s imple ,  s i n g l e ,  p r e s s u r e  balanced carbon f a c e  Seal 
was c c l e c t e d  (€?ig~)r-F! 9 1 .  Fdequate  s e a l  f l u s h  and 
f l u s h  d r a i n  p r o v i s i o n s  a r e  requui red  3 to  p reven t  sand 
from e n t e r i n g  t h e  s e a l  c a v i t y .  The o r i e n t a t i o h  of 
t h e  t e s t  r i g s  a l s o  p r e v e n t s  t r a c e  sand from s e t t l i n g  
i n t o  t h e  s e a l  a r e a  fo l lowing  pump shutdown. The s e a l  
r i n g  package r o t a t e d  wi th  t h e  s h a f t  end t h e  hard 
mating r i n g  i s  s t a t i o n a r y .  I n ~ t a l l a a t i o n  is t y p i c a l  

of  p r o c e s s  pump a p p l i c a t i u n .  
. . 

Grease packed, p i l l o w  block-type b a l l  b e a r i n g s  are 
used t o  s u p p o ~ t  t h e  s h a f t .  The l i f e  of these e a s i l y  
r ep l aced  b e a r i n g s  is n o t  a n  impor tan t  f a c t o r .  S h a f t  

speeds  of 6 0 0 0  rpm r e p r e s e n t  t h e  maximum speed f o r  

t h e s e  b e a r i n g s ;  and t h u s ,  compromises l i f e .  



Figure 9:  SST Seal Arrangement 



The f o l l o w i n g  performance parameters  a r e  monitored:  

a .  Flow Rate  

b.  E l e c t r i c a l  Power Inpu t  

c. Pump I n l e t / ~ i s c h a r g e  P r e s s u r e  

d .  Nixing Tank S l u r r y  Temperature 

e .  S h a f t  rpm 

The f low r a t e  i s  measured by a  Leeds and Northrup 
Model 775 dopple r  f low meter. C a l i b r a t i o n  of t h e  
i n s t r u n e n t  is done through t h e  sample system 

d e s c r i b e d  e a r l i e r .  V 1 0 3  i s  c losed  and V104 is  opened 

f o r  a  f i x e d  l e n g t h  of t i n e .  The volume is then  
measured i n  T102. T h i s  f low c a l i b r a t i o n  i s  done wi th  
on ly  t r a c e  amounts of sand i c  t h e  loop.  Clos ing  V103 

f o r  +.he l e n q t h  of t ime t o  o b t a i n  a  v a l i d  sample ( 2 0  

seconds)  would cause  sand blockage i n  TlUl i f  
c a l i b r a t i o n  is a t tempted  wi th  a  l a r q e  s o l i d s  
c o n c e n t r a t i o n .  I t  i s  assumed t h a t  no l a r g e  change i n  

c a l i b r a t i o n  occur  when l a r g e  c o n c e n t r a t i o n s  of sand 
a r e  p r e s e n t .  The doppler  t r a n s m & t e r / r e c a i v e r  u n i t  

is  mounted url a 1" Ech 80 pipe at, t h e  3 o ' c l o c k  
p o s i t i o n .  The c a l i b r a t i o n  d c t a  is p re sen ted  i n  
F i g u r e  10.  The l a r g e  c o r r e c t i o n  is  probably due t o  
t h e  s m a l l  p i p e  s i z e .  t h e  d e t a i l  background 
in fo rma t ion  on t h i s  ins t rument  is  p re sen ted  i n  
r e f e r e n c e  (18) . 
Electrical power i n p u t  is measured by a  wat tmeter .  

To o b t a i n  t h e  power i n p u t  t o  t h e  i m p e l l e r ,  t h e  matar 
e f f i c i e n c y  a s  a  f u n c t i o n  of load  and t h e  motodr ive  

e f f i c i e n c y  which i s  b a s i c a l l y  independent  of l o a d  bu t  
is a  f u n c t i o n  of speed and t h e  power consumed by t h e  

s e a l  must be  cons ide red .  S ince  t h e  s e a l  is  p r e s s u r e  

ba lanced ,  i t s  power consumption v e r s u s  speed may be 

measured by running it i n  wate r  w i th  no i m p e l l e r .  



. . 

Figure 1 0 :  ~ o p p l e r  ~lowrnet-er . - Cal ibrat-ion . -  



I n l e t  a n d  d i s c h a r g e  p r e s s u r e s  a r e  measured a t  1 "  Sch 

80 p i p e  s e c t i o n s  u p s t r e a m  2nd downstream of t h e  pump. 

The s l u r r y  t e m p e r a t u r e  of T l O l  is  measured  w i t h  a 

m e r c u r y  t h e r n o m e t e r .  T h e . s h a f t  s p e e d  i s  measured 

w i t h  a '  p o r t a b l e ,  d i g i t a l  s t r o b e .  

The r e s u l t s  o f  t h r e e  s e p a r a t e  d o F p l e r  f l o w  me te r  

I D F Y )  c a l i b r a t i o n s  i s  shown i n  F i g u r e  1 0 .  The 

c a l i b r a t i o n  r u n s  were  done  w i t h  o n l y  t r a c e  amounts  of  

s and  and  w i t h  a c c u m u l a t i o n  t i n e s  be tween  1 0  end 20 

s e c o n d s .    he' l i n e a r  n a t u r e  of t h e  c a l i b r a t i o n  

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

a s  f o l l o w s :  

D o ~ p l e r  G P Y  
= 0 . 7 5  Actual GPM 

Sampl ing  f o r  s l u r r y  c o n c e n t r a t i o n  i s  n o r e  d i f f i c u l t  

t h a n  f l o w  r a t e  d e t e r ~ i ~ i r ~ a l i c r n .  S i n c e  c l o s i n g  V103 

stops t h e  s l u r r y  r e t u r n  t o  T101,  t h e  a g i t a t i o n  is  

a l t e r e d  t h u s  c h a n g i n g  t h e  c o n c e n t r a t i o n  a t  t h e  s l u r r y  

f e e d  l i n e s  i n  t h e  b o t t o m  of  t h e  t a n k .  Because  of 

t h i s ,  s a m p l i n g  i s  done  f o r  a  v e r y  s h o r t  p e r i o d  of  

t i m e  ( a p p r o x i m a t e l y  2-3 s e c o n d s )  o r  j u s t  enough t i m e  

t o  c o l l e c t  t h e  s l u r r y  which i s  r e s i d e n t  i n  t h e  l i n e s  

and  pump a t  t h e  time V103 is c l o s e d  and  V104 i s  open .  

The r e s u l t s  o f  two r u n s  a r e  s i ~ o ~ n  i n  F i g u r e  11. Tfiu 

l o o p  c o n d i t i o n s  s u c h  a s  n e t  f l o w  t h r o u g h  N l O l  and t h e  

s t a r t i n g  volume of w a t e r  ( b e f o r e  s a n d  a d d i t i o n )  a r e  

n o t e d .  I t  is  e x p e c t e d  t h a t  w i t h  l e ~ ~  n o z z l e  f l o w ,  

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

c o n c e n t r a t i o n  w i l l  r e s u l t  f o r  a  g i v e n  amount o f  s a n d  

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

The t e s t . p u m p s  a r e  s t a r t e d  w i t h  c l e a r  w a t e r .  



I n s t r u m e n t  l i n e s  a r e  p u r g e d ,  s e a l  f l u s h  i n j e c t i o n  and  

d r a i n  f l o w  r a t e s  a r e  s e t ,  t h e  c o o l i n g  w z t e r  j a c k e t  i s  

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

When t h e  d e s i r e d  . speed  and  c l e a r  w a t e r  f l o w  r a t e s  a r e  

e s t a b l i s h e d ,  s a n d  i s  added .  I f  t h e  f l o w  r a t e s  E r e  

be tween  50-60 gpm, t h e  c u r v e  i n  F i g u r e  11 may b e  used  

t o  d e t e r m i n e  t h e  amount of  s a n d  t o  b e  added f o r  t h e  

d e s i r e d  s l u r r y  c o n c e n t r a t i o n .  For  o t h e r ' f l o w s ,  

g r a d u a l  a d d i t i o n  of  s a n d  w i t h , s a m p l i n g  ~ a y  be  

n e c e s s a r y  t o  o b t a i n  t h e  d e s i r e d  c o n c e n t r a t i o n .  

Removal o f  s a n d  from t h e  l o o p  i s  a c c o m p l i s h e d  by 

r u n n i n g  t h e  pumps w i t h  V103 and  Vi04 open  and  a d d i n g  

c l e a r  w a t e r  t o  T101. I n  t h i s  p r o c e s s ,  T102 s e r v e s  a s  

a  s e t t l i n g  t a n k .  The d i l u t i o n  p r o c e s s  t a k e s  t o  t o  1 0  

m i n u t e s  a f t e r  which t i m e  t h e  l o o p  i s  s h u t  down w i t h  

no  chance  o f  c logc j ing .  



OCO Mesh Sand 
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Sand Added, 1 bni 

F i gu re  11 : SST Loop. - Sand Concen t ra t ion  (Hass R a t i o )  



  ST -, D W G N .  W T S  b DISCUSSION 

The S m a l l  S c a l e  T e s t  (SST) Loop, d e s c r i b e d  p r e v i o u s l y  

i n  t h i s  r e p o r t ,  p r o v i d e s '  a  means of  e v a l u a t i n g  

h y d r a u l i c  d e s i g n  c o n c e p t s  f o r  wear and  pe r fo rmance  on 

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

components  t e s t e d  i n c l u d e  i r r , p e l l e r ,  f r o n t  s u c t i o n  

n o z z l e  a n d  v o l u t e  l i n e r  (See  F i g u r e . 7 ) .  The s m a l l  

s c a l e  o f  t h e  components  a l ' low f o r  r a p i d  a s s e m b l y ,  

t h u s  making it p o s s i b l e  t o  e v z l u a t e  r e d e s i g n e d  

components  q u i c k l y .  T h i s  p a r t  of  t h e  o v e r a l l  p rogram 

is i n t e n d e d  t o  s c r e e n  s e v e r a l  i n i t i a l  h y d r a u l i c  

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

components  t h r u  d e s i g n  m o d i f i c a t i o n s .  The r e s u l t  ' 

w i l l  b e  a  s e t  of  d e s i g n  c r i t e r i a  which w i l l  b e  

a p p l i e d  t o  p i l o t  p l a n t  s i z e  s l u r r y  pumps. 

The f o l l o w i n g  l i s t  summa'rizes t h e  ma jo r  f a c t o r s  

which need  t o  b e ' c o n s i d e r e d  when d e s i g n i n g  a  s l u r r y  

pump f o r  minimum wear :  

o  .Wear a s  a  f u n c t i o n  o f  d e s i g n  & o f f  d e s i g n  

o p e r a t i o n  . . 

o  V o l u t e  c u t w a t e r  damage 

a ~ m p e ' l l e r  t r a i l i n g ,  e d g e  damay6 ( r e l a t e d  t o  

b l a d e  l o a d i n g )  

o  S l u r r y  c a r r i e r .  v i s c o s i t y  ( a £  f e c t s  p a r t i c l e  

dynamics  

o  F r o n t  s h r o u d  a n d  r i n g  wear 

o  M a t e r i a l  h a r d n e s s  

o  S p e c i f i c  s p e e d  e f f e c t s  

o  P a r t i c l e  s i z e  

A ' t e s t  p rog ram which i n v e s t i g a t e s  t h e  above  f a c t o r s ,  

a n d  aPfows  for d e s i g n  improvements  i n  t h o s e  a r e a s  

r e q u i r e s  a  s e t  o f  h a r d w a r e .  Four  b a s e  l i n e  i m p e l l e r  



c n c e p t s  w e r e  d e s i g n e d ,  a l l  i n t e n d e d  t o  be  9 0 0  
s p e c i f i c  s p e e d  m a c h i n e s  i n  c l e a r  w a t e r :  

SST 3 5V - A - t r a d i t i o n a l  s l u r r y  puap  d e s i g n  w i t h  

5 b l a d e s  

SST 3 4V - SST 3 i m p e l l e r  w i t h  o n l y  4 b l a d e s  

SST 5 - A new a p p r o a c h ,  low b l a d e  l o a d i n g  

a c c o m p l i s h e d  by m a i n t a i n i n g  a  

c o n s t a n t  r e l a t i v e  v e l o c i t y  p a s s a q e  

( a c h i e v e d  by c o n t r o l l i n g  b l a d e  a n g l e ,  

n o t  a x i a l  p a s s a g e  w i d t h )  

SST 7 - C o n v e n t i o n a l  c l e a r  w a t e r  h y d r a u l i c  

d e s i g n  w i t h  Q u a s i - f r a n c i s  t y p e  i n l e t  

b l a d i n g  

A l l  i m p e l l e r s  w e r e  i n i t i a l l y  d e s i g n e d  w i t h  r a d i a l  

f r o n t  wear  r i n g  l a n d s .  F i g u r e s  1 2  t h r u  1 5  show t h e  

d e s i s n s  f o r  t h e s e  and  a r e " d e s i g n a t e d  a s  MKI. The 

v o l u t e  l i n e r s  a r e  l o g  s p i r a l  t y p e s  w i t h  t h e  t h r o a t  

a r e a  d e s i g n e d  t o  match t h e  i m p e l l e r  f l o w  a t  50 gpm. 

The r a d i u s  r a t i o  f rom i m p e l l e r  e x i t  t o  v o l u t e  

c u t w a t e r  is 1 . 2  f o r  a l l  SST M K I  h a r d w a r e .  F i g u r e s  1 6  

a n d  1 7  show M K I  v o l u t e  d e s i g n  d r a w i n g s .  T a b l e  I 

summar izes  t h e  main d e s i g n  p a r a m e t e r s  f o r  e a c h  

c o n f i g u r a t i o n .  

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

s l u r r y  pump (SST 3 )  a c o r r e l a t i o n  was made, - 
i n c l u d i n g  s e v e r a l  d i f f e r e n t  e s m m e r c i a l  s l u r r y  pump's, 

o f  t h e  r a t i o  o f  i n l e t  e y e  d i a .  t o  i m p e l l e r  O . D .  a n d  

r a t i o  o f  i m p e l l e r  e x i t  b l a d e  w i d t h  t o  i m p e l l e r  O.D.  

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

F i g u r e  1 8 ,  w i t h  p o i n t s  d i s p l a y e d  f o r  SST 3 and  SST 5. 

The d e v i a t i o n  of  SST 3 a n d  SST 5 f rom t h e  D / D  

c o r r e l a t i o n  i s  i n t e n t i o n a l .  Reducing  t h e  i m p e l l e r  

e y e  d i a m e t e r ,  l o w e r s  t h e  i n l e t  b l a d e  s p e e d s ,  and  w i l l  
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Figure 1 7 :  Volutcl For SST 5 - -- 
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improve t h e  w e a r ' c h a r a c t e r i s t i c s  o f  t h e  pump i n l e t .  

The p e n a l t y  comes. i n  p o o r e r  s u c t i o n  p e r f o r m a n c e  . . 
( l a r g e r  NPSHR) . For . ' t h e  s y n f u e l  a p p l i c a t i o n s  i t  was 

d e c i d e d  t o  d e s i g n  f o r  b e s t  l i f e ,  n o t  u l t i m a t e  s u c t i o n  

p e r f o r m a n c e .  

The i m p e l l e r  i n l e t s  of  SST 3 and  SST 5  were  d e s i g n e d  

f o r  55 gpm, a n d  m a i n t a i n  c o n s t a n t  r e l a t i v e  v e l o c i t y  

a t  t h e  s t a t i o n s  j u s t  o u t s i d e  and  j u s t  i n s i d e  t h e  

b l a d e  ( u s i n g  f u l l  b l a d e  t h i c k n e s s ) .  

s .  

The SST 7 i m p e l l e r - w a . s  d e s i g n e d  a l o n g  c o n v e n t i o n a l  

c l e a r  w a t e r  g u i d e l i n e s .  T h e b i n l e t  d i a m e t e r  was.made 

e q u a l  t o  t h e  SST 3 d e s i g n .  The b l a d e  a n g l e  a t  t h e  

mean s t r e a m l i n e  was s e l e c t e d  t o  p r o v i d e  zeFo work 

a d d i t i o n  t o  t h e  f l o w  e t  t h e  b l a d e  i n l e t .  T h i s  d e s i g n  

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

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

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

. . .  

The a c t u a l  b l a d e  l e a d i n g  e d g e  d o e s  n o t  r ema in  a t  f u l l  

t h i c k n e s s .  I n  o r d e r  t o  o b t a i n  t h e  bes . t  s u c t i o n  

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

f a i r i n g  i s  added  which a p p r o x i m a t e s  t h e  u p s t r e a m  f l o w  

a n g l e .  . . 

The dynamics  o f  t h e  f l o w  i n s i d e  a n  i m p e l l e r  p a s s a g e  
* ., r .. 

a r e  c0nne'cte.d w i t h  t h e  a n g u l a r  momentum t h a t  i s  b e i n g  . . 
d e l i v e r e d t o  t h e  f l u i d .  The t o r q u e  t h e r e f o r e  a p p l i e d  

by  t h e  i m p e l l e r  b l a d e s  is  c r e a t e d  by c i r c u m f e r e n t i a l  

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

pas sage ' .  T h i s .  p r e s s u r e  d i f f e r e n c e  may b e  c o n v e r t e d  

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

a c r o s s  t h e  p a s s a g e  ( u s i n g  B e r n o u l l i ' s  e q u a t i o n ,  t a k e n  

r e l a t i v e  t o  t h e '  i m p e l l e r .  m o t i o n )  . The d i s t r i b u t i o n  
. .: 



o f  t h i s  p r e s s u r e  d i f f e r e n c e  t h r o u g h  t h e  p a s s a g e  is 

commonly r e f e r r e d  t o  a s  b l a d e  l o a d i n g .  Four '  

d i f f e r e n t  " l o a d i n g n  d i a g r a m s  a r e  shown i n  F i g u r e  1 9  

( a  t o  d )  f o r  f o u r  b a s i c  i m p e l l e r  t y p e s .  

The d i a g r a m s  a r e  i n  t h e  fo rm of  b l a d e  s u r f a c e  

r e l a t i v e  v e l o c i t i e s  on t h e  p r e s s u r e  s i d e  of b l a d e  and  

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

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

S U ~ ~ ~ C C ,  t h e  l a f g p r  t11e p ~ e s s u r e  d i f f e r e n c e  ?.nd k h e  

h i g h e r  t h e  b l a d e  l o a d i n g .  La rge  d e c e l e ~ ~ l i o n s  of 

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

b e  s e p a r a t e d .  D e t a i l s  r e g a r d i n g  t h e  r e l a t i o n s h i p  of  

p a r t i c l e  dynamicsa  a ~ d  b l a d e  l o a d i n g  have  been  

d i s c u s s e d  i n  a p r e v i o u s  s e c t i o n .  A l l  f o u r  i m p e l l e r s  

a r e  d e s i g n e d  t o  p r o v i d e  a p p r o x i m a t e l y  t h e  same head  

and  same f l o w .  

. . 
The a c t u a l  h e a d  m e , £  f i c i e l l t  ( 7 . .  ) f o r  SST 3 a n d  

SST 7 was c h o s e n  to ,  be  0 . 5 .  The SST 5 h a s  a  lower  

head  c o e f f i c i e n t ,  U.41.5, d u e  Lo i t s  l i g h t e r  b l a d e  

l o a d i n g  ( a  l a r g e r  d i a m e t e r  i s  r e q u i r e d  t o  make t h e  

same h e a d  a s  SST 3 and  SST 7 ) .  

B l a d e  Lhickncsg  w,?s chonen u s i n g  c o n v e n t i o n a l  slurry 

pump dosign prsct.ice a s  a g u i d e .  C l e a r  w e t e r  pumps 

t y p i c a l l y  h a v e  t h e -  b l a d e  t h i c k n e s s  e q u a l  t o  28  of  t h e  

i m p e l l e r  d i a m e t e r .  Fo r  s l u r r y  s e r v i c e ,  a  r a t i o  of 

t h i c k n e s s  t o  i m p e l l e r  d i a m e t e r  of  4 %  was c h o s e n .  The 

4 %  f i g u r e  b e i n g  somewhat t y p i c a l  o f  s l u r r y  pmps 

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

The b a s e  l i n e  i m p e l l e r s  were  d e s i g n e d  w i t h  r a d i a l  

f r o n t  w e a r  s u r f a c e s ,  a n d  nomina l  r u n n i n g  c l e a r a n c e  

w i t h  t h e  f r o n t  s u c t i o n  n o z z l e  of  . 0 2 0 n .  T h i s  r e s u l t s  

i n  a . v o l u m e t r i c  e f f i c i e n c y  of a b o u t  90% f o r  a  pump of 
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t h i s  s i z e .  

A l l  impel le rs  were designed with a x i a l  element 

b lades .  This  means t h a t  a t  any c i r cumferen t i a l  

s t a t i o n ,  t h e  blade angle from hub t o  shroud remains 

cons tan t .  

Volute type c o l l e c t o r s  were s e l c t e d  f o r  base l i n e  SST 

conf igura t ions .  I t  was f e l t  t h a t  vo lu te  of fered  

performance b e n e f i t s  i n  t h e  a rea  of e f f i c i e n c y  and 

r a d i a l  t h r u s t ,  (even though a t  l a r g e  cutwater 

c l ea rance  r a t i o s  t h e  b e n e f i t  of volu te  vs concent r ic  

c o l l e c t o r  decreases)  over concen t r i c  c o l l e c t o r s .  

Multivane d i f f u s e r s  o f fe red  no b e n e f i t  i n  t e r n s  of 

performance or.  packaging cons ide ra t ions  ( i n  f a c t ,  

multivane d i f f u s e r s  s i g n i f i c a n t l y  increase  t h e  

complexity of hydraul ic  d e s i g n ) .   he t h r o a t  a rea  of 

t h e  v o l u t e  e x i t  was s i zed  t o  match t h e  impeller a t  a  

.ne t  flow of 5 0  gpm or 55 gpm impeller  flow. Throat 

a r e a s  of t h e  var ious  des igns  a r e  summarized i n  Table 

I.  A convent ional  c l e a r  water volu te  cutwater was 

used i n  t h e  M K I  hardware. A log s p i r a l  su r face  

connected t h e  cutwater t o  t h e  ou t s ide  vo lu te  . th roa t .  

I n  order  t o  f a c i l i t a t e  f a b r i c a t i o n  a rec tangular  type 

vo lu te  c ross - sec t ion  was used. Downstream d i f f u s i o n  

was accommplished thr.u a  w simple two dimensional,  

s t r a i g h t  wa l l  d i f f u s e r .  

Cutwater d i s t a n c e  from t h e  impel ler  is  a key f a c t o r  

i n  cutwater  wear i n  s l u r r y .  The two M K I  vo lu tes  (one 

f o r  SST 3 and o n e  f o r  SST 5 )  maintained a  cutwater 

r a d i u s  t o  impel le r  r ad ius  r a t i o  of 1 . 2 .  This  impl ies  

a 1 0 %  lower cutwater v e l o c i t y  f o r  t h e  SST 5 

conf igura t ion  t h a n  £ O K  t h e  SST 3 conf igura t ion .  T h i s  

is  because both impel les  a r e  designed t o  produce t h e  

same angular  momentum change ( V w i t h  t h e  
L. 



SST 5  a c h i e v i n g  it a t  a  l a r g e r  e x i t  r a d i u s .  t h i s  

means a  1 0 %  s m a l l e r  VE f o r  t h e  SST 5 .  

The v o l u t e  s e c t i o n  w i d t h  is  a  c o n s t a n t  .750" f o r  N K I  

v o l u t e s .  The v a n e l e s s  s p a c e  be tween  i m p e l l e r  O . D .  

a n d  c u t w a t e r  i s  1 .250"  wide .  The c l e a r a n c e  be tween  

t h e  o u t s i d e  of  t h e  i m p e l l e r  s h r o u d s ,  a n d  t h e  

s t a t i o n a r y  s i d e w a l l s  i s  .22OW. 

C l e a r  w a t e r  p e r f o r m a n c e  f o r  SST 3  ( 5  v a n e )  and  SST 5  

i s  shown i n  F i g u r e  020. V a r i o u s  b u i l d s  o f  t h e  s a n e  

d e s i g n  w e r e  t e s t e d  a n d  head  v s  f l o w  c h a r a c t e r i s t i c s  

show good r e p e a t a b i l i t y .  The o n l y  e x c e p t i o n  b e i n g  

b u i l d  3001 .  T h i s  b u i l d  was f o u n d  t o  have  t h e  

i m p e l l e r  r u n n i n g  e c c e n t r i c  t o  t h e  i n l e t  s u c t i o n  

n o z z l e  by a b o u t  . l o o " .  T h i s  m i s a l i g n m e n t  a l t e r e d  t h e  

l e a k a g e  p a t h ,  i n c r e a s i n g  t h e  l e a k a g e  f l o w  and  

s h i f t i n g  t h e  H Q c u r v e .  T h e  e f f i c i e n c y  c u r v e s  show 

s i g n i f i c a n t  v a r i a t i o n .  T h i s  i s  b e c a u s e  of  non- 

r e p e a t a b l e  power d a t a .  Power i s  measuLed fxom a 

w a t t m ~ t p r  c o n n e c t e d  t o  t h e  d r i v e  motor  w i t h  

c o r r e c t i o n s  made f o r  motor a n d  s p e e d  i n c r e a s r e  l o s s e s  

and  s e a l  d r a g .  The v a r i a t i o n  i n  power c u r v e s  f rom 

t e s t  t o  t e s t  may i n v o l v e  c h a n g e s  i n  s e a l  d r a g  o r  

v a r i a t i o n s  i n  b e l t  l o s s e s .  Time d i d  n o t  a l l o w  

t r a c k i n g  down t h e  e x a c t  c a u s e ,  however t h e  problem 

d i d  n o t  S e v e r l y  a l t e r  t h e  d e L e i n ~ i ~ i a L i o n  o f  t h e  pumps 

b e s t  e f f i c i e n c y  i l o w .  A s  s e e n  f rom E i q u r e  2 0 ,  b u t h  

pumps peak a t  a b o u t  55 gpm and b o t h  p r o d u c e  a b o u t  192  

f t .  o f  head  a t  t h i s  f l o w .  Compar i son  o f  t h i s  c l e a r  

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

c o n d i t i o n  f o l l o w s :  

DESIGN . ACTUAL (SST 3 b SST 5 )  

RPM 6000 6000 

Flow ( f t )  50 5 5  
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F i g u r e  20b: SST 5 Pe r fo rmance  ( C l e a r w a t e r )  



Head (gpm) 170  192 

P e r f o r m a n c e  of  t h e  two i m p e l l e r  t y p e s  i n  s and-wa te r  

s l u r r y  i s  p r e s e n t e d  i n  F i g u r e  21.  I t  s h o u l d  b e  n o t e d  

t h a t  t h e  1 i g h . t . l ~  l o a d e d  SST 5 wheel  s u f f e r s  f rom 

t w i c e  a s  much head  f a l l  o f f  ( f rom c l e a r  w a t e r  

p e r f o r m e n c e )  a s  t h e  SST 3 f o r  a g i v e n  c o n c e n t r a t i o n  

o f  s a n d  ( F i g u r e  2 2 ) .  The p e r f o r m a n c e  change  i n  s a n d  

was measured  a t  a  c o n s t a n t  s y s t e m  r e s i s t a n c e  s e t t i n g .  

p e r f o r m a n c e  o f  t h e  SST 3 i m p e l l e r  i n  h i g h  v i s c o u s  

s l u r r y  (Appendix C ,  SCMC a d d i t i v e )  i s  shown i n  F i g u r e  

23 .  Changes i n  Hvs Q c u r v e  a r e  a s  e x p e c t e d ,  w i t h  t h e  

a d d i t i o n  of t h e  1 . 4 %  (WT) SCMC n o t  h a v i n g  a  l a r g e  

i m p a c t  on p e r f o r m a n c e ,  i n  f a c t  i z p r o v i n g  i t .  The 2% 

s o l u t i o n  SCl4C, c o r r e s p o n d s  t o  a  v i s c o s i t y  o f  a b o u t  80 

c e n t i s t o k e  b a s e d  on t h e  s h e a r  r a t e  s e e n  i n  i m p e l l e r  

p a s s a g e .  Good c o r r e l a t i o n  w i t h  S t e p a n o f f ' s  ( 1 9 ) .  

T e s t  D a t a ,  when pumping o i l s  o f  v a r y i n g  v i s c o s i t y ,  i s  

o b t a i n e d .  The a d d i t i o n  of  156 s a n d . i n  t h i s  h i g h  

v i s c o s i t y  s o l u t i o n  s e v e r e l y  a f f e c t s  p e r f o r m a n c e  and  

t h e  f l o w  d r o p s  i n  h a l f .  Changes i n  e f f i c i e n c y  n o t e d  

i n  F i g u r e  23 a r e  v e l i d  a s  a l l  t h e  d a t a  comes f rom one  

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

meacurcmen t s .  

A f t e r  e v a l u a t i n g  SST 3  and  SST 5 it was concluded.  

t h a t  t h e r e  i s  no need  t o  e v a l u a t e  SST 7 d e s i g n  and 

t h e r e f o r e  t h e  h a r d w a r e  was n o t  f a b r i c a t e d .  

Appendix B c o n t a i n s  wear  t e s t  summary and  r e p o r t s  

which  p r o v i d e  a  summary o f  c o n f i g u r a t i o n ,  o p e r a t i n g  

c o . n d i t i o n s ,  and  o b s e r v a t i o n s .  t h e  numbers  u n d e r  t e s t  

o b s e r v a t i o n  c o r r e s p o n d  t o  numbers  shown on r e s p e c t i v e  

wear l o c a t i o n  d i a g r a m .  A l l  e n d u r a n c e  t e s t i n g  was 

done  w i t h  f r o n t  r i n g  c l e a r z n c e s  o f  n o m i n a l l y  0 .020".  
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The c l e a r a n c e s  were  a d j u s t e d ,  a n d  new s l u r r y  added  a t  
2 h r .  t o  4 h r .  i n t e r v a l s .  The f l o w  c o n t r o l  v a l v e  was 

n o t  a d j u s t e d  t h r o u g h o u t  t h i s  p e r i o d .  A l t h o u g h  f l o w  

v a r i e d  due  t o  i n c r e a s e d  f r o n t  r i n g  c l e a r a n c e s . .  When 

t h e  t e s t  p u r p o s e  is  s t a t e d  a s  a  s i d e  by s i d e  

c o m p a r i s o n ,  b o t h  pumps were  r u n n i n g  i n  s e r i e s ,  on a  

common s l u r r y  a t  t h e  same f l o w  r a t e .  



BEVELOPEIENT OF C E I m L F J E A R  - AREAS 

Through t h e  cou r se  of t h e  p i l o t  p l a n t  f i e l d  t r i p s  and 

t h e  i n i t i a l  SST ( M K I )  T e s t s ,  s i x  major c r i t i c a l  

de s ign  a r e a s  were d e f i n e d .  These a r e a s  were 

i n v e s t i g t e d  and opt imized t o  minimize wear ,  They 

a r e :  

1. C o l l e c t o r  Conf igu ra t i on  

2 .  Impel le r  Fron t  Leakage Path 

3 .  Impe l l e r  Blade Shape 

4 .  C o l l e c t o r  S idewa l l  Conf i g u r a t i c n  

5. Pumpout Vanes 

6 .  ~ m p e l l e r  Shroud Conf igu ra t i on  a't O . D .  

Each of t h e s e  a r e a s  w i l l  be d i s cus sed  and d e t a i l s  of 

t h e  e v o l u t i o n  of de s ign  fo l l ows :  

C O T * T ~ ~ c ~ ~ R  CONF I G U R A T I n N  

Cons tan t  p r e s s u r e  v o l u t e  type  c o l l e c t o r s  a r e  

known t o  be d e s i r a b l e  f o r  a p p l i c a t i o n  t o  c e l i t r i -  

f u g a l  pumps f o r  s e v e r a l  r ea sons .  The provide  f o r  

con t inuous ,  uniform f l u i d  c o l l e c t i o n  from t h e  

i m p e l l e r ,  main ta in  a  uniform c i r c u m f e r e n t i a l  

p r e s s u r e  d i s t r i b u t i o n  around t h e  O . D .  of t h e  

i m p e l l e r  a t  t h e  des ign  p o i n t ,  e x e r t  minimal 

r a d i a l  t h r u s t  l o a d s  on t h e  b e a r i n g s  a t  t h e  des ign  

p o i n t ,  and ma in t a in  a uniform, c i r c u m f e r e n t i a l  

l e akage  f low,  p a s t  t h e  f r o n t  i m p e l l e r  r i n g .  A t  

o f f  de s ign  f l ows ,  v o l u t e s  do c r e a t e  a  circum- 

f e r e n t i a l  p r e s s u r e  g r a d i e n t  which comprises  t h e  

above mentioned q u a l i t i e s .  Volute  pumps have 

mechanical  d e s i g n s  which accomodate t h e  t h r u s t  

l o a d s  due t o  vary ing  f low r a t e s  imposed on t h e  

pump. From a  wear s t a n d p o i n t ,  t h e  behavior  of 



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

The  c o n v e n t i o n a l  a p p e a r i n g  v o l u t e  i n  F i g u r e  2 4  is  

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

The  m a j o r  a r e a  of  wear  on t h i s  v o l u t e  is on 2nd 

a r o u n d  t h e  r e g i o n  of  t h e  c u t w a t e r .  The issue o f .  

c u t w a t e r  s u r v i v a b i l i t y  i s  t h e  most  i m p o r t a n t  

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

h o r s e h o e  v o r t e x  wear on t h e  e n d w a l l s  a round  t h e .  

c u t w a t e r  oras o b v i o u s ,  a s  w e l i  a s  e n d w a l l  g roov-  

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

i m p e l l e r  . s i d e .  S h a r p e n i n g  and  wear back  o f  t h e  

l e a d i n g  e d g e  a l s o  o c c u r r e d .  The ho r se s l iue  v o r t e x  

was m i n i m i z e d  by d e s i g n i n g  l a r g e  r a d i u s  on t h e  

c u t w a t e r  l e a d i n g  e d g e  ( S e c t i o n  E-B, F i g u r e  2 4 ) .  

T h i s  e l i m i n a t e s  t h e  v o r t e x  foriaed due  t o  t h e  

i n t e r a c t i o n  cf tkLe s t a g n a t i o n  s t r e a s l i n e  and t h e  

e n d w a l l  bounda ry  l a y e r  which c a u s e s  t h e  q r o o v i n g  

i n  f r o n t  o f  t h e  c u t w a t e r .  The s i d e  g r o o v e s  p e r -  

s i s t e d  a s s w e l l  a s  s h a r p e n i n g  and  wea rback .  

A l t e l ' i l sg  t l - l is  weer c o u l d  be d o n e  by moving t h c  

c u t w a t e r  r a d i z l l y  away from t h e  i n p e l l e r .  T h i s  

a p p r o a c h  f o r  c o n v e n t i o n a 1  v o l u t e  w i l l  i n c r e a s e  

t h e  o v e r a l l  o u t s i d e  d i a m e t e r  o f  t h e  c a s i n g ,  which 

r e s u l t s  i n  a  l a r g e r  pump package .  

The n e x t  v o l . u t e  c o n f i g u r a t i o n ,  shown' i n  F i g u r e  

25, a d d r e s s e s  t h e  p a c k a ~ i n h  q u e s t  jnn w h i l e  

moving t h e  c u t w a t e r  t o  a . r a d i u s  o f  2 . 9 8 " .  Trim- 

i n g  o f  t h e  c u t w a t e r  t o  7 0  a n g l e  of  s h a r p n e s s . w a s  

d o n e ,  a l o n g  w i t h  a p p l y i n g  a  concave  t y p e  t r i m  t o  

t h e  1 e a d i n g . e d g e .  The d i f f u s e r  l e n g t h  was s h o r t -  

e n e d  wh ich  a l t e r e d  t h e  d e s i g n .  However, s i n c e  

c u t w a t e r  wear  was t h e  p r i m a r y  c o n c e r n  ( d i f f u s e r  

p e r f o r m a n c e  was s e c o n d a r y )  it was c o n s i d e r e d  

s a t i s f a c t o r y .  Wear t e s t i n g  r e s u l t e d  i n  no h o r s e -  
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s h o e  v o r t e x ,  b u t  some s i d e w a l l  g r o o v i n g  on t h e  

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

The most  e f f e c t i v e l y  packaged  c o l l e c t o r  is  t h a t  

o f  a  c o n c e n t r i c  v o l u t e  c o l l e c t o r .  The c u t w a t e r  

r a d i u s  i s  e q u a l  t o  t h e  c o l l e c t o r  ID . .  The con-  

f i g u r a t i o n  t e s t e d  is shown i n  F i g u r e  26. The 

o v a l  s h a p e  o f  , t h e  d i f f u s e r  t h r o a t  fo rms  a  concave  

t y p e  t r i m  t o  t h e  c u t w a t e r  when i n t e r s e c t i n g  w i t h  

t h e  c o l l e c t o r  o u t e r  w a l l .  The mean t h r o a t  

v e l o c i t y  f o r  t h i s  c o l l e c t o r  a t  55  GPM wzs 26.9 

f p s  a s  compared t o  53 .2  f p s  f o r  t h e  v o l u t e  i n  

F i g u r e  24.  A s  would b e  e x p e c t e d  f rom d r o p p i n g  

t h e  t h r o a t  v e l o c i t y  ( and  h e n c e  c u t w a t e r  v e l o c i t y )  

wezr  a r o u n d  t h e  c o n c e n t r i c  c o l l e c t o r ' s  c u t w a t e r  

was n e g l i g i b l e .  The d i s a d v a n t a g e  of  t h i s  d e s i g n  

i s  s l i g h t l y  poor  e f f i . c i e n c y  a s  compared t o  a 

v o l u t e  d e s i g n ,  and  uneven l e a k a g e  f l o w  p a s t  t h e  

f r o n t  i m p e l l e r  r i n g .  T h i s  uneven f l o w  m a n i f e t e d  

i t s e l f  i n  uneven wear  on t h e  s u c t i o n  n o z z l e .  

The d e s i g n  i d e a s  r e s u l t i n g  f rom t h i s  t e s t i n g  

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

c l e a r a n c e .  The r a t i o  o f  t h e  c u t w a t e r  t o  i m p e l l e r  

r a d i u s  s h o u l d  b e  a b o u t  1 . 5 .  I n  a d d i t i o n ,  t h e  

d i f f u s e r  t h r o a t  a r e a  s h o u l d ' b e  o f  o v a 1 , s h a p e  a s  

shown i n  F i g u r e  2 6 ,  a n d  s i z e d  t o , m a t c h  t h e  

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

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

s h a p e .  

SST i n d i c a t e d  t h a t  t h e  f r o n t  l e a k a g e  a r e a  c o n s t i -  

t u t e s  a s  s i g n i f i c a n t  a wear  problem a s  t h e  cut-  
w a t e r .  A t  t h e  e x i t  o f  t ' h e  leakage p a t h  t h e  
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mer id iona l  through flow is  about  two t h i r d s  t h e  
i m p e l l e r  speed.  

The p a r t i c l e s  i n  t h i s  f low s t ream a l s o  have a 

l a r g e  t a n g e n t i a l  component. T h i s  r e s u l t s  i n  more 

wear on t h e  s t a t i o n a r y  s u c t i o n  nozz le  t han  on t h e  

r o t a t i n g  i m p e l l e r .  Var ious  f low phenomenon e x i s t  

i n  t h i s  r eg ion  of t h e  pump, and prov ide  a v a r i e t y  

of wear problems. The o v e r a l l  impact on wear i n  

t h i s  a r e a  is  n o t  on ly  af  f e c t e d  by t h e  l eak  path  

a r rangement ,  b u t  a l s o  by t h e  e f f e c t  of pump ou t  

vanes ,  d e n s i t y  d i f f e r e n c e s  between p a r t i c l e s  and 

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

The i n i t i a l  SST ( P 5 K I )  l eak  pa th  arrangement was 

t y p i c a l  of g e n e r a l  s l u r r y  pump p r a c t i c e .  Th is  i s  

c h a r a c t e r i z e d  by a r a d i a l ,  c l o s e  c l e a r a n c e  leak 

p a t h ,  t e r m i n a t i n g  a t  t h e  I D  of t h e  i n l e t  noz'zle, 

j u s t  upstream of a  s h a r p  cornered  edge of t h e  

i m p e l l e r  I D  and j u s t  downstream of a  s h a r p  

co rne red  s u c t i o n  nozz l e .  The SST c o n f i g u r a t i o n  

d i f f e r e d  from t r a d i t i o n a l  p r a c t i c e ' i n  t h a t  t h e  

s u c t i o n  nozz le  w a l l  d iverged  2 .75  deg rees  i n  

o r d e r  t o  p rov ide  t r a n s i t i o n  from hose  t o  impe l l e r  

I D .  

The M K I  i m p e l l e r  c o n f i g u r a t i o n  i s  shown on t h e  

r i g h t  hand s i d e  of F igu re  2 7 .  Three a r e a s  of 

wear were o b ~ e r v e d  wi th  this base  l i n e  con f igu ra -  

t i o n .  F i r s t  ( o c c u r r i n g  on a l l  c l o s e  c l e a r a n c e  

s u r f a c e s )  i s  a  g r adua l  wearing of t h e  s t a t i o n a r y  
- .  

wear s ~ r f a c e ~ s e c o n d ,  chewing of t h e  co rne r  on 

t h e  s u c t i o n  n o z z l e ,  a t  t h e  l e a k  pa th  e x i t ;  and 

t h i r d ,  r i p p l e  wear on t h e  I D  of t h e  i m p e l l e r ,  

wi th  t h e  a x i s  of t h e  r i p p l e s  approx imate ly  

matching t h e  d i r e c t i o n  of t h e  i n l e t  r e l a t i v e  
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v e l o c i t y  v e c t o r .  

An a t t e m p t  t o  improve ' t h e  wear  on  t h e  i m p e l l e r  I D  

c o n s i s t e d  o f  r o u n d i n g  t h e  r a d i u s  which  had  b e e n  

s h a r p  o n  t h e  M K I .  T h i s  is shown on  t h e  l e f t  
. . 

hand s i d e  of  F i g u r e  27 .  I t  was t h o u g h t  t h a t  t h i s  

r a d i u s  would k e e p  the .  l e a k a g e  f l o w  a t t a c h e d  t o ?  

t h e  i m p e l l e r  s u r f a c e  a s  it r o u n d s  t h e  c o r n e r .  

Keeping  t h e  f l o w  a t t a c h e d  h e l p s  p r e v e n t  t h e  

f o r m a t i o n  of  v o r t i c e s ,  and  t h e  t h r o w i n g  p f  

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

The improvement ,  however ,  d i d  n o t  o c c u r ,  i n  f a c t  

wear mey e v e n  have  been  i n c r e a s e d  on t h e  impel1e.r  

I D  w i t h  t h e  M K I I  r a d i u s .  A p p a r e n t l y  v o r t i c e s  a r e  

s t i l l  b e i n g  formed and  p a r t i c l e s  t h rown  a q a i n s t  

t h e  s u r f a c e ,  t h u s  c a u s i n g  wear .  

I n  o r d e r  t o  e l i m i n a t e  wear on t h e  s u c t i o n  n o z z l e ,  

a  s m a l l  r a d i u s  l i p  was b u i l t  i n t o  t h e  n o z z l e  a t  

t h e  l e a k  p a t h  e x i t ,  which t u r n s  t h e  l e a k a g e  f l o w  

n e a r l y  a x i a l  ( s e e  l e f t  h a l f  o f  c o n f i g u r a t a i o n  i n  

F i g u r e  2 8 ) .  T h i s  change  of  d i r e c t i o n  a l t e r s  t h e  

i n t e r a c t i o n  nf t . h e  h i g h  e n e r g y  leakage f l o w  

w i t h  t h e  incoming  ma in f low end  s t o p p e d  t h e  wear 
on t h e  c o r n e r  of t h e , n o z z l e .  The t u r n i n g  of  t h e  

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

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

wear  aw'ay on  some' SST b u i l d s .  T h i s  shows t h a t  
. . 

t h e  change  o f  d i r e c t i o n  of t h e  l e a k a g e  f l o w  m u s t  
.. . +.. 

be  g r a d u a l ,  .. so' ..' ., t ha -$$ :pa r t i c l e  l o a d i n g s  o n  t h e  o u t -  
,. ,: 

s i d e  o f  t h e  : . t,u; .. may b b  k e p t  low.  
. I I  ' 

.. . . . 

I ' 

I n  o r d e r  t d  i k b u c e  bhpee l o a d i n g s  e i t h e r  t h e  t u r n  

c a n  b e  made ~ e r y ' ' ~ r a d u a l l ~ ,  o r  t h e  v e l o c i t y  o f  
1 . . 

t h e  f l u i d  i n  t-he t .11rn'can be dropped. T h e ~ e  



SST 3 0 0 8  

F i g u r e  28: Two Leakage Path Arrangements 



i d e a s  prompted t h e  two d i r e c t e d  l e a k a g e  " p a t h n  

a p p r o a c h e s  shown i n  F i g u r e  29. t h e  bo t tom con-  

f i g u r a t i o n  c o l l e c t s  t h e  l e a k a g e  f l o w  and  d i r e c t ' s  

it i n t o  a  3 0  f rom a x i a l  c l e a r a n c e  s p a c e .  Wear 

d i d  o c c u r  a t  t h e  e n t r a n c e ,  on t h e  s u c t i o n  n o z z l e  

i t s e l f ,  i n d i c a t i n g  t h a t  t h e  e n t r a n c e  d e s i g n  

c a u s e d  p a r t i c l e s  t o  t u r n  s u d d e n l y .  The c o n f i g u -  

r e t i o n o n  t o p  t u r n e d  t h e  f l o w o v e r  a  l a r g e r  . . 

r a d i u s ,  and  due '  t o  more open  a r e a , '  Bid t h e  t u r n -  

i n g  w i t h  a  l ower  f l o w  v e l o c i t y ,  Some wear d i d  

o c c u r  a t  t h e  o u t s i d e  of  t h e  t u r n  on  t h e  s u c t i o n  

n o z z l e .  Unusua l  wear was s e e n  on t h e  s u c t i o n  

n o z z l e ,  i n  t h e  c l o s e  c l e a r a n c e  s e c t i o n ,  b u t  o n l y  

o v e r  a b o u t  a  3 0  a r c .  T h i s  was t h o u g h t  - . to b e  

c a u s e d  by t h e  non-symmetr ic  d i s t r i b u t i o n .  of t h e  

f r o n t  l e a k a g e  f l o w  due  t o  t h e  p r e s s u r e  d i s t o r t i o n  

a t  t h e  impel l . e r  I D  c a u s e d  by t h e  c i r c u l a r  t y p e  

c o l l e ~ t ~ r .  The n a t u r e  and  l o c a t i o n  of  t h e  'wear 

l e a d  t o  t h i s  c o n c l u s i o n .  D i s c o u n t i n g  t h i s  

. u n u s u a l  w e a r ,  it was c o n c l u d e d  t h a t  b o t h  con- 

f i g u r a t i o n s  p r o v i d e  a c c e p t a b l e  s u c t i o n  n o z z l e  

. d e s i g n s .  Wear, however ,  was o b s e r v e d  a t  i m p e l l e r  

I.D. 

The i m p e l l e r  I.D. wear seemed most  s e v e r e  on t h e  

b o t t o m  c o n f i g u r a t i o n  ( F i g u r e  2 9 ) .  Chewing o f  t h e  

s h a r p  c o r n e r ,  e x t e n d i n g  i n t o  t h e  b l a d e  i t s e l f  

o c c u r r e d .  A l s o ,  r i p p l e  t y p e  wear  a t  t h e  I.D. of  

t h e  i m p e l l e r  was o b s e r v e d  r i g h t  a t  t h e  c l e a r a n c e  

e x i t ,  The s e p a r a t i o n  t h a t  o c c u r s  w i t h  t h e  b o t t o m  

p a t h  c o n f i g u r a t i o n  a l s o  c a u s e d  a  worse  wear 

g r o o v e  on t h e  s u c t i o n  s i d e ,  s h r o u d  s i d e  of  t h e  

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

A d i r e c t e d  l e a k a g e  p a t h  h a s  b e e n  shown t o  b e  a  

d e s i r a b l e  f e a t u r e .  The 3oY f rom r a d i a l  a p p r o a c h ,  



Figure 2 9 :  Two Directed Leakage P a t h  Concepts 



w i t h  a n  i n l e t  d e s i g n e d  t o  g r a d u a l l y  t u r n  thse  
l e a k a g e  f l o w  is  a  p r a c t i c a l  d e s i g n  s o l u t i o n  w i t h  

r e s p e c t  t o  f a b r i c a t i o n  and  a s s e m b l y .  The e x i t  of 

t h e  c l o s e  c l e a r a n c e  p a t h  s h o u l d  n o t  be  

i m m e d i a t e l y  a d j a c e n t  t o  t h e  b l a d e  t i p .  A s h a r p  

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

seems d e s i r a b l e  ( s i m i l e r  t o  M I < I ,  F i a u r e  2 7 ) .  

IMPELL_ER BLADE SHAPE 

The m o t i o n  of a  p a r t i c l e  i n  a n  i m p e l l e r  i s  

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

d i s . t r i b u t i o n .  T h i s  h a s  been  d i s c u s s e d '  

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

F i g u r e s  3 0 ,  3 1  and  3 2  were  t e s t e d .  The 

c o r r e s p o n d i n g  b l a d e  l o a d i n g  d i a g r a m s  a r e  

p r e s e n t e d  i n  F i g u r e  1 9  a ,  b  and  d .  

The i m p e l l e r  shown i n  F i g u r e  3 0 ,  SST 5 ,  h a s  a 

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

r e l a t i v e  f l o w  a r e a  r e s u l t s  i n  n o n - s e p a r a t e d  f l o w .  

U n f o r t u n a t e l y ,  r i p p l e  y e a r ,  s i m i l a r  t o  what  is  

o b s e r v e d  i n . a  c h a n n e l  f l o w  s i t u a t i o n  wzs o b s e r v e d  

on t h e  s u c t i o n  s i d e  of  t h e  b l a d i n g , '  o v e r  t h e  

l a t t e r  two t h i r d s  of  t h e  b l a d e  l e n g t h .  S i d e w a l l  

g r o o v i n g  i n  t h e  p a s s a g e  and g r o o v i n g  on t h e  * 

p r e s s u r e  s i d e  was a l s o  o b s e r v e d .  A l a r g e  d r o p  

i n  pe r fo rmance  when s a n d  was added  was a l s o  

o b s e r v e d ,  ( S e e  Figu re  21b) . 
I t  is b e l i e v e d  t h a t  t h e  l a c k  o f  m i x i n g ,  which 

would h a v e  o c c u r e d  had t h e  f l o w  s e p a r a t e d  

w i t h i n  t h e  b l a d e  p a s s a g e s ,  a l l o w e d  t h e  s o l i d s  t o  

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

b l a d e s .  T h i s  would h a v e  l e d  t o  s l o w e r  movement 

o f  t h o s e  s o l i d s  which  would have  t h e n  p i l e d  up  



Figirre 30: SST 5 Iri~pel l c r  



F i g u r e  31 : S S T  -- 3 ,  4 vane Inipel  -- let- 



F i g u r e  32 :  SST 3 ,  5 Vane Inipel let- 



and  b l o c k e d  t h e  p a s s a g e s  enough t o  r e d u c e  t h e  
h e a d .  

F i g u r e  3 1  shows a  4-vane,  SST 3 t y p e  i m p e l l e r  

w i t h  a  v e r y  heavy  b l a d e  l o a d i n g .  Here t h e  

r e l a t i v e  f l o w  a r e a  d i v e r g e s  s o  r t p d i l y ,  t h a t  

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

t h e  p a s s a g e  on t h e  p r e s s u r e  s i d e  of  e a c h  b l a d e .  

On t h i s  d e s i g n ,  t h e  f l o w  seems t o  impinge  on t h e  

s u c t i o n  s i d e  o f  e a c h  b l a d e  j u s t  b e f o r e  t h e  

i m p e l l e r  e x i t .  A t  t h i s  l o c a t i o n  p i t t i n g  t y p e  

wear  was o b s e r v e d ,  which seems t o  i n d i c a t e  t h a t  

p a r t i c l e s  were  h i t t i n g  t h i s  a r e a  w i t h  h i g h  enough 

e n e r g y  t o  c a u s e  damage. The b l a d e  d e s i g n  was 

s a t i s f a c t ~ r y  i n  o t h e r  a s p e c t s .  

The  i m p e l l e r  i n  F i p u r r ?  3 2  i s  a 5-vaned SST 3 ,  

which h a s  2 h i g h e r  s o l i d i t y  t h a n  t h e  4-vane and  

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

f a r t h e r  back  i n  t h e  p a s s z g e  t h a n  w i t h  t h e  4  v a n e ,  

and  a p p a r e n t l y  d o e s  n o t  h a v e  . t h e  time t o  impinge  

on t h e  s u c t i o n  s i d e ,  s i n c e  t h e  p i t t i n g  wear on  

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

e d g e  is h a r d l y  n o t i c e a b l e ,  Some s i d e  w a l l  wear 

( a x i a l  wea r )  i s  n o t i c e a b l e  i n  t h e  v i c i n i t y  o f  t h e  

wake ( s e p a r a t e d  z o n e ) ,  where  t h e  b l o c k a g e  due  t o  

t h e  wake c a u s e s  a l o c a l  i n c r e a s e  i n  r e l a t i v e  

v e l o c i t y  i n  t h e  p a s s a g e .  I t  i s  p o s s i b l e  t h a t  

s a n d  p a c b s  up  i n  t h i s  s e p a r a t e d  zone  and  f o r m s  a 

H y d r a u l i c a l l y  P r e f e r r e d "  passage, e f f e c t i v e l y  

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

The mix ing  which  accompan ie s  t h e  s e p a r a t e d  f l o w ,  

which e x i s t s  i n  b o t h  t h e  SST3 i m p e l l e r s ,  t e n d s  

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

s i d e  of t h e . b l a d e s ,  T h i s  may r e d u c e  t h e  b l o c k a g e  



e f f e c t  which  e x i s t e d  on t h e  n o n - s e p a r a t e d  SSTS 
a n d  c a u s e d  t h e  d e c a y  i n  head- f low p e r f o r m a n c e .  

F u r t h e r m o r e ,  t h i s  r e d u c t i o n  i n  s o l i d s  l a y e r  

t h i c k n e s s  c o u l d  a l s o  l e a d  t o  a  more f a v o r a b l e  

wear  l i f e ,  p a r t i c u l a r l y  i f  t h e  wear is  r e l a t e d  

t o  t h i s  l a y e r  t h i c k n e s s  a s  Tuzson  r e p o r t s  ( 4 ) .  

A l l  t h e  i m p e l l . e r s  t e s t e d  showed b l a d e  l e a d i n g  

e d g e  w e a r ,  and  wear  back ( s h o r t e n i n g  of  b l a d e ) .  

A l s o  smooth g r o o v e  t y p e  wear on t h e  s u c t i o n \ s i d e  

o f  t h e  b l a d e s ,  a l o n g  t h e  s h r o u d ,  f rom t h e  i n l e t  

t o  a b o u t  o n e  q u a r t e r  b l a d e  l e n g t h .  T h i s  Groove 

may b e  c a u s e d  b y  s e p a r a t e d  f l o w  r e s u l t i n g  fr0111 

f l o w  t r y i n g  t o  g e t  a r o u n d  t h e  s h r o u d  r a d i u s  and  

i n t o  t h e  b l a d e s .  

A s u p e r i o r  i ~ i p e i l e r  corif i g u r a t i o n  would i r ~ c l u d e  

a n  SST 3 t y p e  b l a d e  s h a p e  w i t h  5 v a n e s  ( t a n g e n t  

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

r a d i u s ) .  C a r e f u l  a t t e n t i o n  t o  t h e  i ~ z z p e l l e r  i n l e t  

and s h r o u d  p r o f i l e  w i l l  m i n i m i z e  t h e  t e n d e n c y  f o r  

f l o w  t o  s e p a r a t e  o f f  t h e  s h r o u d  r a d i u s .  The 

i n l e t  b l a d i n g  s h o u l d  n o t  have  a x i a l  l e a d i n g  

edges. The l e a d i n q  e d g e  s h o u l d  have  a concave  

s h a p e  ( i n  t h e  m e r i d i o n a l  v i ew)  s i m i l a r  t o  t h e  

c o n c a v e  t r i m  shown on t h e  v o l u t e s .  T h i s  s h a p e  

would p u l l  t h e  hub s i d e  of  b l a d e  t o  a s m a l l e r  

r a d i u s  ( h e n c e  lower  t i p  s p e e d )  and  min imi2e  f o r -  

m a t i o n  o f  h o r s e s h o e  v o r t i c e s .  

The s i d e w a l l  c o n f i g u r a t i o n  shown on t h e  t o p  oE 

F i g u r e  3 3 ,  r e f e r r e d  t o  a s  KKI s i d e w a l l  s e r v e d  a s  

t h e  b a s e l i n e  d e s i g n  f o r  e a r l y  SST work.  The edge  

formed by t h e  c o l l e c t o r  r a d i u s  and  v o l u t e  s i d e -  
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w a l l  caused  t h e  v o l u t e  s i d e w a l l  boundary l a y e r  
f low ( r a d i a l l y  inward, b u t  w i th  a  l a r g e  tangen- , 

t i a l  component) t o  s e p a r a t e  a s  i t  passed over 

t h i s  boundary.  The v o r t i c e s  formed by t h i s  

s e p a r a t i o n  cause  sharpen ing  and unde rcu t t i ng  of 

t h e  edge ,  from t h e  c o l l e c t o r  s i d e .  Th i s  wear, 

coupled  w i t h  t h e  f low phenomena around t h e  c u t -  

w a t e r ,  c aus sed  s e v e r e  unde rcu t t i ng  of t h e  c u t -  

w a t e r .  

.The double  r a d i u s  c o n t o u r ,  shown i n  t h e  lower 

h a l f  of F i g u r e  33 ,  so lved  t h i s  wear ,p rob lem.  The 

secondary flow s t i l l  e x i s t s  from t h e  v o l u t e ,  b u t  

s i n c e  no s h a r p  c o r n e r s  e x i s t ,  no s e p a r a t i o n  

o c c u r s ,  Undercu t t ing  i n  t h e  cu twate r  reg ion  was 

e l i m i n a t e d ,  and was r ep l aced  by s i d e w a l l  groov- 

i n s  on bo th  s i d e s  of t h e  cu twa te r .  

The doublc  r a d i u ~  contour a p p e a r s  t o  be t h e  most 

d e s i r a b l e  c o n f i g u r a t i o n .  Fes ides  e l i m i n a t i n g  

u n d e r c u t t i n g  t ype  wear,  i t  a l s o  appea r s  t h a t  

r i p p l e  wear long t h e  c o l l e c t o r  s i d e w a l l s  i s  
reduced.  

Pump o u t  vanes  a r e  used t o  reduce t h e  p r e s s u r e  

d i f f e r e n c e s  a c r o s s  t h e  f r o n t  impe l l e r  r i n g  

c l e a r a n c e  and hence drop  t h e  l eakage  flow pas s ing  

t h rough  t h i s  c l o s e  c l e a r a n c e .  Pump o u t  vanes on 
t h e  r e a r  shroud of  t h e  i m p e l l e r  a r e  impor tan t  

s i n c e  t h e y  h e l p  e q u a l i z e  t h e  p r e s s u r e  on  b o t h  

s i d e s  of t h e  i m p e l l e r ,  and ba lance  a x i a l  t h r u s t ,  

i . e . ,  b a l a n c e  t h e  e f f e c t  of t h e  pumpout vanes on 

t h e  f r o n t ,  The r e a r  vanes  mey a l s o  s e r v e  t o  

p r o t e c t  t h e  r e a r  s e a l  from p a r t i c l e  l aden  f l cw  



a c t i v i t y .  Pump o u t  v a n e s  a l s o  consume power w i t h  
a  t y p i c a l l y  n e g a t i v e  e f f e c t  on  pump e f f i c i e n c y .  

The d e s i g n  shown i n  F i g u r e  3 4  was t e s t e d  on an  

SST 5 t y p e  i m p e l l e r .  The d e s i g n  of  t h e  two most  

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

F i r s t ,  t h e  v a n e s  a r e  r a d i a l  and  s e c o n d ,  t h e y  do  

n o t  e x t e n d  t o  t h e  f u l l  d i a m e t e r  o f  t h e  i m p e l l e r .  

Assuming t h a t  t h e  f l o w  a l o n g  t h e  s i d e w a l l s  and 

e n t e r i n g  t h e  punpout  vane  m a i n t a i n s  c o n s t e n t  

a n g u l a r  momentum, b y ' d e s i g n i n g  a  90 d e g r e e  vane  

a t  t h e  p r o p e r  d i a m e t e r  ( b a s e d  on b l a d e  s p e e d  

c o n s i d e r a t i o n )  an  a p p r o x i m a t e l y  0  d e g r e e  a n g l e  of 

i n c i d e n c e  may be  a c h i e v e d  a t  t h e  t i p  of  t h e  vane,. 

T h i s  s h o u l d  e x t e n d  t h e  l i f e  of  t h e  pump o u t  v a n e .  

A n o t h e r  b e n e f i t  i s  a  s m a l l e r  power c o n s u n p t i o n  

p e n a l t y  due t o  t h e  s h o r t  pumpout '  vane  ! k o r s e ~ o w e r  

i~ p r o p o r t i o n a l  t o  f o u r t h  power of r a d i u s ) .  

The r e s u l t s  of t h e  t e s t i n g  o f  t h i s  d e s i g n  showed 

t h a t  t h e  l e a k a c e  f l o w  was c u t  down c o n s i d e r z b l y  

( F i g u r e  35 f o r  t h e  H-Q p e r f o r m a n c e ) .  The r e d u c e d  

l e a k a g e  a l s o  meant  l o n g e r  l i f e  f o r  t h e  d i r e c t e d  

l e a k a g e  l i p  ( s e e  F i g u r e  2 8 1 ,  S n m ~  wear  was a l s o  

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

pumpout v a n e .  The r e d u c e d  f r o n t  r i n g  l e a k a g e  was 

a l s o  s e e n  i n  t h e  wear  p a t t e r n  a t  t h e  e x i t  of  t h e  

l e a k a g e  l i p .  The r e d u c e d  l e a k a g e  f l o w  e p p a r e n t l y  

r e m a i n s  a t t a c h e d  t o  t h e  i m p e l l e r  I . D .  r a d i u s .  

The a x i s  of t h e  wear  r i p p l e s  i n d i c a t e  p a r t i c l e  

v e l o c i t i e s  g r e a t e r  t h a n  t h e  l o c a l  wheel  v e l o c i t y  

( t h i s  means f l o w  i n  t h e  g a p  i s  c h a r a c t e r i z e d  a s  

' b e i n g  somewhere be tween  f r e e  v o r t e x  a n d  s o l i d  

body r o t a t . i o n ) .  On t h e  b l a d e  ' s i d e  of  . t h e '  r a d i u s ,  

t h e  r i p p l e  a x e s  a r e  o r i e n t e d  i n  a  way which 

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



Qure 3 4 :  SST 5 Ilnpcl l e r  _ _  With  Pu~ep-Out V ~ n e s  



SST 5 M k  I 

SST 5 I-ik I I 

SST 5 1.11: 11, L l i t h  purnpout vanes  

F i g u r e  3 5 :  SST 5 Impeller, ' i l i t h  and b I i t h o u t  Purnpout Vanes 



v e l o c i t y  v e c t o r .  The r e s u l t a n t  wear  p a t t e r n  c n  
t h e  I.D. o f  t h e  i m p e l l e r  i s  b e s t  d e s c r i b e d  a s  

" H e r r i n g b o n e " .  (See  T e s t  R e p o r t  5 0 0 6  i n  A2pendix 

B )  . 

Pump o u t  v a n e s  a r e  d e s i r a b l e  i n  s l u r r y  pumps t o  

m i n i m i z e  f r o n t  s e a l  wear .  The d e s i ~ n  t e s t e d ,  

w i t h  t h e  e x c e p t i o n  of  c h a n g i n g  t h e  O . D .  b l a d e  

t r i m ,  a p p e a r s  a c c e p t a b l e .  * 

T r a i l i n g  e d g e  dzmage iri t h e  form of two g r o o v e s  

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

n a t i n g  a t  t h e  c o r n e r  s i d e w a l l ,  h a s  been  o b s e r v e d  

on s l u r r y  pumps i n  t h e  f i e l d .  SST !-XI and  M K I I  

i m p e l l e r  2 e s i 2 n s  ,ha;le n e v e r  s.k,own s u c h  w e a r .  

A f t e r  c o n s i d e r i n g  t h i s  d i f f e r e n c e  it was n o t i c e d  

t h a t  f i e l d  pumps h a d  s q u a r e  e d g e s  on t h e  o u t s i d e  

i m p e l l e r  s i d e w z l l  w h i l e  SST i m p e l l e r s  had  round 

edges .  

A p o s s i b l e  e x p l a n a t i o n  is t h a t  t h e  f l o w  b e i n g  

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

a t t a c h e d  t o  t h e  i m p e l l e r  a s  i t  f o l l o w s  t h e  r a d i u s  

(on SET)  a t  t h e  0 . D .  T h i ~  f l o w  mixcc  w i t h  t h e  

c o r n e r  v o r t e x ,  f rom t h e  b l a d e  p z s s a g e ,  i n  a 

manner which  e3imi.nates t h e  d r i i gg ing  of t h e  

v o r t e x  a c r o s s  t h e  b l a d e  l a n d .  To t e s t  t h i s  

t h e o r y  a n  SST i m p e l l e r  was t e s t e d  w i t h  a s q u a r e  

f r o n t  s h r o u d  ( s e e  F i g u r e  36). No damage on t h e  

b l a d e  l a n d  was o b s e r v e d  w i t h  t h i s  s q u a r e  edge ;  s o  

a p p a r e n t l y ,  t h e  i n t e r a c t i o n  of  t h e  r z d i a l l y  o u t -  

ward i m p e l l e r  s i d e w z l l  f l o w  w i t h  t h e  main 

i m p e l l e r  is  n o t  r e s p o n s i b l e  f o r  t h e  b l a d e  l a n d  

damage o b s e r v e d  i n  f i e l d  pumps. 





3 . 2 . 5  PROTOTYPE PUMP HYDRAULIC DESIGN FEATURES 

The SST ~ e v e l o p n e n t  of  t h e  s i x  c r i t i c a l  d e s i g n  a r e a s ,  

d e s c r i b e d  p r e v i o u s l y ,  h a s  e v o l v e d  a  s e t  of d e s i g n .  

f e a t u r e s  f o r  t h e  p r o t o t y p e  s i z e  pump. Sone of  t h e  

f e a t u r e s  c o n e  d i r e c t l y  f rom component d e s i g n  i n  SST 

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

made o f  wear  phenomena i n  v a r i o u s  p a r t s  , o f  t h e  pump. 

A v o l u t e  t y p e  c o l l e c t o r  w i l i  be  u sed  t o  p r o v i d e  f o r  

c o n t i n u o u s  f l u i d  c ' o l l e c t i o n ,  a t  t h e  d e s i g n  p o i n t ,  

w i t h  a l l  t h e  h y d r a u l i c  b e n e f i t s  t h i s  e n t a i l s .  The 

c u t w a t e r  wedge a n g l e  s h o u l d  b e  a s  l a r g e  2s p o s s i b l e ,  

w h i l e  n a i n t a i n i n g  a c c e p t z b l e  t h r o a t  d i m e n s i o n s  afid 

h o l d i n g  t o  o v e r a l l  e n v e l o p e  r e q i i i r e m e n t s .  .A c i r c u l a r  

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

c r o s s - s e c t i o n ,  a s s c r e s  t h e  concave  t y p e  t r i m  used  t o  

p r e v e n t  h o r s e s h o e  v o r t e x  w i l l  be  p ~ o v i d e d .  The r a t i o  

o f  c u t w a t e r  r a d i u s  t o  i m p e l l e r  r a d i u s  w i l l  be  1 . 5  

w i t h  a c u t w a t e r  w e d ~ e  a t  t h e  c c t w a t e r  t i p  o f  3 4  . 

The d i r e c t e d  l e a k a g e  p a t h  w i l l  b e  o r i e n t e d  30' f rom 

r a d i a l .  The e n t r a n c e  t o  t h e  c l o s e  c l e a r a n c e  l e a k  

p a t h  i s  e n t e r e d  f rom a  l a r g e  a n n u l a r  plenum, which 

s l o w s  down t h e  l e a k a g e  f l o w ,  t a n g e n t i a l l y  and  

r a d i a l l y .  The c l e a r a n c e  w i l l  be  c a p a b l e  of e x t e r n a l  

a d j u s t m e n t .  The j o i n t  where  a d l u s t e r  p i e c e  m a t e s  

w i t h  t h e  s t a t i o n a r y  f r o n t  w a l l  is p l a c e d  a s  c l o s e l y  

t o  t h e  i n s i d e  o f  a  r a d i u s  a s  p o s s i b l e .  T h i s  

p l a c e m e n t  d i s c o u r a g e s  p a r t i c l e s  f rom z t t a c k i n g  t h i s  

j o i n t ,  s i n c e  t h e  normal  f o r c e s  t e n d  t o  push  t h e  

p a r t i c l e s  t o  t h e  o u t s i d e  of t h e  t u r n .  A t  t h e  e x i t  of  

t h e  l e a k  p a t h ,  on t h e  i m p e l l e r  s i d e ,  a  K K I  t y p e  

s q u a r e  e d g e  is  u s e d .  

The Hub/Shroud,  m e r i d i o n a l  p r o f i l e  o f  t h e  i m p e l l e r  
- - .  .. %. 



i n l e t  must  be  d e s i g n e d  t o  a v o i d  s e p a r a t i o n  o f  f l o w  
f rom t h e  s h r o u d  r a d i u s .  The m e r i d i o n e l  p r o f i l e  of  

t h e  b l a d e  shows a  concave  t r im ( s i m i l a r  t o  t h e  v o l u t e  

c u t w a t e r )  t o  t h e  l e a d i n g  e d g e .  T h i s  d i s c o u r a g e s  t h e  

f o r m a t i o n  of  t h e  h o r s e s h o e  v o r t e x  on t h e  hub and  

s h r o u d  w a l l s .  . T h i s  t r im,  c o u p l e d  w i t h  s u c t i o n  s i d e  

f a i r i n g  which ma tches  t h e  unb locked  f l o w  a n g l e ,  fo rm 

a  q u a s i - f r a n c i s  t y p e  i n l e t  b l a d e  d e s i g n .  The b l a d i n g  

used  on SST 3 ,  5-vane i m p e l l e r  a p p e a r s  t o  p r o v i d e  t h e  

b e s t  wear c h a r a c t e r i s t i c s .  The b l a d e  i t s e l f  is  

d e f i n e d  by ~ a k i n g  t h e  t a n g e n t  of  t h e  b l a d e  a n g l e ,  a  

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

The c o l l e c t o r  s i d e w a l l s  w i l l  hzve  t h e  d o u b l e  r a C i u s  '.'. 

c o n t o u r  c h a r a c t e r i s t i c  of  t h e  K K I I  SST c o f i f i g u r a t i o n .  : '  

Using  t h i s  a p p r o a c h ,  e l i m i n a t e s  any  s h a r p  c o r n e r s  

which  p r o v i a e  a r e E s  of p o t e n t i a l  s e p a r a t i o n .  These  

s e p a r a t i o n  z o n e s  c a u s e  u n d e r c u t t i n g  and  g r o o v i ~ g .  

R a d i a l  pump o u t  v t n e s ,  s i m i i a r  t o  t h e  t y p e  t e s t e d  i n  

SST w i l l  b e  u s e d .  The v a n e s  w i l l  n o t  e x t e n d  t o  t h e  

f u l l  d i a m e t e r  of t h e  i m p e l l e r .  Des ign  c r i t e r i a  i n  

t e r m s  o f  m a t c h i n g  t h e  f l o w  a n g l e s  a t  t h e  vane  0. D.  

a r e  cs d e s c r i b e d  i n  t h e  SST r e s u l t s .  



  he o b j e c t i v e  of  t h e  m a t s r i z l s  i n v e s t i g a t i o n  i s  t o .  

f i n d  a  pump m a t e r i a l ( s 1  t h a t  is  more w e a r - r e s i s t a n t  

t h a n  c u r r e n t l y  commonly used  m a t e r i a l  (HC250) f o r  

s y n f u e l  s l u r r y  a p p 1 i c a t i o . n .  

The r e s u l t s  o f  t h e  m a t e r i a l s  s t u d y  a r e  d e s c r i b e d  i n  . 

t h i s  s e c t i o n  which  i n c l u d e s :  s e l e c t i o n  of t h e  b e s t  

c a n d i d a t e  s l u r r y  pump m a t e r i h l s ,  e x p e r i m e n t a l  t e s t i n g  

o f  t h e s e  m a t e r i a l s  a t  Pnge r so l l -Rand ,  B a t t e l l e  C o i t i M -  

b u s  L a b o r a t o r i e s  and  Oak Ridge  N a t i o n a l  L a b o r a t o r i e s ,  

a n d  t h e  f i n a l  s e l e c t i o n  o f  t h e  m a t e r i a l ( s )  f o r  t e s t  

pumps. 

Based upon t h e  l i t e r a t u r e  s u r v e y ,  p i l o t  p l a n t  e x p e r i -  

e n c e  a n d  . i n h o u s e  e x p e r i e n c e  of s l u r r y  pump m a t e r i a l s ,  

s e v e r a l  m a t e r i a l s  \:ere s e l e c t e d  f o r  t e s t  e v a l u a t i o n .  

A l i s t  o f  t h e s e  c a n d i d a t e  m a t e r i a l s  i s  s h o ~ n  i n  T a b l e  

2 .  A s  c a n  b c  s c c n ,  f o u r  d i f f c r c n t  c z t c g o r i c s  of  ma- 

t e z i a l s  w e r e  s e l e z t e d  f o r  i n v e s t i 7 a t i ~ n  - s t r u c t u r a l  

a l l o y s ,  c e r a m i c s , .  c o a t i n g s  and  weld d e p o s i t s  ( o r  h a r d  

f a c i n g s ) .  Weld d e p o s i t s  were s e l e c t e d  f o r  h i g h  wear 

a r e a s  o n l y .  

The t h r e e  mos t  commonly u s e d  e r o s i o n - r e s i s t a n t  s l u r r y  

pump a l l o y s  a r e  l<i-Hard 4 ,  HC250 and  1503 .  ' s i n c e  h o t  

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

works  show t h a t  t h e  r a t e  of  c o r r o s i o n  d e c r e a s e s  w i t h  

i n c r e a s e  i n  t h e  chrome l e v e l  o f  t h e  a l l o y s  and  l e v e l s  

o f f  a t  a b o u t  12% Cr ,  o n l y  HC250 (28% C r )  and  1503 



CANDIDATE M A T E R I A L S  

ALLOY S 

EXISTING 

If 2 8 %  C r  I r o n  

A) Fully I I a r d e n e d  

B )  S e m i - A n n e a l e d  

C) Fully Anneal-ed 

2 )  1 5 0 3  I r o n  

C E R A M I C S  

1) Sic (Solid) 

C O A T I N G  

1) B O R O N I Z E D  ' 

NEW 

I) Nighe r  C r  I r o n  

2 )  H i g h  D, H i g h  C r  I r o n  

WELD OVERLAY 

1) E U T E C T I C  6715 

- I 



(15% Cr )  were s e l e c t e d .  Ni-Hard 4 ha s  on ly  8% Cr. 

The p i l o t  p l a n t  expe r i ence  i n d i c a t e s  t h a t  a  f u l l y  

hardene2 HC250 may be t o o  b r i t t l e  t o  w i th s t and  

t h e r z a l  shocks  t h a t  t h e  pumps expe r i ence  dur ing  s t a r t  

up and s h u t  down, whereas,  a  f u l l y  annealed HC250 has  

enough d u c t i l i t y  t o  w i th s t and  t h e s e  s h ~ c k s .  There- 

f o r e ,  HC250 was s t u d i e d  f o r  t h e  e f f e c t  of annea l ing  

on i t s  e r o s i o n  p r o p e r t i e s  a t  t h r e e  d i f f e r e n t  hea t -  

t r e a t e d  c o n d i t i o n s  - f u l l y  hardened (about  600 B H N ) ,  

s c n i  a . r r , ee l t J  ( abou t  450 DII1:) end f u l l y  snnca l ce  

(about  350 B H N ) .  

The two new t l l o y  c o m ~ o s i t i o n s  e r e ,  1) above 3 0 %  

chroge i r o n  and,  2 )  h igh  phos h iqh  c h r o ~ e - i r o n .  

They Ere  based upon t h e  fo rmat ion  of more hard  

c a r b i e e s  and herd  phosphides  phases .  

C e r a ~ i c s  a r e  g e n e r a l l y  t o o  expensi.ve t~ f a b r i c a t e  

s l u r r y  purr~ps, Ilowever, t h e y  ere much nore  erosion 
r e s i s t a ! l t  thai? a l l o y s .  Seve ra l  Fump manufac ture rs  

have deve loped  low grzde  a l l - c e r ~ r r i c  pumps f o r  s o r e  

l i m i t e d  a p p l i c a t i o n s  (low speed end sma l l  p a r t i c l e  

wzter  bese s l u r r i e s ) . .  Ref rax ,  a s l u r r y - c a s t  s i l i c o n  

c a r b i d e  made by Carbo.rundum Co., ha s  been used suc-  
c e s s f u l l y  i n  t h e s e  pumps. S ince  r e f r a x  has  a  very  

low t e n s i l e  s t r e n g t h  , it should  be e v a l u a t e d  on ly  

f o r  s t a t i o n a r y  wear p a r t s  i n  pumps. I t s  a p p l i c a t i o n  

i n  ho t  c o a l - o i l  s l u r r y  may be q u e s t i o n a b l e  due t o  i t s  

poor t h e r m a l  shock r e s i s t a n c e .  Other h ighe r  s t r e n g t h  

ce ramic  m a t e r i a l s  and ce rme t s ,  such a s  hot-pressed 

s i l i c o n  c a r b i d e ,  s i l i c o n  n i t r i d e ,  t ungs t en  c a r b i d e ,  

e t c . ,  were n o t  c o n s i d e r e d ,  due t o  t h e i r  high c o s t .  



Var ious  d i f f u s i o n  bonded c o a t i n g s  were cons idered  

such a s ,  s u r f a c e  bo ron iz ing ,  T i B ,  - ( includi . r .9  TI<T 

c o a t i n g s ) ,  Si,I<+, S i c  e t c . ,  bu t  on ly  s u r f a c e  

bo ron iz ing  was s e l e c t e d  f o r  e v a l u a t i o n .  Tk:e KC250 

was s e l e c t e d  a s  t h e  s u b s t r a t e  f o r  boronizi?:q.  Most 

of t h e s e  c o a t i n g s  e i t h e r  cannot  be e f f e c t i i - e l y  

d e p o s i t e d  on H C 2 5 0 ,  o r  can be depos i t ed  on ly  t o  a  

very  s m a l l  t h i c k n e s s ,  n o r n s l l y  l e s s  khan 0.001" by 

t h e .  e x i s t i n g  comriercial p roces se s .  Some c c a t i n g s  a r e  

t o o  expens ive  t o  use .  Boroni'zed c o e t i n g  cen bs 

d e p o s i t e d  t o  over G.,001" s u c c e s s f u l l y  on H C 2 5 C .  

P r ev ious  l a b o r a t o r y  t e s t s  a l s o  i n d i c a t e  t h ~ t  i t s  

e r o s i o n  r e s i s t a n c e  i s  ex t remely  qoos. 

Non-dif fus ion t ype  c o e t i n g s  such a s  plas.ma cn2 D-sun  

c o e t i n g s  were n o t  cons idered  due t o  t h e i r  soor  bond 

s t r e n g t h  and t h e i r  t h e r n e l  n i s ~ . a t c h  wi th  HC2JO base  

m a t e r i z l .  Moreover, r ~ o s t  of t h e  t e s t s  r u n ' i n  t h e  

p i l o t  p l a n t s  wi th  t h e s e  t y p e s  of c o a t i n c s  were n o t  

s u c c e s ~ f u l .  

Weld o v e r l a y s  or  hard f a c i n g s  were cons idered  f o r  t h e  

fo l l owing  two rezsons :  

1. Convenient  t n  app ly  s e l e c t i v e l y  i n  t h e  high- 

wear a r e a s  i n  t h e  pump t o  prolong t k e  over-  

a l l  pump l i f e .  

2 .  Convenient  t a  r e p a i r  worn p u ~ p s .  



Var ious  ha rd  faci: .q a l l o y s  were c o n s i d e r e d ,  such a s  

E u t e c t i c  6715, S t e l l i t e  6 ,  S t e l l i t e  1 2 ,  ~ e r r o - ~ i c  M6, 

e t c .  E u t e c t i c  6715 was s e l e c t e s  because of i t s  

s u p e r i o r  e r o s i o n  r e s i s t a n c e ,  a s  shown by l a b  t e s t s ,  

a s  w e l l  a s  p i l o t  p l a n t  exper iments .  Ha.rd f a c i n g  of 

HC250 wi th  E u t e c t i c  6715 causes  s e v e r e  c r a c k i n g  

problem, b u t  by. u s ing  an i n t e r m e d i a t e  l ayer .  of carbon 

s t e e l  weld d e p o s i t ,  t h e  c r eck ing  problem can be m i n i -  

mized.  

I n s e r t  r t :4terl~.ls 

I n  a d d i t i o n  to t h e  above m z t e r i e l s ,  s i x  o t h e r  

m a t e r i a l s  were s e l e c t e d  f o r  e v a l u a t i o n  f o r  p o s s i b l e  

e p p l i c a t i o n  2s i n s e r , t s  i n  t h e  pcmps. By us ing 

i n s e r t s  i n  t h e  high-wear a r e a s ,  such e s  cu t -wate r ,  

t h e  o v e r a l l  l i f e  of t a e  psnps can be improved. These 

m a t e r i a l s  a r e  mos t ly  c e r ~ a i c s  2nd c o a t i n g s  and cannot 

be  used f o r  f z b r i c a t i n g  t h e  pcmp components, d'ue t o  

e i t h e r  h igh  c o s t  o r  m ~ n u f a c t u r i ~ g  problems.  The 

f o l l o w i n g  s , i x  m a t e r i a l s  were s e l e c t e d .  

1. KennaT.eta1 R j883  - It i s  c o b a l t  bonded KC, 

s i m i l a r  t o  G701 o r  K703. Although K701 and 

K703 have h i s h e r  e r o s i o n  r e s i s t a n c e ,  K3833 

was s e l e c t e d  bec3 l1 .c~  n f  i t . s  s ~ ~ p e r i . o r  t o u g h -  

n e s s  and thermal  shock r e s i s t a n c e .  

2 .  TMT-745B3 c o a t i n g  on E3833 - Thi s  T ~ B  coa t -  

i ng  on K703 has  shown a lmos t  no wear i n  

p r e v i o u s  B a t t e l l e  c o z t - o i l  s l u r r y  e r o s i c n  

t e s t s .  

3.  CVD S i c  on g r a p h i t e  - I t  showed ex t remely  

h igh  wear r e s i s t a n c e  i n  p rev ious  B a t t e l l e  



l a b  t e s t s .  

4 .  P a r t i a l l y  s t a b i l i z e d  z i r c o n i a  - The tough- 

n e s s  and thermal  shock r e s i s t a n c e  of t h i s  

m a t e r i z l  i s  h ighe r  t han  most of t h e  c e r a r i c  

m a t e r i a l s .  I t  may be used t o  f a b r i c a t e  

pump components a l s o .  S e v e r a l  l a b o r a t o r i e s  

a r e  c u r r e n t i y  working t o  f u r t h e r  improve t h e  

wear r e s i s t a n c e  of  t h i s  m a t e r i a l .  

5 .  CVD T i B ,  on 4 1 0  s t a i n ' l e s s  s t e e l  - Thi s  coa t -  

ing  showed e x c e l l e n t  e r o s i o n  r e s i s t a n c e  

i n  p ~ e v i o u s  B a t t e l l e  l a b  t e s t s .  

6 .  . S i n t e r e Z  S i c  - This  m a t e r i a l  a l s o  e x h i b i t e d  

e x c e l l e n t  e r o s i o n  r e s i s t a n c e  i n  p r ev ious  

B a t t e l l e  l z b  t e s t : .  However, i t s  poor 

thermal  shock r e s i s t a n c e  could  l i m i t  i t s  

a p p l i c a t i o n .  

The use of i n s e r t s  i n  p u ~ p s  w i l l  r e q u i r e  changes i n  

pump des ign  t o  f ~ s t e n  t h e  i n s e r t s  i n  p l a c e  and a l s o  

t o  a c c o n m d a t e  t h e  ~ i s n s t c h  of t \ e rma l  expansion of 

t h e  i n s e r t  and puzp n z t e r i e l .  



TEST r-IETYOVS 

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

e r o s i o n ,  c o r r o s i c n  a2d  e r o s i o n - c o r r o s i o n  d a t a  on t h e  

c a n d i d a t e  ~ a t e r i z l s  end  t o  , s e l e c t  t h e  b e s t  m a t e r i a l /  

m a t e r i a l s  f o r  t h e  purcp. The r i a t e r i a l s '  e v a l u a t i o n  

~ 2 s  done  by ' t h r € e  t y p e s  o £  t e s t s  a s ' s h o w n  i n  T a b l e  3 .  

1. E z o s i o n  t e s t s  a t  Ingerso l l , . -Rznd.  

3. C o r r o s i o n  tests a t  O a k  P.ic'.ze l ;at i .onal.  T,lab, 

3 .  E r o s i o n - c o r r o s i o n  t e s t s  2 t  B a t t e l l e  Labs .  

The e r o s i c n  t e s t s  were  r u n  i n  a  n o z z l e  t e s t e r ,  u s i n g  

a  n i g h  v e l c c i t y  s z n d - w a t e r  s l c r r y  j e t  s t  room tem- 

p e r a t u r e .  The c c z z l e  d ic r r .e te r  krzs 0 .187" and  a  

s l u r r y  c o n c e n t r ~ t i o n  o f  40 w t .  p c t .  s and  was u s e d .  

~ h e s e  t e s t s  w e r e '  r u n  u s i n q :  

1. R e c i i l ~ r  ~ 2 n d - w e t e r  s l ~ r r y  o f  4 2  mesh 

2 .  V i s c o u s  sznd'-h-ater s l u r r y  of  100 mesh 

a v e r z q e  c ~ r t i c l e  s i z e  w i t h  2 w t .  p c t .  

s o d i u r ,  c a r b o x y  n e t h y l  c e l l u l o s e  zdded 

t o  t h e  w a t e r  t o  i n c r e a s e  t h e  v i s c o s i t y .  

The r e g u l a r  sand- . - -  - C ~ E K  s l u r r y  t>ests were  r u n  a t  two 

d i f f e r e n t  v e l o c i t i e s ,  100  f t / s e c  2nd 150  f t / s e c  t o  

s t u d y  t h e  e f f e c t  s f  v e l o c i t y  on e r o s i o n  wea r .  A t  

1 0 0  f t / s e c  v e l o c i t y ,  t h r e e  d i f f e r e n t  impingement  

a n g l e s  were  u s e d ,  1 0  deg., 20 d e c . ,  a n d  75  d e g . i  t o  

s t u d y  t h e  e r o s i o n  wear  a t  d i f f e r e n t  z n g l e s .  However, 

a t  150  f t / s e c  v e l o c i t y ,  o n l y  10  d e c .  impingement  

a n g l e  was u s e d .  



E R O S I O N  

A .  Sand-Water J e t  

B.  V i s c o u s  Sand-Water A t  5 0 0 ~ ~ .  
& 5 5 0 ~ ~ .  J e t  
1 0 0  F t j S e c .  

2 0 °  

, - - -- - . . _ . ._ - -- .- 

CORROSION 
(Ol!N.tJ) - 

A. T 1 0 2  B o t t o m s  

B. V - 1 3 1  B S o l v e n t  

E R O S I O N - C O R R O S I O N  1 
(DATTIZLLK) I 

50% T - A 0 2  B o t t g m s  
At 550 P. & 2 0  



The v i s c o u s  sand-wa te r  s l u r r y  t e s t s  were  used  t o  
s i ~ u l a t e  t h e  s y n f u e l  s l u r r y . i n  t e r n s  of  v i s c o s i t y  and  

p z r t i c l e  s i z e .  Only 100  f t / s e c  v e l o c i t y  and  20 d e g .  

i n p i n g e m e n t  a n g l e  were  used f o r  t h e s e  t e s t s .  

T h e  c o r r o s i o n  t e s t s  \ ;ere  r u n  by s t a t i c  i z m e r s i o n  of 

t h e  s p e c i m e n s  i n  t h e  c o r r o s i v e  medium. Both T-102 

b c t t o x s  and  V-131B s o l v e n t s  f rom W i l s o n v i l l e  p l a n t  

w e r e  u s e d  t o  s t u d y  t h e  c o r r o s i v e  p r o p e r t i e s  o f  t h e  

c a n 6 i s a t e  ~ a t e r i a l s .  The t e s t  t e m p e r a t u r e s  were  es  

f c l l o w s :  

1. T-102 b a t t . o n s  t e s t  - 550,  5 7 0  and 

6 2 5  d e g r e e  F a h r e n h e i t .  

2 .  V-13iB s o l v e n t  t e s t  - 50C a n 6  550 

d e g r e e  F a h r e n h e i t .  

SCXE c a r b o n  s t e e l  s p e c i m e n s  i f e r e  a l s o  t e s t e d  f o r  com- 

F z r r s o n .  

The e r o s i o n - c o r r o s i o n  t e s t s  were  r u n  i n  a  n o z z l e  

tester u s i n g  a h i c h  v e l o c i t y  s y n f u e l  s l u r r y  j e t  a t  a  

h i g h  t e m p e r a t u r e .  The T-102 b o t t o m s  d i l u t e d  w i t h  

5 0  ~ t .  p c t .  o f  a n t h r a c e n e  was u s e d ,  t h e  n e t  s o l i d  

c o n c e n t r a t i o n  of  d i l u t e d  s l u r r y  was a b o u t  5 p c t ,  A l l  

t e s z s  w e r e  r u n  a t  550 deq .  F . ,  2 0  d e g .  i n p i n g e s ~ n t  

 erg:^, a n d  two d i f f e r e n t  v c 1 n c i t . i ~ ~ ~  108 ft/sec drtd 

1 5 0  f t / s e c .  



3.3.3 DESCRIPTION OF TEST A P P W  

2-R Nozxle Tes te r  

The IR n o z z l e  t e s t e r  i s  used t o  run  s l u r r y  e ros ion  
t e s t s  o f  m a t e r i e l s  t o  e v a l u a t e  t h e i r  e r o s i o n  

p r o p e r t i e s .  The t e s t  system uses water-base s l u r r i e s  
a s  t h e  e r o d i n g  medium. The t e s t e r  i s  shown i n  

F i g u r e s  37 and 3 8 ,  and a ' schemat ic  d r a u i ~ g  is  shown 

in  Fiqure 39. 

The nozzle  t e s t e r  c o n s i s t s  of a  7 2  ga l lon  s l u r r y  tank 

t h a t  can be pressur ized  up t o  350 p s i  by a i r  t o  d r i v e  
t h e  s l u r r y  throcqk, a nozzle i n  t h e  t e s t  chember. T h e  

t u n s s t e n  c a r b i e e  n a z z l e  p roduces  z 3 / 1 6 "  ciiameter 

h i g h  v e l o c i t y  j e t  t h a t  impinges  on a r e c t a n g u l a r  
specimen, The s ~ e c f a e n s  cen be s e t  z t  ezg les  r a n ~ i n g  
f rom 7 c i e g r e e ~  t c  90 d e g r e e s  w i t h  t h e  j e t .  The 
s l u r r y ,  a f t e r  i r . ? i n o i n g  on t h e  specinen,  i s  c o l l e c t e d  
i n  e r e c e i v i n g  t a ~ k  end t h e n  pumped back i n t o  t h e  
s l u r r y  t a n k  a t  t h e  end o f  t h e  t e s t  cyc le .  S l u r r i e s  

c o n t a i n i n g  up t o  5 0  w t .  p c t .  of sand o r  c o a l  have 
been used ,  and t h e  maximum j e t  v e l o c i t y  obtained a t  

t h i s  c o n c e n t r a t i o n ,  using sand, was about 160  f t / s e c  

a t  350 p s i  operz t inq  pressure .  The t e s t  du ra t ion  f o r  
each  c y c l e  f o r  i O O  f t / s e c  j e t  v e l o c i t y  i s  abou t  5 

n i n . ,  36 sec .  

Both t h e  p r e s s u r e  tank and rece iv ing  tank a r e  rubber 
l i n e d  and pravjded with n i x e r s  t o  keep t h e  s l u r r y  i n  
s u s p e n s i o n .  The t r a n s f e r  pump i s  a  60 gpm, 40 f t  

head and 1 . 5  HP s l u r r y  pump. Rectangular specimens 

of 2.5" x 0.75" x 0.25" dimensions were csed with a  

s u r f a c e  f i n i s h  of  3 2  m i c r o i n c h e s .  The m e t e r i a l  



Figure 37: I R  Nozzle Tester 



Figure 3,8-:- Nozzle Tefek chamber 
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Figure 39: I R  Nozzle Tester  Schematic 



p e r f o r m a n c e  was e v a l u a t e d  by de t e rmin ing  t h e  maximum 

e r o s i o n  dep th  and t h e  weight  l o s s  of t h e  specimen. 

ORNL Cor ros ion  T e s t e r  

T h e  O R N L  c o r r o s i o n  t e s t e r  i s  u s e d  t o  e v a l u a t e  

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

ned iu rn  a t  h i g h  t e m p e r a t u r e s ,  Ho t  c o a l  p r o c e s s  

s o l v e n t  i s  commonly used a s  t h e  c o r r o s i v e  medium. 

T h e  c o r r o s i v e  t e s t e r  i s  a v e r y  s i m p l e  d e v i c e  

c o n s i s t i n g  o f  a  ' 1 0 0 0  m l  f l a s k  p l a c e d  i n s i d e  a  

f b r n z c e ,  a s  shown i n  F i g u r e  40.  The s t em of  t h e  

f l a s k  i s  provided with a  wzter  c o o l i n g  j a c k e t  o u t s i d e  
. . 

t h e  f u r n a c e .  Any vapor  produced due t o  t h e  b o i l i n g  

of t h e  low b o i l i n g  c o n s t i t u e n t s  condenses i n  t h e  stem 

a n d  t r i c k l e s  b a c k  i n  t h e  f l a s k  m a i n t a i n i n 9  t h e  

c o m p o s i t i o n  of t h e  c o r r o s i v e  medium. An i n e r t  cover  

g a s ,  normal ly  a rgon ,  is  used a t  t h e  t o p  of t h e  f l a s k .  

A t h e r n o c o u p l e  is  i n s e r t e d  i n t o  t h e  f l a s k  t o  .measure 

t h e  s o l v e n t  t e m p e r a t u r e  and  two spec imens  a r e  htlng 

f r o m  a  hook a t  t h e  end of t h e  t h e r m o c o u p l e .  The 

t e m p e r a t u r e  of  t h e  f u r n a c e  i s  m a i n t a i n e d  c o n s t a n t  

d u r i n g  t h e  t e s t  by thermocouples.  

Spec imens  of  1 "  x 1 / 2 "  x 1/4" d i m e n s i o n s  a r e  u sed  

wi th  a  h i g h l y  po l i shed  s u r f a c e .  The c o r r o s i o n  r a t e s  

a r e  c a l c u l a t e d  on t h e  b a s i s  of t h e  weight  l o s s  of t h e  

specimens.  

B a t t e l l e  Nozzle T e s t e r  

The B a t t e l l e  n o z z l e  t e s t e r  i s  used t o  e v a l u a t e  t e s t  

m a t e r i a l s  f o r  t h e i r  e r o s i o n  p r o p e r t i e s  a t  h i g h  
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t e m p e r a t u r e s .  Hot c o a l - o i l  s l u r r y  i s  common.ly used 

a s  t h e  e r o d i n g  medium i n  t h i s  system. The d e t a i l e d  

d e s c r i p t i o n  of t h i s  wear t e s t e r  has  been publ i shed  i n  

s e v e r a l  r e p o r t s .  

The s y s t e m  c o n s i s t s  of  a. b e l l o w s - t y p e  pump, mixing 

v e s s e l ,  and  t e s t  chamber and r e l i e s  on gas  p r e s s u r e  

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

chamber .  A b e l l o w s  pump i s  used t.0 f i l l  t h e  mixing 

v e s s e ' l  w i t h  s l u r r y  (which e n t e r s  t h e  v e s s e l  from t h e  

b o t t o m )  a n d  t o  m i x  and ma in t a in  suspens ion  of s c l i d  

p a r t i c l e ' s  d u r i n g  o p e r a t i o n .  The F r e s s u r i z e d  mixing 

v e s s e l -  f e e d s  t h e  t e s t  chamber and o r i f i c e  through a  

h i g h  p r e s s u r e  l i n e .  The .  h i g h  F r e s s u r e  s l u r r y  i s  

uniformly heated t o  a high tempera ture  j u s t  be fo re  it 

r e z c h e s  t h e  t e s t  c h z m b e r .  The c e o e n t e d  c a r b i d e  

o r i f  i c e  of  0 .020"  a i z m e t e r  produces E high v e l o c i t y  

j e t  t h e t  impinges  on a  m a t e r i a l  specimen. The ang le  

of  impingement  i s  ob tc ined  by a d j u s t i n g  t h e  specimen 

h o l d e r .  

R e c t a n g u l a r  s p e c i n e n s  o f  1 . 5 "  x 0 , 3 7 5 "  x 0 .25 ; '  

d i m e n s i o n s  w e r e  used w i t h  E s u r f a c e  f i n i s h  of  32 

m i c r o i n c h e s .  The m a t e r i a l  perforrr~ance \?as eva lua t ed  
. . 

by d e t e r m i n i n q  t h e  maximum e r o s i o n  d e p t h  and t h c  

a v e r a c e  e r o s i o n  d e p t h  b y  m e z n s  o f  s u r f a c e  

p r o f i l o m e t e r .  



3 . 3 . 4  SP-KD-WATER NO2 ZLS TESTS 

T h e  p u r p o s e  o f  t h e  s a n d - w a t e r  n o z z l e  t e s t s  i s  t o  

compare  end  r ank  t h e  c a n d i d a t e  m a t e r i a l s  pu re ly  on 

t h e  b a s i s  o f  t h e i r  e r o s i o n  r e s i s t a n c e .  I t  i s  

b e l i e v e d  t h a t  n o s t  of t h e  wezr i n  t h e  s y n f u e l  s l u r r y  

?urr,ps i s  due  t o  e r o s i o n .  Sand was s e l e c t e d  a s  t h e  

e r o d e n t  b e c a u s e  i n  c o a l - o i l  s l u r r y ,  most  of  t h e  

e r o s i v e  wear  i s  due t o  t h e  a s h  c o n t e n t  of t h e  c o a l  

e n 0  b o t h  s a l s d  a n d  c o a l - a s h  c o n t a i n  s i l i c a  a s  t h e  

p r i n c i p a l  c o n s t i t u e n t .  Coa l  i t s e l f  does not. cause  

~ c c n  wear  s i n c e  it i s  very s o f t  compared t o  t h e  punp 

n z t e r i a l s .  The rank ing  of t h e  m z t e r i z l s  ob t a ined  i n  

t k e  p u r e  e r o s i o n  t e s t  w i l l ,  however, be compared v i t h  

t h e  r znk ing  ob t a ined  i n  t h e  h o t  c o a l - o i l  nozz le  

t e s t s .  

h s l u r r y  c o n s i s t i n g  of 4.0 w t .  p c t .  sand i n  water  was 

u s e d  b e c a u s e  of maximum s o l i d  c o n t e n t  of t h e  synfclel 

s l u r r y  i n  t h e  p i l o t  p l z n t s  i s  z b u u t .  3 8  w t .  p c t .  

Fcundry g r a d e  sand of average  p a r t i c l e  s i z e ,  4 2  mesh, 

( 3 8 0  m i c r o n s ) ,  was u s e d  2nd  i t s  p a r t - i e l e  s i z e  

~ n a l y s i s  i s  g iven  i n  Tsb l e  4 .  The 100 f t / s e c  

v e l o c i t y  was c h o s e n  b e c a u s e  i t  i s  c l o s e  t o  t h e  t i p  

s p e e d  of a t y p i c a l .  s l u r r y  pump i ~ p e l l e r  and t h e  150 

f t / s e c  . v e l , o c i t y  was  u s e d  t o  s t u d y  t h e  e f f e c t  of 

v e l o c i t y  n n  t h e  wear r a t e .  Low inpingement a n g l e s  of 

1 0  d e g r e e s  a n d  20 d e g r e e s  and  a  h i g h  impingement  

a n g l e  of  75 d e g r e e s  were  chosen because  most .of t h e  

s l u r r y  f l o w  i n s i d e  a  pump i s  of low a n g l e  s l i d i n g  

t y p e ,  e x c e p t  a t  t h e  c u t - w a t e r  where  a  h i g h  a n g l e  

impingement o c c u r s .  I n i t i a l l y .  on ly  1 0  degree  and 75 

d e g r e e  a n g l e s  were  c h o s e n .  B u t ,  i n  B z t e l l e ' s  Les t ,  

i t  w a s  f o u n d  t h a t  a  1 0  d e g r e e  a n g l e  p r o d u c e d  . 





e x t r e m e l y  s m a l l  w e a r  e v e n  a f t e r  two  h o u r s  of  t e s t ,  

w h e r e a s  a  2 0  d e g r e e  a n g l e  p roduced  a  m e a s u r a b l e  wear 

i n  t w o  h o u r s .  T h e r e f o r e ,  a l l  t h e  B a t e l l e  tes ts  were  

r u n  a t  20 d e g r e e s  i n s t e a d  of  10  d e g r e e s .  I R  a l s o  r a n  

a s e r i e s  o f  t e s t s  a t  20 d e g r e e s  f o r  d i r e c t  compar i son  

w i t h  t h e  B a t e l l e  tests.  

T h e  e r o s i o n  w e a r  o f  t h e  s p e c i m e n s  was  m e a s u r e d  b y  

b o t h  maximum w e a r  d e p t h  a n d  t h e  w e i g h t  l o s s  o f  t h e  

s p e c i m e n s .  The  i n i t i a l  t , h i c k n e s s  o f  t h e  s p e c i m e n s  

was measu red  a t  t h r e e  p o i n t s  on t h e  s p e c i m e n s  and t h e  

d i f f e r e n c e  b e t w e e n  t h e  r e a d i n g s  d i d  n o t  exceed  

0 .001" .  The f i n a l  t h i c k n e s s  was measured  a t  t h e  

p o i n t  o f  maximu111 e r o s i o n .  S i n c e  s i l i c o n  c a r b i d e  

s p e c i m e n s  c o n t a i n  a b o u t  1 4 %  p o r o s i t y ,  t h e s e  

s p e c i m e n s  were a l w a y s  weighed  a f t e r  s o a k i n g  i n  w a t e r  

f o r  a b o u t  1 0  m i n u t e s .  

I n  s p i t e  of s e v e r e  mix ing  o f  t h e  s l u r r y  i n s i d e  t h e  

p r e s s u r e  t a n k ,  it was f o u n d  t h a t  t h e r e  was 

c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  t a n k  -- t h e  s l u r r y  n e a r  

t h e  b o t t o m  b e i n g  1 0  p c t  more c o n c e n t r a t e d  t h a n  t h a t  

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

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

was used  i n  e a c h  t e s t  c y c l e ,  I t  t a k e s  a b o u t  f o u r  

m i n u t e s  t o  e m p t y  t h e  t a n k  5 0 %  a t  a  1 0 0  f t / s e c  j e t  

v e l o c i t y .  Each spec imen  was t e s t e d  f o r  8 m i n u t e s  (2  

c y c l e s )  a t  1 0 0  f t / s e c  v e l o c i t y  a n d  5 m i n u t e s  3 0  

s e c u ~ i d s  C2 c y c l e s )  a t  1 5 0  f t / s e c  v e l o c i l y .  A f t e r  

e v e r y  2 0  c y c l e s  o f  t e s t ,  a  new - b a t c h  of s l u r r y  was 

p r e p a r e d .  No c h a n g e  i n  t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n ,  d u e  t o  g r a i n  f r a g m e n t a t i o n ,  n o r  a n y  

r o u n d i n g  o f  t h e  e d g e s  a n d  c o r n e r s  of  g r a i n s  w a s  

o b s e r v e d  a f t e r  2 0  c y c l e s  o f  t e s t .  I n  m o s t  c a s e s ,  



each m a t e r i a l  was t e s t e d  tw ice .  The wear r a t i o s  were 
c a l c u l a t e d  on t h e  bas ' i s  of t h e m a x i ~ ~ u n  e r o s i o n  dep th ,  

a n d  t h e  m a t e r i a l s  we re  r anked  a c c o r d i n g  t o  t h e i r  

e r o s i o n  r e s i s t a n c e .  

. , 

R e s u l t s  a n d  D i s c u s s i o n s  

T h e  r e s u l t s  of t h e  sand-water nozz le  t e s t s  a r e  shown 

i n  T a b l e  5  i n  t e r m  of wear r a t i o s .  The wezr r c t i o s  

w e r e  c a l c u l a t e d  a s  t h e  r a t i o  of  t h e  maximum wear 

d e p t h  of t h e  m a t e r i a l  t o  t h a t  of t h e  f u l l y  hareened 

( F . H . )  HC250 s i n c e  HC250 ( F . H . )  was used  a s  t h e  

b a s e l i n e  w i t h  a  w e a r  r a t i o  of  1 . 0 .  The a v e r a g e  

maximum wear dep ths  of HC550 ( F . H . )  a r e :  

1 G O  f t / s e c  a t  10 deg rees  - G.0176" 

100 f t / s e c  et 2 0  d e ~ z e e s  - 0.C32" 

100 f t / s e c  a t  75 degrees  - 0.0415" 

150 f t / s e c  a t  1 0  degrees  - 0.042" 

A l t h o u g h  t h e  wear r a t i o s  a r e  d i f f e r e n t  f o r  d i f f e r e n t  

s e r i e s  o f  t e s t s ,  t h e  ranking of . t h e  n ~ t e r i a l s  is  t h e  

same f c r  a l l  four  d i f f e r e n t  t e s t  c o n d i t i o n s ,  a s  shown 

be low ( o n l y  excep t ion  being t h e  wear r e t i o  of S i c  a t  

100 f t / s e c  and 10 d e g r e e s ) :  

1. Boronized 9C250 

2. E u t e c t i c  6715 

3 .  S i l i c o n  c a r b i d e  

4 .  1503 

5. HC250 (F.H.) 

6 .  HC250 ( S . A . )  

7 .  HC250 (F .A . . )  



SANE-PJATER NOZZLE TEST RESULTS 

WEAR R A T I O  - / 100  t t / s e c  
1150 ft 'sec 

a )  Fu1l.y h a r d e n e d  ;GO0 BIIN) 
b)  Semi a n n e a l - e d  1450 BIIN) 
c )  F u l l y  a n n e a l t e  I350 BMN) 

2 .  1 6 0 3  I r o n  ( 6 5 0  BIiNl 

3 .  E u t e c t i c  6 7 1 5  

4 .  S i l l c o n  Carbide 

5. B o r o n i z e d  MC250 

0 . 8 7  C .95  0 . 6 9  

0 . 3 9  C . 5 3  0 . 4 6  

1.11 C . 7 3  0 . 4 9  

- C . 0 1 6  - 

0 . 6 6  

0 . 3 6  

0 . 3 9  

- 



f 

F i g u r e  4 1  r e p r e s e n t s  a  g r a p h i c a l  r e p r e s e n t a t i c n  o f  
t h e  r z n k i n g .  The v e r t i c a l  a x i s  r e p r e s e n t s  t h e  wear  

r a t i o s  a n d  t h e  h o r i z o n t a l  a x i s  shows t h e  renki r :g  i n  

t h e  o r d e r  of d e c r e a s i n g  wear r e s i s t a n c e  t o  t h e  r i g h t .  

E o r o n i z e d  HC250 was t h e  most  wear  r e s i s t a n t ,  a b o u t  60 

t i n e s  b e t t e r  t h a n  RC250 (F.H.1. I t  was t e s t e d  o n l y  

a t  1 0 0  f t / s e c  a n d  2 0  6 , e g r e e s  s i n c e  i t  w a s  n o t  

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

The  r e s u l t s  a l s o  i n d i c a t e  t h a t  1503 i s  s l i g h t l y  inore 

e r o s i o n  r e s i s t a n t  t h a n  HC250 ( F . H . )  and  t h e  e r o s i o n  

r e s i s t a n c e  o f  f u l l y  h a r d e n e 6  HC250 d e c r e a s e s  r a p i d l y  

w i t h  a n n e a l i n g .  

I n  t h e  1 C O  f t / s e c  a n d  20 d e g r e e s  t e s t  s e r i e s ,  t h e  

b e s e l i n e  m a t e r i a l  EC250 ( F . H . )  was t e s t e a  a f t e r  e a c h  

m a t e r i a l  t o  c h e c k  t h e  c o r , s i s t e n c y  c f  t h e  t e s t s  a n d  

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

a n y .  I t  was  t e s t e d  f i v e  t i m e  a l l  t o g e t h e r ,  and t h e  

r e s u l t s  w e r e  v e r y  c o n s i s t e n t ;  t h e  Kaximurn e r o s i o n  

d e p t h s  o b t a i n e d  i n  s e q u e n c e  were :  0 .032" ,  0 . 0 3 0 n r  

0 . 0 3 1 n ,  0 .030" and  0 .033" .  

The  w e i s h t  l o s s  o f  t h e  m a t e r i a l s  was a l s o  r e c o r d e d .  

A l t h o u g h  t h e  w e a r  r a t i o s  o b t a i n e d  f r o n  t h e  vo lume  

l o s s  w e r e  d i f f e r e n t ,  t h e  r a n k i n g  o f  t h e  m a t e r i a l s  

remained  t h e  same. 

T h e  r e s u l t s  i n  T a b l e  5 i n d i c a t e  t h a t  t h e  w e a r  i s  

h i g h e r  a t  l a r g e r  i m p i n g e m e n t  angle f o r  t h e  same 

v e l o c i t y .  T h i s  w a s  e x p e c t e d  s i n c e  t h e s e  a r e  a l l  

b r i t t l e  m a t e r i a l s .  A l s o ,  t h e  w e a r  i s  h i g h e r  a t  

h i g h e r  v e l o c i t y .  T h e  v e l o c i t y  e x p o n e n t s  a t  1 0  

d e g r e e s  were c a l c u l a t e d  a s  f o l l o w s :  
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Figure 41 : ' Resul t s  o f  Sand-Water Jet-Impinaement Tests  



~ ~ 2 5 . 0  (F.H.)  

HC250 ( S . A . )  

HC250 ( F . A . )  

E u t e c t i c  6715 

1503 

S i c  

Veloc  i t v  EXFQDELL 

2.15 

2 .25  

1 . 9 5  

1 . 9 5  

1 . 4 7  

Could n o t  be .  

c z l c u l a t e d  s i n c e  

wear 2 t  100  f t / s e c  

a n d  1 0  d e g r e e s  i s  

t o o  h ic jh .  



The c o r r d s i o n  t e s t s  were  per fornea  by immersir.9 t h e  , 

p r e w e i g h e d  m a t e r i a l  s p e c i m e n s  i n  t h e  n o t -  

s o l v e n t / s ' l u r r y  i n s i d e  a  1000 ~1 f l z s k  f o r  ?I! t o  50 

h o u r s .  F o l l o w i n g  e x p o s t r e ,  t h e  s p e c i m . e n s  w,ere 

c l e a n e d  and  r ,eveighed,  ar.d t hen  c o r r c s i o n  r a t e s  v e r e  

c % l c u l a t e d  on t h e  b a s i s  of weiqhg change. The t e s t  

c o n d i t i o n s .  ar 'e  a s  fo l l ows :  

Is ' iaterials .  . - H C  2 5 0 .  1503 and Carbon S t e e l  (ASTM 

. , 
A3661 

T e m p e r a t u r e  - 500 desrees F . ,  550 deg rees  F .  and 

625 deg rees  F .  

T ine  - 40 t o  5G hours  

i.Iediun - T - 1 0 2  b o t t o r , ~  2 n d  V-13iB p r o c e s s  

s o l v e n t  f rom V7ilsonvil le  

A n a l y s i s  of 

FIediurn - T-162 i5gttori.s - 1.15 S .& 337 pprn c l  

V-131B so1,vent - 8 p~rn c 1  

T h e s e  t e s t s  a r e  b a s i c a l l y  s t a t i c  i n  n a t u r e ,  a l though  

t h e r e  i s  some b o i l i n g  a c t i o n  i n s i z e  t h e  flask a t  t h e  

t e s t  t e m p e r a t u ~ e s .  O t h e r  c c n d i b a t e  rnz t e r i a l s  were 

n o t  t e s t e d  b e c a u s e  i t  was found  v e r y  e a r l y  i n  t h i s  

t e s t  s e r i e s  t h a t  t h e  c o r r o s i v i t y  o f  t h e  

s o l . v e n t / s l u r r y  was e x t r e ~ e l y  low. 

The t e s t s  r e s u l t s  a r e  l i s t e d  i n . T z b l e  6 .  These  

r e s u l t s  she-w' t h a t  b c t h  HC250 and 1503 have very  low 

c o r r o s i o n  . r a t e s ,  l e s s  t h a n  1 m i l  p e r  y e a r .  Carbon 

s t e e l ,  howeve r ,  showed a  maximum c o r r o s i o n  r e t e  of 





a b o u t  5 m i l s  p e r  y e a r  o n l y .  P r e v i o u s  r e s u l t s  . from . 

i n - p l a n t  c o u p o n  s t u d i e s  a s  w e l l  a s  O?IIL l a b o r a t o r y  

s t u d i e s  s h o w e d  h i g h e r  c o r r o s i o n  r a t e s  f o r  c a r b o n  

s t e e l  i n  b o t h  t h e  m e d i a  b u t  n o t  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  a l l o y s  w i t h  12% o r  more chromiun. 

S i n c e  t h e  c o r r o s i o n  r a t e  of HC250 a n d  1 5 0 3  i n  s y n f u e l  

c l u r  r p  i s  i n s i o n i f  i c a n t ,  m o s t  o f  t h e  wear  o f  t h e  

c o a l - o i l  s l u r r y  p u g ~ p s  i s  p r o b a b l y  d u e  t o  e r o s i o n  

a l o n e .  



3.3 .6  VISCOUS SAND-WATER NOZZLE TZSTS 

T h e  p u r p o s e  o f  t h i s  t e s t  i s  t o  s i a u l a t e  t h e  h o t  

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

s i z e ,  a n d  r u n  e r o s i o n  t e s t s  a t  room t e m p e r a t u r e  f o r  

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

v i s c o u s  w a t e r  2 n d  4 0  w t .  p c t .  s a n d  o f  1 0 0  mesh 

a v e r a G e  p a r t i c l e  s i z e .  The  v i s c o s i t y  o f .  w a t e r  was 

i n c r e a s e d  b y  a d d i n g  2  w t .  p c t .  o f  s o d i u m  c a r b o x y  

n e t h y l  c e l l u l o s e  ( H e r c u l e s  SC!.'iC-9?I31) i n  t h e  w a t e r .  

I n  h o t  c o a l - o i l  n o z z l e  t e s t s  ( S e c t i o n  3 . 3 . 7 )  S i c  

c o n s i s t e n t l y  showed no  w e a r ,  w h e r e a s  i t  r anked  t h i r d  

i n  s a n d - w a t e r  n o z z l e  t e s t s .  T h i s  i n d i c a t e s  t h a t  t h e  

v i s c o s i t y  a n d / o r  p a r t i c l e  s i z e  may h a v e  e f f e c t  o n  

e r o s i o n  p r o p e r t i e s  of  m a t e r i e l s  a n d ,  t h e r e f o r e ,  t h e i r  

r a n k i n g .  I n  a d d i t i o n ,  s i 9 c e  ORNL t e s t s  nho\\led t h a . t  

t h e  c o r r o s i v e  wear  of  h i g h ' c h r o m e  a l l o y s  e n d  c e r a m i c s  

i s  i n s i g n i f i c a n t ,  i t  w a s  d e c i d e d  t o  u s e  v i s c o u s  

s a n d - w a t e r  s l c r r y  t o  s i m u l a t e  o n i y ,  t h e  e r o s i v e  

p r o p e r t i e s  o f  s y n f u e l  s l u r . r y  f o r  n c z z l e  t e s t i n g .  The 

t e s t  c o n d i t i o n s  were:  

J e t  v e l o c i t y  - 100 f t / s e c  

Impingement  Angle  - 20 d e g r e e s  

V i s c o s i t y  o f  t h e  c a r r i e r  w a t e r  - 6 0  c p  a t  1130 - 
s e c  s h e a r  

r a t e .  

T e s t  d u r a t i o n  - 8 m i n u t e s  

T h e  r e s u l t s  o f  v i s c o s i t y  measu re r i en t s  a r e  p r e s e n t e d  

i n  Appendix  C, 



R e s u l t s  a n d  Discussion 

T h e  w e a r  p a t t e r n s  o b t a i n e d  w i t h  t h i s  s l u r r y  w e r e  

s i g n i f i c a n t l y  d i f f e r e n t  f rom t h o s e  o b t a i n e d  w i t h  t h e  

s a n d - w a t e r  s l u r r y ,  a s  shown i n  F i g u r e  42.  The wear 

d e p t h s  w e r e  a l s o  l e s s  w i t h  t h i s  s l u r r y ,  t h e  t e s t  

r e s u l t s ,  shown i n  T a b l e  7 ,  i n d i c a t e  t h a t  t h e r e  was no 

m e a s u r e a b l e  w e a r  i n  b o r o n i z e d  HC250. A r e p e a t  t e s t  

o f  this m a t e r i a l  a l s o  showcd no m e a s u r a h l ~  w e a r .  The 

m a t e r i a l s  r a n k i n g  o b t a i n e d  i n  t h i s  s e r i e s  of t e s t s  

w a s  s l i g h t l y  d i f f e r e n t  f r o m  t h a t  o b t a i n e d  w i t h  t h e  

s a n d - w a t e r  s l u r r y .  The two r a n k i n g s  o b t a i n e d  a t  1 0 0  

f t / s e c  a n d  20  d e g r e e s  a n g l e  a r e  compared i n  T a b l e  8 .  

B o r o n z i e d  HC250 was t h e  b e s t  m a t e r i e l  i n  b o t h  c a s e s ,  

a n d  i t  was  f a r  s ~ p e r i o r  t o  t h e  r e s t  of  t h e  c a n d i d a t e  

m a t e r i a l s .  S i l i c o n  c a r b i d e  a p p e a r e s  b e t t e r  i n  t h e  

v i s c o u s  s l u r r y  a n d  a l s o  HC250 (F.H. showed b e t t e r  

w e a r  r e s i s t a n c e  t h a n  1 5 0 3  i n  t h i s  s l u r r y .  T n e  

annealing r e d u c e s  t h e  ~ ~ s i s t a n c e  o f  HC250 more 

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

H C 2 5 0  w e a r s  aho1.1t 3 . 7  t i m e s  f a s t e r  t h a n  f u l l y  

h a r d e n e d  H C 2 5 0  ir! t1iis s l u r r y .  Tliu wear ratios, as 

shown i n s i d e  t h e  p a r e n t h e s i s ,  were  q u i t e  d i f f e r e n t  i n  

t h e s e  t w o  s l u r r i e s .  T h e r e f o r e ,  v i s c o s i t y  a n d / o r  

p a r t i c l e  s i z e  h a s  a t  l e a s t  some e f f e c t  on  t h e  wear  

b e h z v i o r  of  t h e  r n a t e r i ~ b s .  



( a )  Sand-water Test 
Specimen 

(b)  Viscous Sand-water Test 
Specimen 

Note: Arrows indicate  the d i rec t ion  o f  the j e t  

Figure 42:  Wear Patterns Obtained i n  the I R  Nozzle Tests 



TABLE 'i 

VISCOUS SAND-'rJATER NOZZLE TEST RESULTS 

MATERIAL 

1 )  HC250 

a )  Fully t:ardened 

b)  Se111i AnneaPed 

c)  Fu l l y  annealed 

2) 1503 

3) Eutect ic 671 5 

4) S i l i con  Carbida 

5) Llaronizzd I-IC2fSO 

MAX. HEAR WEAR 
DEPTH( In. ) RAT I0 

0 . 0 9  1 .OO 

0. C21 2.33 

0.024 2.67 

0.013 1.44 

0.008 -89 

0. is06 0.67 

0 0 



TABLE 8 

COMPARISON OF MATERIALS RANKING 

e Numbers i n s i d e  t h e  p a r e n t h e s e s  i n d i c a t e  wear  r a t i o s  

1 0 0  f t / s e c  and 20' 

Ranki nq l.li t h  Sand-!#later - 
1 ) B o r o n i z e d  HC250 ( .016) 

2 )  E u t e c t i c  6715 ( . 5 9  

3 )  S i c  ( . 7 3 )  

4 )  1503 ( ,951 

5)  HC250 (F.H.)  ( 1  .OO) 

6 )  HC250 ( S . A . )  ( 1  .81 ) 

7 )  HC250 (F.A. )  ( 2 . 4 5 )  

Rankinq !di t h  Viscous Sand-Nater 

1 ) B o r o n i  zed HC250 ( 0 )  

2)  S i c  ( . 6 7 )  

3) E u t e c t i c  6715 ( .S9)  

4) HC250 ( 'F .H. )  (1  .OO) 

5) 1503 ( 1 . 4 4 )  

6 )  KC250 ( S . A . )  ( 2.33) 

7 )  HC250 (F .A . )  ( 3 . 6 7 )  



3 . 3 . 7  HOT COAL-OIL NOZZLE TESTS 

T h e  p u r p o s e  o f  t h e s e  t e s t s  i s  t o  e s t a b l i s h  t h e  

r a n k i n g  o f  t h e  c a n d i d a t e  r n a t e r i z l s  by n o z z l e  t e s t s ,  

u s i n g  h o t  s y n f u e l  s l u r r y .  T h i s  w i l l  d e t e r m i n e  t h e  

e r o s i o n - c o r  r o s i o n  p r o p e r t i e s  of  t h e  c a n d i d a t e  s l u r r y  

pump m a t e r i a l s .  

T h e  s l u r r y '  u s e d  i n  t h e s e  t e s t s  was p r e p a r e d  f r o v  

T-102 bot toms ( s o l i d  a t  room ternperi;ilurc) o b t a i n e d  

f r o m  t h e  M i l s o n v i l l e  p i l o t  p l z n t .    he T-1UZ b o t t o ~ ~ s  

c o n t a i n e d  a b o u t  1 0  w t .  p c t .  s o l i d  which c o n s i s t s  of 

a s h ,  u n r e a c t e d  c o a l  e t c .  Tne  s o l i 6  T-102 w a s  f i r s t  

r e d u c e d  t o  - 1 4  m e s h  s i z e  i n  a j a w  c r ~ s h e r  a n d  a 

r o l l i n g  m i l l  a n d  t h e n  n i x e d  w i t h  5 0  t ~ t .  p c t .  

a n t h r a c e n e  t o  i m p r o v e  f l o w  c h a r a c t e r i s t i c s  i n  t h e  

n o z z l e  t e s t e r .  The s l u r r y  ~ i x t u r e  w t s  a o i t a t e d  i n  a 

r o l l i n g  d rum f o r  4 8  h o u r s  t o  i n s u r e  d i s s o l u t i o n  of  

t h e  o r g a n i c  c o n s t i t u e n t s  i n  t h e  ; n t f . ~ r a c e n e .  The  

u n d i s s o l v e d  a s h  p a r t i c l e s  were  n i p u s  3 2 5  mesh s i z e .  

A n o t h e r  s e t  o f  n o z z l e  t e s t s ,  u s i n g  h o t  s o l v e n t  

(V-1067) a n d  c o a l  s l u r r y ,  was o r i g i ~ a l l y  p l a n n e d ,  b u t  

w ~ s  n o t  c o m p l e t e d  s i~ . i ce  t h e  t c ~ t  r e s u l t s  f o r  T-102 

s l u r r y  were n o t  c o n s i s t e n t .  

The T-lQ2 s l u r r y  t e s t  c o n d i t i o n s  were :  

S l u r r y  T e m s e r a t u r e  : 500 d e g r e e s  F 

S l u r r y  V e l o c i t y  : 100 f t / s e c  & 150 ft/sec 

Impingement  Angle  : 20  d e g r e e s  

T e s t  D u r a t i o n  : 2 h o u r s  

Nominal S o l i d  C o n t e n t  : 5  w t .  p c t .  

P a r t i c l e  S ize  : minus  325  mesh 



Capaci ty  of T e s t e r  : 2 g a l l o n s  

The s l u r r y  was e s s e n t i a l l y  r ecyc l ed  dur ing  t e s t i n g .  

About 15  volume p e r c e n t  of t h e  s l u r r y  (0 .3  g a l l o n s )  

was r ep l aced  by f r e s h  s l u r r y  z f t e r  ezch of t h e  2-hour 

t e s t  t o  compensate f o r  t h e  deg rada t ion  of t h e  s l u r r y .  

The e r o s i o n  wear of t h e  specimens K E S  determiried by 

m e a s u r i n g  t h e  maximum ( 2  mz.x.1  and ave raae  (d avg . )  

d e p t h s  o f  t h e  c r a t e r s  g e n e r a t e 6  cr, t h e  s p e c i n e n  

s u r f a c e s .  These  c r a t e r  d e p t h s   re x e a s u r e d  f rom 

s u r f  a c e - p r o f i l o n e t e r  ( T a l y s ~ r f  1 . t r z c e s  t aken  through 

t h e  d e e p e s t  p o i n t  of t h e  c r z t e r . z . i o n 5  a G i r e c t i o n  

pe rpend icu l a r  t o  t h e  s l u r r y  j e t  d i r s c t i o r i .  F iqu re  43 

shows a  t y p i c a l  t r z c e  on t h e  f u l l y  harGened EC250. 
- G. 

T h e  s e n s i t i v i t y  o f  t h e  p r o f i i o n ~ t e r  i s  1 X l O  

i n c h e s ,  b u t  t h e  a c c u r a c y  i n  t h e  c r a t e r  C e p t h  

meascrement  i s  u s u a l l y  l i m i t e d  by t h ~  roughness a n d  

c u r v a t u r e  of t h e  r e f e r e n c e .  

W t s  and Di scus s ion  

The r e s u l t s  of t h e  ho t  s l u r r y  nozz le  t e s t s  ar'e g iven 

i n  T a b l e  9 .  The t e s t  nbmbers i n d i c a t e  t h e  sequence 

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

f a l l owinq  c o n c l u s i o n s  were made: 

1. S i l i c o n  c a r b i d e  showed e x t r e m e l y  h i g h  wear 

r e s i s t a n c e .  The wear was v i r t u a l l y  ze ro .  Th i s  

r e s u l t  is  no t  unexpected s i n c e  S i c ,  p a r t i c u l a r l y  

t h e  s i n t c r e d  g r a d e s ,  i s  one of t h e  more wear 

r e s i s t a n t  m a t e r i a l s  among ceramics .  Sand-water 

n o z z l e  t e s t s  ( a t  IR) , however, Zid no t  show Sic  

t o  be ex t remely  wear r e s i s t a n t .  The d i f f e r e n c e s  

i n  t h e  r e ~ u l t s  of  t h e  two t e s t s  a r e  p r o b a b l y  



Figure 4 3 :  Pruf'ilumetcr Trace T h r o u g h  The Deepest Point 
of  the  Crater  On A Fully Hardened H C  250 
Specimen. (Test  tl a t  100 f t / s e c )  



Test  M a t e r i a l  

* I )  HC250 (F.l-l.) 

2) MC250 (S .A . )  

3)  1503 

*4) HC250 (F.H.) 

5) E n t e c t i c  671 5 

6 )  S i c  

"7) 11C250 (F.11.) 

*8) tIC250 (F.1-I.) 

9 )  Boronized HC250 

"Basel ine t e s t s  
**Numbers i n s i d e  parenthes 

TABLE 9 

IIO'T COAL-OITJ TEST RESULTS 

20' 550'~. , 2 h r s  . & 501 T-102 -.2- - 

- - - 

i n d i c a t e  repeat  t e s t  data 

d niax cl ayg. 
10-3 in.  10- i n .  

d ni3x d as% 
10- i n .  . I C l -  i n .  



r e l a t e d  t o  t h e  d i f f e r e n c e s  i n  t h e  s e v e r i t y  o f  
t h e  e r o s i o n  c o n d i t i o n s .  S a n d - w a t e r  t e s t s  

e m p l o y e d  l a r g e r  a n d  h i g h e r  d e n s i t y  s a n d  

p a r t i c l e s  i n  G o t h  h i g h  v i s c o s i t y  a n Z  l o w  

v i s c o s i t y  m e d i u m .  I n  s a n d - w a t e r  t e s t s ,  a n  

i n c r e a s e  i n  v i s c o s i t y  a n d  b e c r e a s e  i n  s a n d  

p a r t i c l e  s i z e  r e d c l c e d  t h e  we6r  d e p t h  o f  S i c  

s i q n i f  i c a n t l y .  The  s m a l l e r  p a r t i c l e  s i z e  and 

l o w e r  p a r t i c l e  d e n s i t y  i n  t h e  h o t  s l ~ r r y  t e s t i n y  

may h a v e  r e d u c e d  t h e  v e z r  o f  E i C  t o  a n  a l r i ~ o s t  

n e g l i q i b l e  l e v e l .  T h e r e f c r e ,  one  c a n  c o n c l u d e  

t h a t  a s  t h e  s e v e r i t y  o f  t h e  impac t  c o n d i t i o n s  i s  

r e d u c e d ,  o r  t h e  k i n e t i c  e n e r g y  o f  t h e  i r ~ p a c t i n g  

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

a l s o  r e d u c e d .  I t  is p r o b a b l y  r e l z t e d  t o  t h e  

t r a n s i t i o n  i n  w e a r  n e c h e n i s ~ s  d u e  t o  v a r i c u s  

i m p a c t  c o n d i t i o n s .  Er  i t t l e  c e r z r i c  n e t e r i a l s  

o f t e n  e r o d e  a t  v e r y  low r a t e s  unde r  c o n d i t i o n s  

o f  d e f o r m a t i o n  w e a r ,  i . e . ,  c u t t i n s ,  p l o u y h i n g ,  

o r  f l a k i n g .  B u t ,  b e c a u s e  of  t h e i r  low f r a c t ~ i r e  

t o u q h n e s s ,  t h e y  can   rode b y  a seveh-t. b r i t t l e  

c h i p p i n ?  m e c h a n i s m  w h e n  t h e  i m p a c t  o o r i d i t i ~ n s  

a r e  s e v e r e .  

2 .  I n  g e n e r a l ,  d  a v g .  v a l u e s  a r e  . s l i g h t l y  s n a l l e r  

t h a n  d  m a x .  a n d  t h e  m a t e r i a l  r a n k i n q s  o b t a i n e d  

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

T h e r e f o r e ,  o n l y  d itlax. v a l u e s  a r e  u s e d  t o  

c a l c u l a t e  w e a r  r a t i o s  ( h l . R .  1 a n d  e s t a b l i s h  

m a t e r i a l  r a n k i n g .  T a b l e  1 0  shows t h e  c a l c u l a t e d  

w e a r  r a t i o s  u s i n g  HC250 (F.H.) a s  t h e  b a s e l i n e .  

I t  a l s o  s h o w s  r a n k i n g  o f  t h e  m a t e r i a l s  i n  

d e c r e a s i n g  o r d e r  o f  w e a r  r e s i s t a n c e  f o r  1 0 0  

f t / s e c  a n d  1 5 0  f t / s e c  v e l o c i t y .  A c o n p a r i s o n  of 



TABLE 1 0  

BATTELLE RANKINGS AND WEAR RATIOS 

N u m b e r s  j.nsi.de t l ~ c  parc:nthc?r,cs i . nd i . ca t e  w e a r  r a t i o s  

R a n k i n g  a t  1 0 0  f t / s e c  

1) S i l i c o n  . C a r b i d e  ( 0  

2  E u t e c t i c  6 7 1 5  ( 0 . 5 4 )  

3 )  11~250  (P.H. ~ 1 . 0 0 )  
4 )  B o r o n i z e d  1 1 ~ 2 5 0  ( 1 . 5 4 )  I 

5 )  1 5 0 3  ( 3  - 8 5 )  
I.IC250 A .  ( 3 . 0 5 )  

.----------.--- 

R a n k i n g  a t  1 5 0  f t / s e c  

1) S i l i c o n  C a r b i d e  ( 0 )  

2 )  E u t e c t i c  6 7 1 5  ( 0 . 8 3 )  
B o r o n i z e d  IlC250 ( 0 . 8 3 )  

3 )  1 - 1 ~ 2 5 0  ( S  .A. ) ( 0 . 9 6 )  

4 )  FlC250 I .  ( 1 . 0 0 )  

5 )  1 5 0 3  ( 2 . 3 2 )  

--- 



t h e  wear  r a t i o s  a t  two v e l o c i t i e s  shows t h z t  t h e  

r a n ' k i n g s  a r e  d i f f e r e n t  a t  t h e s e  ttro v e l o c i t i e s .  

T h e ,  HC250 ( S . A .  1 i s  t h e  W G ~ S ~  z a t e r i z l  ( 5 t h  

b e s t )  a t  1 0 0  f t / s e c  w i t h  t h e  \*?.I?. o f  3 . 8 5 ,  

w h e r e a s  i t  i s  t h e  3 r d  b e s t  r r , a t e r i e l  a t  1 5 0  

f t / s e c  w i t h  t h e  W . R .  o f  0 . 9 6 .  I n  s a n d - w a t e r  

n o z z l e  t e s t s ,  HC250 (S . A .  c o n s i s t e n t l y .  r anked  

6 t h  ( T a b l e  11). I t  Is  d i s t u r b i n ?  t o  n o t e  t h e t  

s e m i - a n r l e a l e d  HC250 w i t h  a  h a r e n e s s  of  450 SHE 

p e r f o r m e d  L e t t c r  o r  q u a 1  coT>.pare(i t o  t h e  f u l l y  

h a . r d e n e , d  .HC25O,  w i t h .  a h a r e n e s s  o f  600  BEN. 

T h i s  i s  c o n t r e r y  b o t h  t o  t h e  g e n e r a l  

u n d e r s t a n d i n g  o f  t h e  e r o s i o n  p r o c e s s  2nd t h e  

t e s t  r e s ~ l t s  r e p o r t e d  i n  ' t h e  l i t e r ~ t ~ r e .  

F u r t h e r ,  t h e  p i l o t  p l z n t  e x c e r i e n c e  i n d i c a t e d  

t h i t  z n n e a l i n g  o f  K C 2 5 0  r e d u c e s  e r o s i o n  

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

t h e  h . .ot  c o e l - o i l  s l u r r i 7  t e s t  i s  t h a t  t h e  

b o r o , n i r e d  WC250 i~ i ; h ~  4 t h  b e s t  m z . t e r i z l  a t  100  

f t / s e c  w i t h  a K . R .  o f  1 . 5 4 ,  w h e r e a s  it is  t h e  

2 n d  b e s t  a't 1 5 0  f t / n e c  v i t h  a wear  r a t i o  o f  

0 . 8 3 .  C o n t r a r y  t o  t h i s ,  i n  s a n d - w a t e r  n o z z l e  

t e s t s ,  b o r o n i z e d  B C 2 5 0  s h o w e C  v e r y  h i g h  

w e c r - r e s i s t a n c e ,  p a r t i c u l e r l y  i n  t h e  v i s c o u s  

b a n d , - w a t e r  Yest, '  w h e r e  t h e  wear was a l m o s t  ze ro  

(TahJp 11). Boron ized  c o a t i n g  is known t o  h a v e  

very h i g h  e r o s i o n  r e s i s t a n c e .  I t  i s  riuL c l c a r  

why t h e  b o r o n i z e d  H C  250 w i t h  a s u r f a c e  h a r d n e s s  

o f  1 8 0 0  Knopp w i l l  w e a r  50 pct f a s t e r  t h a n  t h e  

u n c o a t e d  HC250 w i t h  a  h a r d n e s s  of 6C0 E H N  a t  100  

f t / s e c  v e l o c i t y .  

Due t o  t h e s e  d i s c r e p a n c i e s ,  B a t t e l l e  d e c i d e d  t o  

r e - e v a l u a t e  t h e  t h r e e  t y p e s  of  ~ ~ 2 5 0  ( b o r o n i z e d ,  



. . .  
N u a b e r s  i n s i b e  t h e  p a r e n t h e s e s  i n d i c a t e  ,?ear . .  r a t i o s  . .  

. _  . , . .  . . . .  

I R  -!?ANKING -7 E ~ : ~  ;eiLe-L2Gk*ig 
L k i i L L Y i s m u  ~ S l u ~ x y L  -- 

I 1. , B o r o n i z e d  HC250 ( 0 )  t 1. S i l i c o n , C a r b i c e  ( 0 )  

. . I . . 

2 .  S i l i c o n  C a r b i d e  ( . t i 7 1  I 2 .  E u ~ e c t l c  6 7 1 5  ( 0 . 5 4 )  . 

3 .  E u t e c t i c  6 7 1 5  ( . t r y )  3 .  . i iC2SG ( 3 . 3 . )  (1. G O )  

. . , .  . . I 
4 .  H C ~ S O   if.^.) . ( 1 . ~ 0 j  i 4. 30rG.R1~'€0 HC2SU ( 1 . 5 4 )  

1 5 ;  1 5 0 3 . *  ., . 5 .  1.503 . .  ( 1 . 4 4 )  ( 3 . 8 5 )  

i 
6 .  HC250 ( S . A . )  ( 2 . 3 3 )  

7 .  HC250 ( F . A . 1  ( 2 . 6 7 )  
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f u l l y  h a r d e n e d  and  s e m i - a n n e a l e d )  e s  p a r t  of 

t h e i r  on-going sc r een ing  t z s t s  f o r  e v a l u a t i o n  of 

t h e  s l u r r y  l e t -down  v a l v e  ~ a t e r i e l s .  The t e s t  

s l u r r y ,  t e s t  c o n d i t i o n s  znd wezr dep ths  ob t a ined  

a r e  s u m m a r i z e d  i n  T a b l e  1 2 .  The ~ n l y  major  

d i f f e r e n c e  i n  t h e  t e s t  c o n d i t i o n s  i s  t h e  h igher  

j e t  v e l o c i t y  (330 f t / s e c ) .  The re fo re ,  t h e  weer 

d e p t h s  w e r e  h i g h e r .  The r a n k i n g  of t h e  t h r e e  

m a k c r i a l s  was v e r y  d i f f e r e n t  f r c n  t h e  ranking 

f o r  100  f t / s e c ,  bu t  very  s i m i l a r  t c  t h e  ranking 

f o r  1 5 0  f t / s e c .  . B o r o n i z e d  I I C 2 5 0  showed t h e  

. h i g h e s t  wear  r e s i s t a n c e  w i t h  . a  i . 7 . R .  of 0 . 3 5 .  

H o w e v e r ,  s e m i - a n n e z l e d  n a t e r l a l  s h o w e d  

s i g n i f i c a n t l y  b e t t e r  wezr r e s i s t a n c e  (\<.It. = 

0 . 6 2 )  t h a n  f u l l y  h a r d e n e e  E C Z S O .  I t  i s  n o t  

c l e a r  why a materiel when annealed t o  e 150 B H N  

l o w e r  h a r d n e s s  will S e c o n e  4 0 s  c o r e  w e z r  

r e s i s t ~ n t . :  B u t ,  i t  i s  i n t e r e s t i n g  t o  no t e  t h a t  

t h e  s e n i - a n n e a l e d  KC250 r r ~ a t ' e r  i a l  became  

p r o g r e s s i v p : l  y b e t t e ~  t h e n  f u l l y  h a r d e n e d  PC250 

a s  t h e  j e t  v e l o c i t y  wes i n c r e a s e d  a s  show11 

.. below: 

T h i s  was n o t  t h e  c a s e  i n  sand-water t e s t s ,  Ghere 

t h e  w e a r  r a t i o s  w e r e  v e r y  s i m i l a r ,  a s  shown 

below: 

Y e l o c i t v  - ( f t / s e c )  

100 



TABLE 1 2  - 

EVALUATION OF HC250 IilATERIALS IN TEE . - 

BATTELLE SCREENING TESTS. 

S l  u r r y  SRC i- 75 !.Jt. P c t .  Anthrace;ie 

Tei2perature 550' F . 
I n p i  ngement Angl e 20' 

J e t  V e l o c i t y  330 f t / s e c .  

T e s t  D u r a t i o n  1 hour  

i ~ i a t e r i a l  

Boron i  zed HC250 

~ C 2 5 0  (S.A.)  

HC250 (F.H.)  

d max ( i ~ - ~ i n . )  I !!ear % t i 0  ! , 

22.6 1 0 .35 

40.0 I 0.62 

€4.6 1 1 - 0 0  
- 



3 .  The t e s t  r e s u l t s  a p p e a r  t o  have l s r g e  s c z t t e r .  

The b a s e l i n e  m a t e r i a l '  HC250 ( F . H . )  was t e s t e d  

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

d e t e r m i n e  t h e  c o n s i s t e n c y  of t h e  t e s t s  and/or 

d e g r z d a t i o n  of t h e  s l u r r y .  

The riaximum wear d e p t h s  ob t a ined  i n  t h e  ' o r ~ e r  of 

t e s t i n g  a r e :  

T ~ O  r e s u l t s ,  0 . 7 1 "  d e p t h  f o r  i G O  f t / s e c  and  

0 . 6 5 "  d e p t h  f o r  150 f t / s e c ,  were r e j e c t e z  s i n c e  

i t  wcs s u s p e c t e d  t h a t  t h e  s l u r r y  flow w 6 s  n o t  

c s n s i e f e n t  d u r i n g  t h e s e  1i.o t e s t s .  S t i l l ,  t h e  

s c a t t e r  is  l a r g e ,  a s  c a l c u l a t e d  below: 

100 f t / ~ e c - 5 0 %  betwe-en t h e  max. and m i n .  d e p t h s  

150 f t / s e c - 6 7 %  between the max. and n i n .  dep ths  

4 .  T h e  w e a r  a n d  v e l o c i t y  r e l a t i c n s h i p s  w e r e  

c a l c u l a t e d  and t h e  v e l o c i t y  exponents  a r e :  

Boronized HC250 0  

S i l i c o n  Carbide  Not ~ ~ i l i c a b l e  

E u t e c t i c  6715 2.60 



~t i s  s u r p r i s i n g  t o  n o t e  t h s t  t h e  E C ~ S O  ( s .A . )  

P r o d u c e d  a  n e g a t i v e  e x p o n e n t ;  b o r o n i z e d  5C250 - 
p r o d u c e d  0 e x p o n e n t  a n d  1 5 0 3  p r o d l i c e <  a n  

e x p o n e n t  l e s s  t h a n ' o n e .  

I n  a n  e f f o r t  t o  e x p l t i n  t h e s e  d i s c r e p a n c i e s  it' was 

d e c i d e d  t o  m e a s u r e  v i s c o s i t y  a n d  s o l i d  f r k c t i o n  on  

t h r e e  s l u r r y  s a m p l e s ,  t a k e n  d u r i n g  t h e  c o u r s e  of  t h e  

t e s t s .  U n f . o r t u n a t e l y .  no d e f i n i t e  Bner+er . .  was f o u n d ,  

s i n c e  b o t h  v i s c o , s i t y  a n d  s o l i e  c o r . c s n t r a t i o n s  were  

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

T h e  v i s c o s i t y  of  the t e s t "  s l u r r y  was b e t $ u r e d  i n  a  

B r o o k e f i e l d  r o t a t i n g  s p i n d l e  v i s c o m e t e r . .  A s h e a r  

r a t e  o f  f o u r  p e r  s e c o n d  wss used  ( S p i n d l e  $ 4  a t  1 0 0  

rpm)  2 n d  t h e  tests were run  a t  t e m p e r c t ' u r e s  c l o s e  t o  
550  d e g r e e s  F .  T h e  v i s c o s i t y  d i d  n o t  c ' h a n g e  v e r y  
much d u r i n g  t h e  t e s t  a s  shown be lo i? :  

S l u r r y  Sample Temp. Mean 

D e g r e e s  ' V i s c o s i t y  

I n i t i a l  F r e s h  S l u r r y  .5 3 4 4 8 . 8  

E l u r r y  After Test  #7 (100 f t / s e c )  ' 5 4 3  ( ,  ' 46.8 

S l u r r y  A f t e r  T e s t  " 1 5  (100  f t / s e c )  5-11' 40.0 

T h e  s o l i d  c o n . c e n t r a t i o n s  i n  t h e  t e s t  s l u r r y  were 
d e t e r m i n e d  b y  a  S o x h l e t  e x t r a c t i o n  t e c h n i q u e  u s i n g  

- 

p y r i d i n e  a s  t h e  s o l v e n t .  T h e r e  was a smell v a r i a t i o n  

i n  t h e  s o l i d  c o n c e n t r a t i o n  d u r i n g  t h e .  t e s t  a s  shown 

below: . . .  
. .  , 



S l u r  r v  Sample  K t  . PC t . _ l _ n s o l ~ k ~ . k S  
I n i t i a l  F r e s h  S l u r r y  5 . 3 5  

S l u r r y  A f t e r  T e s t  $ 7  (100  f t / s e c )  3 . 9 9  

S l u r r y  A f t e r  T e s t  P15 (100  f t / s e c )  4 . 5 4  

T h e  N i l s o n v i l l e  p l a n t  d a t a  showed t h a t  t h e  w t .  p c t .  

o f  t h e  i n s o l u b l e s  i n  t h e  T-102 b o t t o n s  s a z p l e  was 

o n l y  1 0 .  T h e r e f o r e ,  a 5 0 %  d i l u t i o n  w o u l d  p r o d u c e  

? b o u t  5 %  s o l i d  c o n c e n t r a t i o n  a s  o b t a i n e d  i n  t h i s  

.anelysi s. I n  t h e  SRC p r o c e s s ,  t h e  i n s o l u b l e s  ir. t h e  

T -102  b o t t o n s  n o r m a l l y  v a r y  f rom 10  t o  2 5 % .  



The o b j e c t i v e  of t h e  new a l l o y  work i s  t o  develop a  

new pump a l l o y  t h a t  i s  more e r o s i o n  r e s i s t a n t  than  

f u l l y  hardened HC250 f o r  synfuel  s l u r r y  a p p l i c a t i o n .  
This  work is being c a r r i e d  out i n  t h e  I R  experimental  

c a s t i n g  l z b ,  using a  75 KW-50 pound a e l t i n g  furnace.  

The IR labora tory  c a s t i n g  f a c i l i t y  c o n ~ i s t s  of a  high 
f r e q u e n c y  7 5  K W ,  3000 H Z  s o l i d  s t a t e  i n d u c t i o n  
m e l t i n g  power s u p p l y  w i t h  c 5 0  pound h a n d - t i l t  type 

furnace and Kg0 c r u c i b l e  ( see  Fiqures  4 4  and 4 5 ) .  An 

e l e c t r i c  winch with a remote c o n t r o l  is used t o  tilt 
t h e  furnace f o r  pouring. 

T e s t  b l o c k s  of 4' x 4' x 1 .5"  d imensicns  a r e  being 
c a s t  f o r  t h e  experircentzl e l l o y s .  Sand molding w i t h  

a  no-bake  b i n d e r  system is  use& f o r  c a s t i n g  t e s t  
blocks.  The sand n i x  c o n s i s t s  of :  

Sand - Foundry qra4e of 45 AFS number 

Binder - Linocure AW (1.5 w t .  pc t  . of sand) 
C a t a l y s t  - Linocure C ( 2 0  w t .  p c t .  of Linocure 

AW) 

The sand, binder  and c a t a l y s t  a r e  nixed i n  a  30  pound 
c a p a c i t y  Sampson Lab Mul ler  f o r  a b o u t  1 0  m i n u t e s  
b e f o r e  making t h e  mold .  The mold c u r e  t i m e  was 

e s t a b l i s h e d  a t  about one hour. 

High p u r i t y  0.08 pc t .  carbon s t e e l  punchings a r e  used 

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

? e r r o a l l o y s  a f t e r  melt-down of t h e  base  charge .  



Figure  44 : Cast ing Laboratory Showing Power Supply and Furnace 



Casting Laboratory Showing Molds and ,Furnace Figure 45: 



G r a p h i t e  i s  a d d e d  t o  i n c r e a s e  t h e  carbon l e v e l .  
A f t e r  a l l  t h e  a l l o y i n g  a d d i t i o n s  a r e  made, me ta l  

t e m p e r a t u r e  i s  r e c o r d e d  a n d  f r e e z e  p o i n t  i s  
d e t e r m i n e d .  P o u r i n g  is  done a t  about 200 degrees E' 

superhea t  and s p e c t r o  a n a l y s i s  samples a r e  taken j u s t  
b e f o r e  pouring. 

C h e m i c a l  a n a l y s i s ,  m i c r o s t r u c t u r a l  a n a l y s i s  and 
hardness  s tudy a r e  done f o r  each c a s t i n g .  The nozz le  
t e s t i n g  i a  done  o n l y  when t h e  ahnvc a n a l y ~ e s  a r p  

s a t i s f a c t o r y .  

Two b a s i c  approaches were taken: 

1) Higher chrome 0 3 0  pct  . I  i r o n  

2)  Hiyh plios-high chrone iron 

I n  HC250, t h e  chrome l e v e l  is  26  t o  2 8  percent  and 

t h e  m i c r o s t r u c t u r e  c o n t a i n s  massive primary r a r b i d e s  

i n  a  mat r ix  of f i n e  secondary ca rb ides  and mar tens i t e  

w i t h  o r  w i t h o u t  some a u s t e n f t e .  The approach waulil 

b e  t o  i n c r e a s e  t h e  amount o f  p r i m a r y  c a r b i d e s  by 

a b o u t  1 0  v o l .  p e t .  ( f rom 35 v o l ,  pct. t o  45  v o l .  

p c t . )  by i n c r e a s i n g  t h e  chrome l e v e l .  However, a  
h i g h e r  chrome l e v e l  t e n d s  t o  s t a b i l i z e  a  f e r r i t i c  
m a t r i x  which i s  i n f e r i o r  t o  a  m a r t e n s i t i c  m a t r i x ,  
with regard t o  e ros ion  r e s i s t a n c e .  Therefore,  o t h e r  
a l l o y i n g  a d d i t i o n s  would have t o  be made t o  form a  
m a r t e n s i t i c  mat r ix .  

For h i g h  phos-high chrome i r o n ,  pre l iminary  a t tempts  
were made t o  forrri mass ive  chromium c a r b i d e s  i n  a  

p r e d o m i n a t e l y  s t e a d i t e  matr ix .  S t e a d i t e  c o n s i s t s  of 

i r o n  p h o s f i d e ,  i r o n  c a r b i d e  and p e a r l i t e  and /o r  



f e r r i t e .  I r o n  phosf  i d e  and i r o n  c .erbide  ma t r ix  i s  
e x p e c t e d  t o  make t h e  a l l o y  h i g h l y  e r o s i o n  r e s i s t a n t .  

The p r e s e n c e  of chrome w i l l  a l s o  p r o v i d e  c o r r o s i o n  

r e s i s t a n c e  t o  t h e  a l l o y .  Two fo rmula t i ons  were c a s t  

and ana lyzed .  , 



3 .3 .9  DISCUSSION AND MATERIALS SELECTIQJ FOR PIL.OT SCALE 

PUtl.2 

A c o m p a r i s o n  o f  m a t e r i a l s  r a n k i n a  o b t a i n e d  w i t h  

s a n d - w a t e r ,  v i s c o u s  sand-wa te r  a n d  c o a l - o i l  s l u r r i e s  

( a t  1 0 0  f t / s e c )  i s  shown i n  T a b l e  1 3 .  For  sand-wziter 

t e s t s  t h e r e  i s  a  d i r e c t  c o r r e l a t i o n  b e t w e e n  t h e  

h a r d n e s s  o f  t h e  m a t e r i z l s  a n d  t h e i r  e r o s i o n  

r e s i s t a n c e ,  a s  shown be low i n  t h e  o r d e r  of d e c r e e s i n g  

w e a r  r e s i s t a n c e  ( t h e  h a r d n e s s  o f  S ~ C  c o u l d  n o t  b e  

d e t e r m i n e d  due  t o  i t s  p o r o u s  s t r u c t u r e ) :  

h t e r  1 6 1  H a r d n e s s  

1) B o r o n i z e d  HC250 

2 )  E u t e c t i c  6715  

3 )  S i c  

4 )  1 5 0 3  

5 )  HC250 (F.H.) 

6) HC250 (S.A.) 

7 )  IIC250 ( P i A . 1  

1 8 0 0  K'noop 

750 BHN 

Could n o t  b e  2e t e r r ; ; i ned  

650 B H N  

6 0 0  BHrj  

450 B H N  

350 BHM . 

A q u a n t i t a t i v e  c o r r e l a t i o n  be tween  t h e  h a r d n e s s  and  

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

V i s c o u s  s a n d - w a t e r  t e s t  r e s u l t s  a l s o  show t h e  same 

c o r r e l a t i o n  w i t h  t h e  o n l y  e x c e p t i o n  of  1503  w h i c h - i s  

5 0  B H N  h a r d e r ,  b u t  s h o w s  a  p o o r e r  w e a r  resistance 

t h a n  H C 2 5 0  ( F . H . ) .  T h e  h o t  c o a l - o i l  r e s u l t s ,  

howevef, do n o t  show any s u c h  c o r r c l a t i u n .  

I n  a n y  s l u r r y  e r o s i o n  t e s t ,  t h e  e r o s i o n  r a t e  d o e s  n o t  

r e m a i n  c o n s t a n t ;  t h e  r a t e  decreases  i n  t h e  heg inn in r j  

a n d  t h e n  t e n d s  ' t o  s t a b i l i z e  a f t e r  a  p e r i o d  o f  t i m e .  

T h i s  " s a t u r a t i o n  e f f e c t n  i s  i m p o r t a n t  when a  v e r y  



I 

IR .sand-Water 

1) Boronized HC250 

, . .: 

2 )  . ~ u t 6 c t i . c  67:l.S . ' 

. , 

3:) .sic . . . 

4 )  '150.3 . :  
. . 

. , 

5 . ), . . I I C . ~  5 0 (.F -11 . ) 
. . 

, . 

, G ) '  1IC250 ( S . A . )  : .  

7 )  [IC250 3 F . A . )  
. . I 

- 

111 Viscous S a n d - W a t e r  

1) D o r o n i z e d  I.IC250 

2 )  Sic 

3 )  Eutect:ic 6715  

4 )  liC:250 (F.11.) 

5 )  1503 

B a t t e l l c  T -102  
( 1 0  0  I?.t/Sc.:c j 

1) S i c  
. . 

. . . ,  . , 

2 )  . l 7 .u t e&ic6715 .  
. . . . . . 

. ., , 

. . 

, 3 )  , 11~250.  ;(F'".l!:) . ' .  , .  

, . 

. . 

I )  Doronizili 'l lic,:!l;O ' 

. . 

: 3 ) '  1 5 0 3  ..'.':. : . . . 

G )  l rC250  ( S . A . )  

7 )  1 1 ~ 2 5 0  ( J ? . A . )  
.--.. .-.-.------- -.------ 



. . 
s m a l l  m a t e r i a l  t h i c k n e s s  i s  removed f rom t h e  spec imen 

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

t h i c k n e s s  r e m o v e d  w a s  v e r y  s m a l l ,  c o n s i d e r a b l y  

s m a l l e r  t h a n  i n  s a n d - w a t e r  t e s t s .  I t  is  n o t  known 

how much e f f e c t  t h i s  " i n i t i a l  e r o s i o n  r a t e "  had on 

t h e  " o v e r a l l  e r o s i o n  r a t e n ,  S i n c e  t h e  e r o s i o n  d e p t h  

was n o t  d e t e r m i n e d  a s  a  f u n c t i o n  of  t ime,  

T h e  s e l e C t i u r i  of  m a t e r i a l C s )  f o r  t h e  p r o t o t y p e  p i l o t  

s c a l e  pump \?as made on  t h c  basis n f  s a n d - w a t e r  t e s t s .  

B o t h  s a n d - w a t e r '  an6 v i s c o u s  sand-wa te r  t e s t s  showed 

t h e  s a m e  t h r e e  b e s t  m a t e r i a l s - b o r o n i z e d  HC250, 

E u t e c t i c  , 6 7 1 5  and S i c .  T h e r m l  shock  r e s i s t a n c e  i's a 
p r i ~ a r y  c o n s i d e r a t i o n  f o r  t h e  s t r u c t u r a l  m a t e r i a l s  

f o r  s y n f u e l  s l u r r y  p u m p s .  I a p a c t  r e s i s t a c c e  o r  
t o u g h n e s s  i s  a l s o  a n  i m p o r t a n t  c o n s i d e r a t i o n ,  Both 

t h e s e  p r o p e r t i e s  a r e  v e r y  p o o r  i n  Sic a n d  have  n o t  

b e e n  d e t e r r i ~ i n e d .  T h e r e f o r e ,  o n l y  b o r o n i z e d  HC250 and 

E u t e c t i c  6 / I 5  h a v e  b e e n  s e l e c t e d  f o r  t h e  t e s t  pump. 

HC250 w i l l  b e  u s e d  a s  t h e  s t r u c t u r a l  a l l o y  s i n c e  it 

h a s  b c c n  u s e d  . in  t11e p i l o t  p l a n t s ,  and  i t  is one of 

t h e  b e s t  pump a l l o y s  f o r  w a t e r - b a s e  s l u r r y  s e r v i c e s .  

F u r t h e r m o r e ,  i t  i s  a l s o  c o r r o s i o n  r e s i s t a n t  due t o  

i t s  h i g h  c h r o m e  level, HC 250 w i l l  b e  u sed  i n  t h e  

f u l l y  i i a r d e n c d  c o n d i t j n n s  and  it is recommended t h a t  

t h c  t h e r r n ~ . l  shock r e s i s t a n c e  o f  HC250 b e  examined i n  

t h r e e  d i f f e r e n t  h e a t  t r e a t e d  c o n d i t i o n s  -- f u l l y  

h a r d e n e d ,  s e m i - a n n e a l e d  and  f u l l y  a n n e a l e d .  I n  t h e s e  

t e s t s ,  t h e  maximum h e a t i n g  a n d  c o o l i n g  r a t e  of HC250 
i n  t h e s e  t h r e e  c o n d i t i o n s  s h o u l d  b e  e s t a b l i s h e d .  

A l t h o u g h  s e m i - a n n e a l e d  and  f u l l y  a n n e a l e d  HC250 w i l l  

n o t  b e  e v a l u a t e d  i n  t h e  t e s t  pump, t h e  l i f e  of  t h e ~ e  

pumps c a n  b e  e s t i m a t e d  f r o m  t h e  l i f e  o f  t h e  f u l l y  

h a r d e n e d  t e s t  pump b y  u s i r ? ?  t h e i r  r e l a t i v e  w e a r  



r a t ' $ o s ~ ' e s t ~ b l i s h e d  i n  t h e  n o z z l e  t e s t s .  
: . . . . . 

  he w e l d ' . d . e p o s i t i o n  o f . E . u t e c t i c  6 7 1 5  o n  H C  250  

r ' e ' 6 u i r . e ~  a n  i n t e r m e d i a t e  l a y e r  of  c a r b o n  s t e e l  weld 

d e p o s i . t i o ' n  t o .  r e d u c e  c r a c k i n g  o f  t h , e  we12 d e p o s i t .  

~.ri :  t h 6  ' ' ~ ? . i l s . o n v i l l e  p l a n t ,  t h i s  t y p e  o f  w e l d  

d e p o s i t i o n  h a s  b e e n . s u c c e s s f u l l y  made i n  HC250 puinps. 

E u t e c t i c  6 7 1 5  w i l l  b e  u s e d  o n l y  i n  t h e  v o l u t e  c u t  

G a t e r  a i e a  t o  . a ,  t . h i c k n e s s  o f  a b o u t  0 .050" .  
. ,  . 

7 .  , . 

S ~ * r Y a c c  b o r o n i z i n g  i s  a  d i f f u s i o n - t y p e  c o a t i n g  and  it 

can*  b e  a p p l i e d  u n i f o r m l y  o v e r  t h e  e n t i r e  s u r f a c e  of  

n e a ' r -  ... f i . n ' : i s h e d  p u m p  c o m p o n e n t s .  I t  i s  n o t  a  

l ~ n : e . - o : x . - . s i g h . t ~ ~ p r o c e s s .  S u r f a c e  b o r o r \ . i z i n g .  o f  t h e  

te:st  s p , e c i m e n s  was d o n e  by  a  p r o p r i e t a r y  p r o c e s s  

o'.ev.e'lape.d b,y M a t e r i a l s  D e v e l o p m e n t  C o r p o r a t i o n  a t  

M e d f o r d , : M a s s a c h u s e t t s .  T h e i r  e x p e r i n e n t s  r e v e a l e d  

t h a t  ' t h e  ,maximum d i f f u s e d  c a s e  t h i c k n e s s  on a  HC250 

s . u b s . t r a t e ,  was.  o f  t h e  o r d e r  o f  0 . 0 0 1 5 "  beyond. which 

t h e : . .  ; c . o ' a t . i ng  t e n d s  ' t o  d e v ' e l o p  c r a c k s .  F u r t h e r  

e x p e r i m e n t s  ' s h o u l d  b e  d o n e  t o  s t u d y  i f  a  d e e p e r  

di . f . : f .used c a s e  c a n  b e .  a c h i e v e d  by u s i n g  l o w e r  chrome 

a l . l . o y s  s u c h  a s  15-03 o r  Ni -Hard  i r o n .  A l l  t h e  w e t  

p a r t s  o f  t h e .  t e s t  pump w i l l  b e  s u r f a c e d  b o r o n i z e d  t o  

a.. 0.. ..a. 0.15'!...depth, . 
> .  . .  * .  +. .: . . .' 
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PROTOTYPE PC'fiLTEST-m-1 

The p i l o t  s c a l e  p r o t o t y p e  Funp t e s t  f a c i l i t y  shown i n  

F i g u r e  46  is  d e s i g n e d  t o  e v a l u a t e  pumps on sand-wa te r  

s l u r r y  w i t h  f l o w s  up t o  300 GP6 and h e a d s  up  t c  300 

f e e t .  Two pumps c a n  be t e s t e d  i n  s e r i e s  s i n u l t a -  

r ieous ly  t o  d i r e c t l y  compare p e r f o r n e n c e  and  wear 

c h a r a c t e r i s t i c s . f o r  d i f f e r r e n t  d e s i q n s  o r  1 ~ i Z t e r i e l s .  

C e n t r i f u y z l  es  w e l l  a s  o t h e r  t y p e s  of pumps can  

r e a d i l y  b e  t e s t e d  i1.1 t h i s  f ~ c i l i t y .  ' r h s  i n s t c l l e d  , 

t e s t  pump motor  is  r a t e d  f o r  200 hp  and 3550 rp? .  

T h i s  motor  i s  ' u s e d  t o  Zr i v e  two c e n t r i f u g a l  pumps 

u s i n g  b e l t  d r i v e s .  A p h o t o g r z p h  of t h e  t e s t  bed-  

f r a r i e  is  shown ir! F i g u r e  4 7 .  The l o o p  i s  d e s i g ~ e d  t o  

h a n d l e  s l u r r y  c o n c e n t r s t i o n s  .up t o  40% Sy w e i q h t .  I t  

i s  a l s o  p o s s i b l e  t o  t e s t  c t  h i g h e r  v i s c o s i k i e s  

t h r o c g h  t h e  u s e  o f  a d d i t i v e  s u c h  e s  sodium c z r b o x i  

m e t h y l  c e l l c l o s e  (SMCM) , which i n c r e a s e s  t h e  

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

u s e d  t h r o u g h o u t  t h e  s l u r r y  p i p i n g  t o  mi r : i n i ze  s l u r r y  

e r o s i o n  nf Ll~e p ipe  c o n n c c t i o n s  a n d  f f t t i n y ~ ,  and  

f a c i l i t a t e  r z p i 6  r e p l a c e n e n t  o f  worn s e c t i o n s  of  t h e  

l o o p .  The s l u r r y  p i p e  l i n e s  a r e  3 i n c h  s c h e d u l e  80 

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

s c t . t . l i n g .  A rnaj0rjY.y o f  t h e  t e s t s  a r e  p l z n n e d  w i t h  

100 mesh f o u n d r y  a r a d e  sand..  The s a n d  p a r t i c l e s  

breakdown d u r i n g  t e s t i n g ,  s o  p e r i o d i c  r e p l a c e m e n t  of  

t h e  s l u r r y  i s  n e c e s s a r y  t o  m a i n t a i n  r e l a t i v e l y  

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

a l s o  b e  m o n i t o r e d  p e r i o d i c a l l y  and  a d j u s t e i  a s  

r e q u i r e d .  The s l u r r y  c o n c e n t r a t i o n  w i l l  d e c r e a s e  

s l o w l y  a s  pump s e a l  w a t e r  l e a k s  i n t o  t h e  s y s t e m .  

C l e a n  w a t e r  f rom t h e  c y c l o n e  o v e r f l o w  i s  p e r i o d i c a l l y  

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

c o n c e n t r a t i o n .  The c o o l i n g  s y s t e m  r e j e c t s  h e a t  t o  

t h e  a t m o s p h e r e  w i t h  a  d e s i g n  c a p c i t y  o f  1 3 5 ' h p  





Figure 4 7  : Pump Test BED Frame 



assuming a  6 5  degree F .  ambient temperature.  A l l  

p rocess  parameters w i l l  be cont inuously monitored and 

recorded on a  s t r i p  c h a r t  by a  3 0  channel 

programmable da ta  logger .  The data  logger has an 

a larm/re lay  system t h a t  can automat ica l ly  t r i g g e r  a  

shutdown procedure i f  any parameter exceeds the  value 
of t h e  l i m i t s  ~rogranmed i n t o  t h e  logger ,  T h i s  

a l lows t h e  loop t o  be s e t  up f o r  24  hour unattended 

opera t ion .  The t e s t  pumps w i l l  be monitored f o r  

i n l e t  and d ischarge  p ressu res ,  rpn and torque.  
S l u r r y  temperature w i l l  z l s o  be monitored t o  insure  

proper opera t ion  of the  cooi ing system. 

A schematic of t h e  t e s t  system is  shown in  Ficure  48 .  

Each component i n  t h e  loop will be r e f e r r e d  t o  by i t s  

i d e n t i f i c a t i o n  number. The 6 e t a i l e d  i n f o r n a t i o n  on 

major equipment i s  presented i n  Appendix D. D e t a i l s  
of t h e  piping conf igura t ion  a r e  shown i n  Figures  4 9  

and 50.  The s l u r r y  mixing tank has  a 1 5 0 0  g a l l o n  

br im-ful l  c a p a c i t y .  The t a n k  is 7 f e e t  i n  diameter 
and has  four  7-inch wide b a f f l e s  spaced 90 degrees 
a p a r t .  The s l u r r y  tank a s  we l l  a s  a genera l  view of 
t h e  p ip ing  is shown in  Figure  51. An a g i t a t o r ,  M3, 
is  used t o  keep t h e  s l u r r y  in  suspension. The 
a g i t a t o r -  is  manufactured by Ph i l ade lph ia  Gear 

Corporat ion,  who performed a  l a b o r a t o r y  s imula t ion  i n  
o rde r  t o  determine t h e  proper design.  A 40 per cen t  

sand/water s l u r r y  was evalua ted  i n  a  sca led  down tank 
t h a t  is geometr ica l ly  s i m i l a r  t o  t h e  one used i n  t h e  

loop. The s l u r r y  e x i t s  through t h e  bottom of t h e  
mixing tank .  A Clarkson KGA knife-gate  va lve ,  Sl, is 

used f o r  on/off flow c o n t r o l .  ~ l l  s l u r r y  va lves  a r e  

pneumatical ly  ac tua ted .  



Fiaure 48: T e s t  Svstem Schematic 







The s l u r r y  t h e n  goes  t o  t h e  boos t e r  pump, M2. t h i s  
is a  Warman rubber - l ined  s l u r r y  pump r a t e d  f o r  500 

gpm a t  80 f e e t  of head. The pump is s i n g l e  speed,  

b e l t  d r i v e n  us ing  a  30 hp motor. Approximately 300 

gpm of s l u r r y  goes  through a  Clarkson B s l u r r y  va lve ,  

S3, and e n t e r s  t h e  t e s t  s e c t i o n  of t h e  loop.  Two 

pumps a r e  connected i n  s e r i e s  s o  t h a t  t h e y  pump t h e  

i d e n t i c a l  s l u r r y  a l lowing  d i r e c t  performance 
comparison. The head i s  broken down a f t e r  each pump 

us ing  f i x e d  o r i f i c e  p l a t e s ,  H B D l  and HBDZr and 

Clarkson  C s l u r r y  v a l v e s ,  S 5  and S6, a r e  used f o r  
f i n a l  tr im adjus tment .  The f i x e d  o r i f i c e  p l a t e s  a r e  

s o l i d  t u n g s t e n  c a r b i d e  d r i l l  bushings  f i t t e d  i n t o  
carbon  s t e e l  housings .  

The s l u r r y  e x i t s  t h e  t e s t  s e c t i c n  and r e t u r n s  t o  t h e  
s l u r r y  mixing tank  th rough  a Clzrkson KGA kn i f e -gs t e  

va lve ,  S7,  A d i v e r t e r  va lve  is l o c a t e d  ebove t h e  
s l u r r y  t a n k .  T h i s  va lve  is  a l s o  pneumat ica l ly  
a c t u a t e d  and e i t h e r  a l l ows  t h e  s l u r r y ' t o  r e t u r n  t o  
t h e  tank  d i r e c t l y ,  o r  d i v e r t s  it t o  t h e  weigh hopper, 

T3, The weigh hopper measures t h e  weight of a . g i v e n  
s l u r r y  volume t o  de te rmine  the sand c o n c e n t r a t i o n .  A 

DeZurick b u t t e r f l y  va lve  on t h e  botom of t h e  hopper 

a l l ows  t h e  sample t o  be r e tu rned  t o  t h e  s l u r r y  tank .  
I n  o r d e r  t o  dump s l u r r y  t o  t h e  o u t s i d e  p i t ,  T4, t h e  
Clarkson KGA v a l v e ,  S8, and/or t h e  Clarkson B va lve ,  
S9, can be opened. 

The a d d i t i o n a l  200 gpm of s l u r r y  from t h e  boos t e r  
pump goes  th rough  a  Clarkson B v a l v e ,  S2r and t b  a 
cyc lone  s e p a r a t o r .  The cyc lone  is manuf a c t u r  red by 

Krebs Engineers .  I t  has  a 1 0  i nch  d i ame te r  and is 
r a t e d  f o r  260 gpm s l u r r y  feed  up t o  40% by weight.  



f igure 51 : General View O f  Sl u r r y  Tank and P i  p i n g  



The p r e d i c t e d  overf low is  120 gpm wi th  100% recovery  
down t o  150  mesh. T h e  cyc lone  r e q u i r e s  a  20-25 p s i  

p r e s s u r e  d rop  f o r  proper  c p e r a t i o n .  

The overf low is s e n t  th rough  a  h e a t  exchanger t o  be 

cooled and is  then  r e t u r n e d  t o  t h e  s l u r r y  mixing 
t a n k .  The h e a t  exchanger s e l e c t e d  is an Alfa-Lava1 

s p i r a l  h e a t  exchanger.  T h i s  equipment i s  capab le  of 
handl ing  s o l i d s  w i thou t  p lugging  and f e a t u r e s  t h i c k -  
wal led c o n s t r u c t i o n  t o  ex tend  l i f e .  While s h e l l  and 
t u b e  exchangers  were c o n s i d e r e d ,  it was f e l t  t h a t  
t h e y  were prone t o  plugging du r ing  t r a n s i e n t  o r  u p s e t  

c o n d i t i o n s  when a p p r e c i a b l e  s o l i d s  a r e  i n  t h e  over- 
f low of t h e  cyclone.  S h e l l  and tube  exchangers  e r e  : 

a l s c  ha rde r  t o  c l e a n  o u t .  The c o l d  s i d e  of t h e  
exchanger is connected t o  z c l o s e d  50% e t h y l e n e  

g l y c o l  loop.  The e t h y l e n e  g l y c o l  is cooled  i n  an 
O & H  Manufacturing v e r t i c a l  c o o l e r .  The c o o l e r  is a 
fan-dr iven r a d i a t o r  wi th  d i r e c t  d r i v e  motor. The 
f l u i d  i s  c i r c u l a t e 6  i n  t h i s  c l o s e d  l o o p  by an I-R 
3 x 3 ~ 5  SMP c e n t r i f u g a l  pump r a t e d  f o r  220 gpm a t  45 

f e e t  ahead.  A g lobe  v a l v e ,  W8, is used t o  t h r o t t l e  
t h i s  pump t o  des ign  c o n d i t i o n s .  The e t h y l e n e  g l y c o l  
t empera tu re  ranges  from 90-94 deg rees  F .  and t h e  
s l u r r y  t empera tu re  ranges  from 125-130 d e g r e e s  F.  

The coo l ing  system is  des igned  f o r  a h e a t  r e j e c t i o n  
c a p a c i t y  of 135 hp. 

WATER- 

Whenever s l u r r y  o p e r a t i o n  is suspended,  wate r  w i l l  be  

used t o  immediately f l u s h  t h e  system t o  p r e v e n t  sand 
s e t t l i n g  and p lugging  of components. A 900  g a l l o n  

r e s e r v o i r ,  T2, i s  t h e  r e s e r v e  wate r  s u p p l y  t h a t  f e e d s  

t h e  b o o s t e r  pump du r ing  t h i s  o p e r a t i o n .  Also ,  

a d d i t i o n a l  water  can be s u p p l i e d  th rough  e l e c t r i c  



s o l e n o i d  opera ted  water va lves ,  W2, W3r W 4  and W6. 
when an  emergency shutdown occurs ,  t h e  s l u r r y  tank 

v a l v e ,  S l ,  i s  c losed  and t h e  wzter r e s e r v o i r  va lver  

W 1 ,  is  opened. AlsoI r e t u r n  l i n e s  t o  t h e  s l u r r y  tank 
a r e  c losed  and a l l  dump l i n e s  a r e  opened. A f t ~ r  

approximately two minutes of f l u s h i n g ,  t h e  e n t i r e  
system w i l l  be s h u t  down. 

S o l i d  (sand)  i s  s t o r e d  on s i t e  i n  a  25 ton  Etorege 

s i l o  l o c a t e d  a s i d e  of t h e  t e s t  f a c i l i t y  bu i ld ing .  

The s i l o ,  8 feet  i n  diameter and 20 f e e t  high, is 
shown i n  Figure  52  along with t h e  bucket e l e v a t o r ,  
screw conveyor and r a d i a t o r .  I t  is equipped with a  

l e v e l  i n d i c a t o r ,  d u s t  c o l l e c t o r ,  OSHA s a f e t y  l adder ,  
5round l e v e l  f i l l  connect ion,  pneumatic operate* 
r o t a r y  g a t e  valve and s k i r t e d  bottom. The  s i l o  is  
f i l l e d  by a  blower d e l i v e r y  t ruck .  

1 .  . I ' 

A ~ e l l y - ~ u p l e x  screw conveyor and b u c k e t ' ~ e l & ~ . d t o r  . -I 

f eed  sand t o  t h e  weigh hopper through a .duct . . 
t h a t  goes through t h e  roof of t h e  t e s t  facility 

b u i l d i n g .  This  equipment i s  r a t c d  for 10 &in pet 
h o ~ i r  f ~ ~ d i n g  C A ~ A C ~  ty. Ry adding  sand through t h e  
weigh hopper, t h e  sand is  f i r s t  weighed s o  an 
a c c u r a t e  amounf can be added t o  proper ly  a d j u s t  

s l u r r y  concen t ra t ion .  

A c e n t r a l  c o n t r o l  panel  is used f o r  complete 

o p e r a t i o n  of t h e  t e s t  loop. A photograph of t h e  

panel  is shown i n  Figure  53. The c o n t r o l  panel 
a l lows  manual remote opera t ion  of 20  va lves  and 9 

motors. An o p e r a t i o n a l  schematic i s  included on t h e  



Ff gure 52  : Sand Hand1 i ng Sys tern 



Figure 53: Central Control Panel 



p a n e l .  T h i s  s c h e m a t i c ,  shown p r e v i o c s l y  i n  F i ~ u r e  

4 8 ,  u s e s  l i g h t s  t o  i n d i c a t e  i f  a  ~ o t o r  i s  r u n n i r g  a n d  

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

pump rpm, t o r q u e  and p r e s s u r e  d i g i t a l  i n d i c a t o r s  2 s  

well  a s  s l u r r y  v a l v e  t h r o t t l e  c o n t r o l c ,  e e i g h  hopper  

and  s i l o  l e v e l  i n d i c a t o r s  a n d  2 3 0  c h ~ n n e l  d a t a  

l o g g e r /  a l a r m .  
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The e x p e r i m e n t a l  i n v e s t i q a t i o n  h a s  prGvided  many i n s i q h t s  i n t o  

s l u r r y  pump wea r .  Some of  t h e  wear c e n  b e  a t t r i b u t e 6  t o  

p e c u l i a r i t i e s  i n  t h e  N K I  d e s i g n ;  however ,  much of t h e  

o b s e r v a b l e  wear i s  t y p i c a l  s l u r r y  pcmp-type \ : ea r r  which h a s  

been  s e e n  i n  t h e  f i e l d .  . T h e  f o l l o w i n g  d i s c u s s i o n  w i l l  e x p l a i n  

wk,y wear took  p l e c e  a t  each l o c e t i o n .  When wear i s  a s s c c i s t e d  

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

be tween  h a r d w a r e  i s  p r e s e n t e d .  

1) S t a t i o n a r v  a n 6  I m a J - e r  F r c n t  g inc  V7ea:: - F i ~ u r ~  I31 

The t e s t  e x p e r i e n c e  shows t h a t  f r o n t  c l e z r a r i c e  i n c r e a s e s  

a b o u t  .010"  t o  .015"  p e r  e v e r y  two h o u r s  o f  t e s t i n g  

( s t a r t i n g  c l e a r a n c e  is  . 02CW j . G f  t h a t  ail!our?t, o n l y  1 

t o  2 m i l s  i s ' w o r n  away  fro^. t h e  i m p e l l e r  s i d e  of t h e  

r i n g  -- t h e  r e m a i n d e r  comes from t h e  s t z t i o n a r y  r i n g .  The 

r e l a t i v e  mo t ion  of  t h e  f lop? ( and  p a r t i c l e s )  w i t h  t h e  

s t a t i o n a r y  a n d  r o t a t i ~ g  s u r f a c e  p r c v i s e s  t h e  answer .  The 

t a n g e n t i a l  component of t h e  mair. f r o n t  l e a k a c e  f l o w  t e n d s  

t o  f o l l o w  h a l f  s p e e d ,  s o l i d  body r o t a t i o n ;  however ,  t h e  

f l o w  a d j a c e n t  t o  t h e  i m p e l l e r  s h r o u d  i s  d ragqed  a l o n g  a t  

b l a d e  s p e e d .  

P a r t i c l e s  e n t e r i n g  t h e  c l e a r a n c e  g a p  s t i l l  have 

t a n g e n t i a l  v e l o c i t y ,  and  a s  t h e s e  p a r t i c l e s  q e t  "bumpedn 

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

r e l a t i v e  v e l o c i t y  t o  t h e  s u r f a c e  is h i g h e r  f o r  t h e  

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

s l i d i n g  v e l o c i t i e s  a l o n g  t h e  s t a t i o n a r y  w a l l  a r e  h i g h e r ,  

and  t h u s ,  t h e  m a j o r i t y  o f  m e t a l  removal  t a k e n  p l a c e  



t h e r e .  

2 a c t i o n  Nozzle Eros ion  - Figure-a 

The s e v e r e  s l u r r y  e r o s i o n  a t  t h e  corner  of  t h e  i n l e t  

s u c t i o n  nozz l e  i s  due t o  i n t e r a c t i o n  of t h e  h i ~ h  v e l o c i t y  

l eakage  f low and t h e  i n c o ~ i ~ i n g  f l u i d .  \*hen t h e  leckzcje 

f low is  i n j e c t e d  r a d i a l l y  i n t o  t h e  nz ln  f low,  t o r o i d a l  

v o r t i c e s  a r e  c r e a t e d  a t  t h e  i ~ t e r f z c e s  s f  t h e  j e t  and 

~ a i n  f low ( t h e  v o r t i c e s  have sose  t z n g e n t i a l  component 

due t o  t h e  t a n g e n t i a l  n a t u r e  of t h e  le3kage f l o w ) .  The 

v o r t i c e s  t r a i l  o f f  downstream ( i n t o  t h e  i x p e l l e r )  ~ n d  up- 

s t r e a n  ( a c t u a l l y  i n t o  t h e  boundary l z y e r  cf  t h e  nozz l e )  

caus ing  t h e  chewing e v i d e n t  i n  F igu re  E l .  

The r i p p l e - t y p e  wear observed on t h e  impe l l e r  I.D. i s  t h e  

r e s u l t  of v o r t i c e s  forined a s  t h e  l eakzge  f low j e t s  i n t o  

t h e  main f l u w  ~ I L J  tur1- i~  t h e  co rne r  a t  t h e  i n l p e l l ~ r  h l e t .  

Th i s  v o r t i c a l  f low i s  n lxed  w i t l - 1 ,  uile inconing & x i 6 1  flow 

and causes t . 1 1 ~  d x e s  O €  t b ~ t  V O E ~ ~ C C C  ( S G  ov i2enced  hy ?.he 

wear i n  t h e  photograph)  t o  become more a x i a l  t h u s  caus ing  

t h e  a n g l e  of a t t a c k  shown on Fig'ure E l .  I f  t h e  v o r t i c e s  

had n o t  been mixed, t h e  wear p a t t e r n  would have e more 

a x i a l  n z t u r e  r e l a t i v e  t o  t h e  wheel i n d i c a t i n g  a l e r q e  

t a n g e n t i a l  c o m p ~ n e n t  t o  t h e  v o r t i c a l  f low.  

I t  was n o t i c e d  a f t e r  removal of t h e  s h r ~ u d  from SST 3 0 0 2  

t h a t  t h e  s i d e w a l l  showed a dep re s s ion  due t o  metal  

removal about  2 / 3  of t h e  way a long  t h e  passage .  Upon 

i n s p e c t i o n  of t h e  i m p e l l e r  immediately fo l lowing  a  t e s t ,  



it was observed t h a t  sand had acccnu la t ed  ( t i c j h t l y  

compacted) and adhered t o  t h e  s u c t i o n  s i d e  of t h e  b l ade  

i n  t h e  same l o c a t i o n  a s  t h e  si6ev:zll  t h i n n i n q .  T h i s  

accumulzt ion b locks  t h e  passage t h u s  i n c r e a s i n g  t h e  l o c a l  

r e l a t i v e  v e l o c i t y  and t h i n n i n g  ou t  of t h e  w a l l  boundzry 

l a y e r  so t h a t  p a r t i c l e s  s l i d i n g  a g a i n s t  t h e  w e l l  c a r r y  

a lmos t  t h e  same v e l o c i t y  a s  t h e  main f low f i e l d .  The  

r ea sons  f o r  t h e  sand accumulat ion involve  s e p z r a t i o n  of 

t h e  rriain flow from t h e  s u c t i o n  s i d e  of t h e  passage 2nd 

t h e  movenent of sand t o  t h e  s c c t i o n  s i d e  of t h e  blzCe ir ,  

t h e  s e p a r a t e d  zone. A p p a r e ~ t l y ,  t h e  F z r t i c l e s  i n  t h e  

s e p a r a t e d  reg ion  respond t o  c e ~ t r i f u c a l  f o r c e  and e r e  

fo rced  outward -- t h e  C o r i c l i s  f o r c e  be in?  wezker i~ t h e  

s e p a r e t e d  reg ion  and t h e r e f o r e  h ~ i i i n g  l e s s  i ~ f  lcezce  on 

t h e  p z r t i c l e s .  

5 Groove Alono P re s su re  F ide  cf 5IzCie ( s ~ ~ 5 ) ~ F i a u r e E C  

A s  de sc r ibed  e a r l i e r  i n  t h i s  r e p o r t ,  t h e  C o r i o l i s  f o r c e  

i s  very  powerful  i n  de te rmin ing  tk,e nn t ion  of p a r t i c l e s  

i n s i d e  t h e  b l a d e s  of a n  i n p e l l e r .  T h e  wear i n  Photo- 

craph m u s t  have come from s l i d i n 9  wezr of p a r t i c l e s  

fo r ced  t o  t h e  p r e s s u r e  s u r f a c e '  due t o  Cor io . l i s  f o r c e s  i n  

an  unsepara ted  r e l a t i v e  f 10h7. 

6 wle Piear, Suction..Side nf Blade (SSTC;) - F'igure E5 

w 

Shown i n  t h e s e  two photographs  a r e  t h e  t r a i l i n g  edges ,  

s u c t i o n  s i d e ,  of two d i f f e r e n t  i m p e l l e r s  (SST3 and SST5) 

t e s t e d  under i d e n t i c a l  c o n d i t i o n s .  The presence of 

r i p p l e  'wear on t h e  SST5 impe l l e r  and no t  on t h e  $ST3 i s  

c l e a r .  The wear could  be due to. v o r t i c e s  formed when 

p a r t i c l e s  f o r c e d  t o  t h e  s u c t i o n  s i d e  of t h e  b l ade  i n t e r -  



a c t  w i t h  t h e  s e c o n d a r y  f l o w  from t h e  e n d w a l l s ,  which 

meets a t  t h e  s u c t i o n  s i d e  o f  t h e  b l a d e .   he f o r n e d  

v o r t i c e s  h a v e  t a n g e n t i a l  and  a x i a l  components  and  s o  

t h e i r  d i r e c t i o n  i s  n e i t h e r  p e r p e n d i c u l z r  o r  p a r a l l e l  t o  

t h e  c z i n  t l ow .  T11e s e c o n d a r y  f l o w  i s  q u i t e  wel l -behaved  

i n  t h e  SST5 s i n c e  t h e  f l u w  i n  t h e  p a c c a g e  i e  not, 

s e p a r a t e d .  I n  t h e  SST3, t h e  e v i d e n c e  o f  s e p a r z t i c n  and 

l o c a l  r e l a t i v e  v e l o c i t y  i n c r e z s e  t e n d s  t o  t h i n  o u t  

b o u n d a r y  l a y e r s  and  r e d u c e  t h e  2 c t i ~ n  o f  s e c o n d a r y  f l o w  

h e a d i n g  f o r  t h e  s u c t i o n  s i d e  o f  t h e  b l a d e .  Wi thou t  t h i s  

s t r o n g  s e c o n d a r y  f l o w  m e e t i n ?  e n d  f o r n i n c  v o r t i c e s  on 

t h e  s u c t i o n  s i d e  of t h e  b l a d e s ,  no  r i p p l e - t y p e  wear c z n  

t a k e  p l a c e .  A n o t h e r  t h e o r y  f o r  r i p p l e  wear i s  t h a t  

s t a n d i n g  t r a n s v e r s e  v o r t i c e s  d e v e l o p  i n  t h e  boundary  

l a y e r  of a n  u n s e p a r a t e d  f l c w .  

The r i p p l e - t y p e  wear  n o t i c e a b l e  on b o t h  t h e  SST3 and  t h e  

SST5 on t h e  s i d e w a l l s  r e s u l t s   fro^ v o r t i c e s  fo rming  f rom 

t h e  i n t e r a c t i o n  u T  s e c o n d a r y  f l o w  s p i r a l i n g  iriward z l o n g  

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

o u t w a r d  a l o n g  t h e  r o t a t i n g  i m p e l l e r  w e l l .  T h i ~  

r e c i r c u l ?  tory-type mot ion  ( r a d i ~ l l y  do~\inward a l o n g  t h e  

s i d e w z l l  a n d  r a d i a l l y  ou tward  a l o n g  t h e  r o t a t i n g  i m p e l l e r  

w a l l )  c a n  c a u s e  p a r t i c l e s  t o  g e t  c a u g h t  up i n  v o r t i c e s  

f o r n e d  a l o n g  t h e  bounda ry  of  t h e s e  two m o t i o n s .  The 

r i p p l e - t y p e  wear  i s  more n o t i c e a b l e  on t h e  r e a r  o r  hub 

s i d e w a l l  t h a n  on t h e  f r o n t  -- s i n c e  l e a k a s e  f l o w  down 

t h e  f r o n t  w a l l  i n f l u e n c e s  t h e  r e c i r c u l a t o r y  f l o w s  g o i n g  

o n  i n  t h e  s p a c e  be tween  i m p e l l e r  and  w a l l .  I t  s h o u l d  be  

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

by v i s c o s i t y  o f  t h e  c a r r i e r  f l u i d .  F i g u r e  B 9  shows 

v e r y  l i t t l e  r i p p l e - t y p e  wear ofi h a r d w a r e  r u n  i n  2% 



mixture  of SCbIC, a  v i s c o t i t y  a d d i t i v e .  

8 ) r7ndercutt ins-Volute Base C i r c l e  0 5 K I )  - - F i ~ u r e  E 7  & B8 

From t h e  photographs ,  n o t i c e  t h e  corner  p r e s e n t  a t  a  

r a d i u s  equa l  t o  t h e  cu twate r  r a d i u s .  T h i s  edqe s u f f e r e d  

u n d e r c u t t i n g  i n  a l l  t e s t s .  The unde rcu t t i ng  r e s u l t e d  

from secondary flow moving inwzrd wi th  r z d i a l  and 

t a n g e n t i a l  components. Th is  fi@\? s e p a r a t e s  2s it qoes  

over t h e  co rne r  and forms smal l  v o r t i c e s  which sharpen 

and undercu t  around t h i s  c i r c l e .  T h i s  edge i s  removed 

from a l l  SST M K I I  d e s igns .  

9 Year on Cutwater a n d  I a e r  ~ e a d i ~ , o J d c e s -  ~ i a u r e  , 
B7 and R 8  

The wear on endwzl l s  formed when flow is  o b s t r u c t e d  by 2 

vane o r  cu twa te r  pe rpend icu l a r  t o  t h e  endwal l  i s  

commonly known a s  a  horseshoe v o r t e x .  I t  i s  r e a l l y  a 

complex i n t e r a c t i o n  of t h e  endwal l  boundary l a y e r  wj th  

t h e  5 ; ressure  d i s t r i b u t i o n  (caused bl- t h e  main f low) 

around t h e  l e a d i n g  edge of t h e  s u r f a c e .  

The p r e s s u r e  d i s t r i b u t i o n  causes  v o r t i c e s  t o  be c r e a t e d  

wi th  two d i f f e r e n t  d i ' r e c t i o n s  of r o t a t i o n .  The v o r t e x  

c r e a t e d  by t h e  h igh  s t a g n a t i o n  p r e s s u r e  a t  t h e  nose 

a c t u a l l y  removes m a t e r i a l  s l i g h t l y  upstream of t h e  nose.  

Th i s  v o r t e x  is  then  swept around t h e  vane by t h e  main 

f low.  The v o r t i c e s  (one on each s i d e )  caused by t h e  low 

p r e s s u r e  (about  45 deg rees  from t h e  nose)  t end  t o  groove 

p a r a l l e l  t o  t h e  vane. The c l a s s i c  horseshoe  vo r t ex  i s  

e v i d e n t  i n  F igu re  B 2 .  The photogrephs of cu twa te r  wear 

show a d e v i a t i o n  from t h e  c l a s s i c  horseshoe  vo r t ex  s i n c e  

t h e  edge a t  t h e  base  c i r c l e  of t h e  v o l u t e  compl i ca t e s  



t h e  e n d w a l l  f l o w ,  

I t  c a n  a l s o  b e  s e e n  t h a t  t h e , m z i n  f l o w  s h a r p e ~ s  (and 

w e a r s  b a c k )  t h e  l e a d i n g  e d g e s .   his is, o f  c o u r s e ,  

m o s t l y  s l i d i n g  w e a r .  Once s h a r p e n i n g  b e g i n s ,  t h e  

c h a r a c t e r  o f  t h e  h o r s e s h o e  v o r t e x  c h a n g e s .  The s h a r p e n -  

i n g  t e n d s  t o  l e n g t h e n  t h e  h i g h  p r e s s u r e  ~ e g i o n  zilong t h e  

v a n e  l e a d i n g  e d g e  c a u s i n g  t h e  main flow t w  e11Le~. t h e  end-  

w a l l  b o u n d a r y  l a y e r  and  c a u s i n q  a  v o r t e x  t o  b e  formed.  

T h i s  v o r t e x  i s  t h e n  c a r r i e d  dow.n .s t rean .by  t h e  n i i n  f l o w .  

A s  s h a r p e n i n g ,  o c c u r s ,  t h e  second nechsr?is.n\ o f  t h e  horse-  

s h o e  v o r t e x  f o r m a t i o n  becomes a s m e l l e r  f a c t o r .  The 

r a d i u s i n g  o f  t h e  c u t w a t e r  l e a d i n g  e d q e  ( p z r a l l e l  t o . t h e  

d i r e c t i o n  o f  f l o w )  h a s  p roved  n ~ c c e s s f u l  i n  a l t e r i r ~ g  t h e  

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

a n d  t h u s  a f f e c t i n g  t h e  i n i t i s t i o n  of  t h e  h o r s e s h o e  

v o r t e x .  However,  o n c e  s h a f p e n i z g  o c c s r s ,  i t  dppears  

t h a t  2 p o t e n t i a l  e x i s t s  f o r  i n t e r a c t i o n  w i t h  e n d w a l l  . 

b o u n d a r y  l a y e r  a n d  some v o r t e x  g e n e r c t i o n .  F i g u r e  B l O  

and  B 1 1  show t h e  e f f e c t  o f  t h i s  change .  

A n o t i c e a b l e  d i f f e r e n c . e  i n  Gea r  was c b s e r v e d  be tween  t h e  

SST 3 4 v a n e  a n d  5 vane  impe l .1e r s .  F i g u r e s  192  and l 9 d  

show thc b l a d e  l o a d i n g  d i a g r a m s  f o r  t h e s e  two d e s i g n s .  

The i n f o r n a t i o n  on t h e  d i a g r a m s  t e n d  t o  i n d i c a t e  t h a t  t h e  

more s e v e r e  d e c e l e r a t i o n  o f  t h e  r e l a t i v e  v e l o c i t y  on t h e  

p r e s s u r e  s i d e  o f  t h e  4 vane  p r o b a b l y  l e a d s  t o  p r e s s u r e  

s i d e  s e p a r a t i o n  q u i t e  e a r l y  i n  t h e  p a s s a g e .  T h i s  

s e p a r a t e d  f l o w  t r a n s p o r t s  s o l i d s  o u t w a r d  a n d  s t r i k e s  t h e  

s u c t i o n  s i d e  o f  t h e  b l a d e  a t  t h e  t r a i l i n s e d g e .  The 5 

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

d e c e l e r a t i o n  a s  t h e  4 v a n e  i n p e l l e r ,  a n d  h e n c e  . t h e  



p r e s s u r e  s i d e  s e p a r a t i o n  o c c u r s  f a r t h e r  on i n  t h e  

p a s s z g e .  The e f f e c t  of  t h i s  i s  t o  e l i n i i n a t e  t h e  

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

b l a d e  ( a s  i n  t h e  4 vane )  and  p r e v e n t s  t h e  wear .  The 

d i f f e r e n c e  i n  b l a d e  t r a i l i n g . s d g e  v e z r  s r e  q u i t e  

n o t i c a b l e  i n  F i g u r e  B12:. 

F u r t h e r  c o n s i d e r a t i o n  may be ~ i v e n  t o  p r e s s u r e  s i d e  

s e p a r a t i o n  by r e f e r r i n g  t o  Nurakami ( 2 0 ) .  

The two M K I I  i m p e l l e r  s h r o u d s  2r:d s u c t i c n  n o z z l e s  shown 

i n  F i q u r e  E l 3  r e p r e s e n t  r e a r  v i t h  and v i t h o u t  t h e  

d i r e c t e 2  l e a k c g e  l i p  shown i n  F i q u r e  Z E .  The two u n i t s  

w e r e  run  i n  a s i d e  by s i d e  comp2r i son .  I t  c a n  be  

o b s e r v e 6  t h a t  3 0 0 8  s t i l l  shows t h e  r e n , a i n s  of  t h e  l i p  

which  s e r v e d  t o  t u r n  t h e  l e a k a g e  f l o w  i n  a  more a x i a l  

2 i r e c t i o n .  T h i s  d i r e c t i o n  of t h e  l e a k a q e  f l o w  i s  impor- 

t a n t  i n  t h e  e l i m i n a t i o n  o f  t h e  i n t e r a c t i o n  of  t h e  h i g h  

e n e r g y  l e a k a g e  f l o w  w i t h  t h e  incoming main f l o w .  I t  i s  
t h i s  i n t e r a c t i o n  which c a u s e s  v o r t i c e s  which  th row 

p a r t i c l e s  a g a i n s t  t h e  s u c t i o n  n o z z l e  p i e c e ,  a s  w e l l  a s  

t h e  i a p e l l e r  I.D. The c o n f i ~ u r e t i o n  on t h e  r i g h t  shows 

t h e  e f f e c t  o f  no l i p ,  s e v e r e  w e a r  on t h e  s t a t i o n a r y  

s u c t i o n  n o z z l e  p i e c e  is  o b v i o u s .  The w e a r i n g  away of  t h e  

l i p  o f  SST 3008 shows t h a t  t h e  a b r u p t n e s s  of  t h e  t u r n  

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

of t h e  t u r n .  T h e s e  p a r t i c l e s  e v e n t u a l l y  wear  awzy t h e  

d i r e c t i o n  l i p .  

1 2 )  D i r e c t e d  L e a k a ~ e  P a t h s  a u r e s  - n14 t h r u  E l l  - 

Improvements  o v e r  t h e  l e a k a y e  l i p  shows i n  SST 3008 a r e  



shown in  F i g u r e  2 9 ,  SST 3012 2nd 3013. SST 3 0 1 2  

a t t e m p t s  t o  t u r n  t h e  l e a k a s e  f low t o  a  ':;ore a x i a l  

d i r e c t i o n  i n  a  manner more c r a d u a l  t h a n  SST 3 0 6 8 .  Only 

wear a s  a  r e s u l t  of t h e  t u r n  Is e v i d e n t  iz Figure  E l 5  

and i m p e l l e r  I D  wear is  e v i e e n t  i n  F igure  3 1 4 .  Go I D  

s u c t i o n  nozz l e  wear was measured. Also ,  no t e  t h e  

nonsymnetr ic  s p i r ~ l  type grccve  on t h e  i n j e c t i o n  land i n  

F i o u r e  E15. T h i s  i s  be l i eved  to -  be a r e s v l t  of t h e  non- 

symmetric p e r i ~ h e ~ a l  p r e s s u r e  s r s i i e n t .  around t h e  OD of 

t h e  i r p e l l e r ,  due t o  t h e  use  u f  a  c o n c e n t r i c  t y p e  

c o l l e c t o r .  T h i s  p r e s s u r e  cjrzdient  causes  non-uniform 

d i s t r i b u t i o n  of l eakcge  flow i n  t h e  c l o s e  c l e a r a n c e  zone. 

Another z p ~ r o a c h  t o  d i r e c t e c  l ezkzce  i s  s h o w n  i n  ~ i c u r e s  

B 1 6  a n d . 5 1 7 ,  SST 3013. Here t h e  l eakcce  f l o w  m k e s  an 

a b r u p t  t u r n  f r o s  a  r z d i z l  d i r e c t i o n  t o  2 S i r e c t i o n  SO"  

from racial. Wear a t  t h e  c c r n e r  !,~kc-rr t h i s  t r ~ n s i t i c n  

o c c u r s  i s  e v i d e n t  fsorr~ F i5u re  216, No i c l e t  s u c t i c n  

nozz l e  wear on t h e  nuzz le  I D  waz obcerved ,  nne t o  t he  

s h a r p  c o r n e r  a t  t h e  i n p e l l e r  I D  on 30.13, v o r t i c e s  were 

forlc1e6 a n d  t h c  c o r n e r  was s t v e i - e l y  c h c b ; ~ d  up.  %'hf . s  

chewing wear c a r r i e d  back i r , t o  t h e  b l a d e s  z l s o .  

13) Concen t r i c  C o l l e c t o r  

In o r d c r  to move t . he  cu twate r  t o  cn extreme r a d i u s ,  so  a s  

t o  reduce t h r o a t  v e l o c i t i e s ,  a c o n c e n t r i c  type  c o l l e c t o r ,  

wi th  a cu twa te r  r a d i u s  t o  i ~ p e l l e r  r a d i u s  r a t i o  o i  1.70 

was t e s t e d .  The ske t ch  f o r  t h i s  co r i f i gu ra t i on  i s  shown 

i n  F igu re  26.  The performance ve r sus  a  FKII v o l u t e  i s  
shown i n  F i g u r e  B18. I t  is obvious  t h a t  t h e  v o l u t e  

c o l l e c t o r  h a s  a  h ighe r  e f f i c i e n c y ,  d e s p i t e  i t s  b e i n g  

run w i t h  t h e  hyd . r au l i ca l l y  i n f e r i o r  SST 3  4 vane 
i m p e l l e r .  T e s t i n g  t h e  v o l u t e  wi th  a  5 vane impe l l e r  , ,  



would inc rease  t h e  e f f i c i e n c y  s u p e r i o r i t y .  F icures  319 

and B20 show t h e  concent r ic  c o l l e c t o r  (SST 3012) a f t e r  

about 13 hours.  Only s l i g h t  wear can be observed.  Also 

t o  be observed from Figure B20, is t h e  concave shape t o  

t h e  wide angle  cutwater which r e s u l t s  f r o n  t h e  i n t e r -  

s e c t i o n  of t h e  oval  shaped d i f f u s e r  t h r o a t  with t h e  

c o l l e c t o r  diameter .  
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FIGURE B2: MK I DWELER ID (SST 5004) 
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NOTE: UND-ING SHARPENrn, THINNING AND 
RIPPLE TYPE .WEAR 

FIGURE B7: SSTS MKI VOLUTE CUTWTER (SST 5003) 



NOTE: WEAR MORE SEVERE THAN SEEN ON SSTS CLRWITW 
IN FIWW B7 

FIGURE B8: SST3 MKI WLWE UlTWFES (SST 3002) 
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SST 3008 

5 vane (12' hrl 

SST 3009 4 vane (12 hr2 

Note wear on suckion s i d e  a t  
t r a l l i n g  edge 

FIGURE B12: C(MPBUSXJ OF SUC'TTON 

SIDE BLADE WEAR (SST 3008. 30091 





FIGURE B14: D f E U E R  WITH 15O FKB1 AXIAL LEAKAC;;E: PATlI 

(SST 3012) 







FICXlRE B19: KWBWRE AND D I S C W M Z  (SST 3012) 

FTGURE B20: CWhM'ER (IMPELtER SIDE) a m C  C X E L E N X  





TEST XEPOi?T 

TEST IDENTIFICATION: SST 3001 

TEST PURPOSE: 

TEST NUMBERS: 

Loop shakedown, measure overall performance 
of SST 3 
004, 006, 007 

TEST HARDWARE: SST 3 impeller and SST 3 Volute, 211 MkI 
type hardware (mkI type suction nozzle) 

TOTAL HOURS IN SLURRY: 4 hrs. 

TEST CONDITIONS: 

TZST RZSULTS: 

R?M 

FLOW 

- 5940-6020 

- 59-44 GPM 

SAXD TYPE - 45-100 mesh 

CONCEXTRATIOX - .I-. 37 

CUTWATER 58NGTH RZDUCTIOK - . LOO " 
LWELLER FROKT RING LOSS - 
IMP EYE DIA INCMXSE - .035 

TZST OBSERVATIONS: 

1. Significant undercutting @ vol cutwater 

Start of horseshoe vortex on discharge side of cutwater 

Sharpening of cutwater. Biased toward inside of cutwater 

Ripple type wear on volute sidewalls, endwalls and 

volute wall 

Ripple type wear on impeller eye I.D. ripple axis 30° 

from axial direction 

Sharpening and undercutting of leakage path corner at 

impeller I.D. 





S T  3001 Wear Patterns (Pump parts a f t e r  four 
hours a t  6006 rpm i n  45-mesh sand-water 
s lurry  a t  concentration from 10 t o  35% 
by weight) 

a )  Cutwater, 
showing under- 
cut caused by 
end-wall shape 

b) Impeller, 



TEST REPCRT 

T E S T  IDENTIFICATION: SST 3002 

TEST PURPOSE: 

TEST NUMBERS: 

TEST HARDWARE: 

Side by s i d e  comparison t e s t  of SST3 
hardware wi th  SST 5 hardware 
0 1 0 ,  017, 018, 026, 027, 028 

SST 3 impel le r  & SST 3 vo lu t e ,  a l l  MkI 
hardware (MkI suc t ion  nozzle)  

TOTAL HOURS I N  SLURRY: 10 h r s  

TEST CONDITIONS: 

TEST RESULTS: 

RPM 

FLOW 

- 5985-6030 

- 40--50 gpm 

SAND TYPE - 1 0 0  mesh 

CONCENTRATION - .25 

CUTWATER LENGTH XDUCTION - .. 197 " 

IMPELLER FROKT RING LOSS - .017 

IMP EYE DIA INCREASE - . loo"  

TEST OBSCR\'ATIONE r 

1. Severe unde rcu t t i ng  a t  cutwater 

D e f i n i t e  horseshoe vortex a t  volute cut 0 1 1  discharge  s i d e  

sharpening and wearing back of cutwater ,  p lu s  g c - :  - *  

and t h i n n i n g  on impe l l e r  s i d e  o f  cutwater  

Severe r i p p l e  type wear on endwalls ,  v o l u t e  s idewal l s  

and v o l u t e  

Severe wear on s u c t i o n  nozzle a t  I . D . ,  r eg ion  next Lo 

f r o n t  impe l l e r  wear r i n g  

Severe r i p p l e  wear, w i t h  much metal  removal on impel le r  

eye I.D., r ipple  a x i s  + 36d from a x i a l  d i r e c t i o n  

Sharpening o f  impel le r  b lade L.E.,  wi th  more blade 

sho r t en ing  on hub s i d e  



SST 3002 

. . -  . : 
7 Circumferential groove forming on impeller wear ring 

9 Groove forming on hub side Ib;? wall, suction side of 

passage 

10 Very slight groove forming on pressure side of blade 

at exit of impeller 

11 s a n d  accumulation on suction side of blade, @ 2 / 3 o f  
' ,  

blade length from inlet - blockage cuts rel'ative flow 

passage area in half, resulting in side~all wear. 

Impeller sidewall wear,'insiZe, just downstrean of 

impeller trailing edge 
. . .  _ 

Circumferential wear on suction nozzle next to imgeller 

wear surface 





TEST 32P3ET 
i 

t 

. . 

. . 
TEST IDENTIFICATION: SST ,5003 

TEST PUFSIOSZ: ,' S i d e  by s i d e  comparison t e s t  o f  SST 5 
hardware w i t h  SST 3 I i ~ r 6 w a r e  (3002) 

TEST NUMSSRS: 010, 017,  018,  021,  026,  027, 028 

m- + L S T H.4lW\QAIE : SST 5 i m p e l l e r  & SST - 5  v o l u t e  (XkI s u c t i o n  
n o z z l e )  a l l  mkI hardware 

I .  

TOTAL HOUI~S  'IN S L U ~ Y :  ' 10 h r s .  
. . 

TEST CONDITIONS:' RP 14 - ,  5985-6030 

.. F X h '  - 40-50 gpm 

TSST ESULTS: 

CO:CCZ~TFGTION - . 2  5 

c ~ ~ ~ ; > - ~ ~ ~  LE:<GT~ ~ D U C T I O ~ <  - '' .118 

' IYE'ZLLER FROXT R I X G  LOSS - .015 

IF:? EYE D I A  INCXASZ - .052 

TSST 03SEZVATIONS : 

1. U n d e r c u t t i n g  a t  v o l u t e  cu twa te r , ;  n o t  a s  s e v e r e  a s . 3 0 0 2  

2 .  Horseshoe  v o r t e x  on d i s c h a r g e  s i d e  o f  c u t w a t e r  

3  S h a r p e n i n g  and wea r ing  b a c k . o f  c u t w a t e r  p l u s  s l i g h t  

t h i n n i n g  o f .  c.,utwater f rom i m p e l l e r  s i d e  . 

4 R i p p l e  type wear o n . e n d w e l l s ,  v o l u t e  s i d e w a l l s ,  

and v o l u t e ,  n o t  a s  s e v e r e  as 3002 

S h a r p e n i n g  o f  c o r n e r  o f  s u c t i o n  n o z z l e  5. 

6.  C i r c u m f e r e n t i a l  wear on s u c t i o n  n o z z l e  next t o  impel lGr  

wear  s u r f  ace 

7 .  S h a r p e n i n g  o f  c o r n e r  a t  i m p e l l e r  i n l e t  e y e  I . D .  

8 .  S l i g h t  c i r c u m f e r e n t i a l  c roove  , . forming  on i m p e l l e r  

f r o n t  wear r i n g  



. . . . 

SST 5003 . . . . 

' 9 .  Hor.seshoe wortex forming a t  impel le r  blade L . E . ,  s u c t i o n  

& p r e s s u r e  s i d e .  

10. Sharpening o f  impe l l e r  b1ad::L.E. wi th  uneven a x i a l  

wearback 

11. ' ,  Ripple  t ype  wear o'n s u c t i o n  s i d e  of b lade  over  l a s t  3 / 4  
. . . . 

of. b l a d e  l e n g t h ,  a l s o  suct.i.on s i d e  grooving on e i t h e r  

s i d e  of r i p p l e  wear 

1 2 .  , Endwall g rooving  of i m p e l l e r ,  both endwal l s ,  over l a s t  

, . . ' 2./3 of p a s s t g e .  





TEST 3E9GP.T 

T 2 S T  I D E N T I F I C A T I O N :  

TEST PURPOSE: 

T S S T  NUMBERS : 

. T Z S T  KXRDWARE: 

TOTAL HOURS 'TN SLURRY : 

TEST CONDITIONS: 

SST 5004  

Observe wear on concave cutwater modification 

SST 5 Impeller & SST 5 Volute with concave 
trim on cutwzter (R=. 375)  - MkI suction 
nozzle (all hardware MkI) 

12 hrs. 

RPM - 5 9 7 ' 1 - 6 0 2 5  

FLOW - 49-41 p i n  

S L Y D  TYPE - 100 mesh 

COWCZNTPATION - . 2 5  

T Z S T  FSSULTS: C---"" c.l.vifiLER " LSNGTK E i j I J C T I O X  - . 3 5 O U  

IIJGELLER FROKT XING LOSS - 
IMP EYE DIA ZSCPZASE - . 0 8 2  

TEST OBSERVATIONS: 

1. Nn horseshoe vortex on discharge side of volute cutwater 

2. Some undercuttin? u f  cutwater from impell.ef side plus 

some grooving 

Considerable wearback of cutwater leading edge with a 

reshaping from a circular cutback to eliptical 

Ripple wear on endwalls, volute sidewalls and volute 

itself. 

Sharpening of the cutwater's concave lcdinq cdge, 

biased toward impeller side 

Very severe suction nozzle wear at ID, adjacent to 

impeller inlet 

Suction nozzle wear on wearing surface opposite impeller 

' wear surface 



j 
I 

8 Ripple wear on impeller =nlet ID-wPl vorices zxis 30' 

from axial direction 

9. Sharpening of corner at impeller leakage path ID. 

10. Horseshoe .vortex. on impeller walls at leading edge of 

'blades 

11. Ripple type wear on suction side of impeller blade 

12. Definite grooving of pressure side of impeller blade - 

with deepest portion shifted to hub side. 





S S T  5004,  12 HOURS 
CONCAVE CUTWATER 
PllODIFICATICIN 

S S T  5004,  12 HOUR 
GROOVE ON PRESSURE 
S I D E  OF IMPELLER 



TEST REPORT 

TEST IDENTIFICATION: SST 3005 

TEST PURPOSE: 

TEST NUMJERS : 

, TEST I W W R R E :  

Loop shakedown with v i s c o s i t y  add i t ive  SCMC, 
a l s o  performance check of SST3 
031, 032, 033 

SST 3 Impeller  & SST 3 volute ,  MkI suct ion  
nozzle ( a l l  &!I hardware). 

TOTAL HOURS I N  SLURRY: 1 2  hrs .  

TEST CONDITI~NS: R P M  - - - 6021-5980 - - 

FLOW - 21-46 gpm 

SAND TYPE - 100 mesh 

TEST PSSULTS : 

CONCEhTRAT ION - . lo-. 27 w/viscosity additive 
first 8hrs 2% added; last 4 hrs 1% added 
CUTWATER LEYGTH RZDUCTIOK -,118 

IMPELLER FROKT RIYG LQSS - .016 

IMP EYE D I A  I N C R E X E  - .Ob2 

TEST OBSERVATIONS: 
1. V e ~ y  sevusa v n d ~ r c u t f i n g  and horseshoe vor tex  a t  vulu te  

cutwater  

No r i p p l e  wear f o r  f i r s t  8 hours; some r i p p l e  wear from 

l a s t  4 hours on end wa l l s ,  vo lu te  ~ i d c w a l l s  and volute  

i t s e l f  

Sharpening o f  cutwater l ead ing  edge, biased toward 

impe l l e r  s i d e  with some thinning.  

Some s u c t i o n  nozzle wear a t  corner  

c i rcumferent ia l  wear on suc t ion  nozzle a t  wear surface  

aoross from impel ler  wear su r face  

6. W e l l  de f ined  horseshoe vor tex  forming a t  impeller  

l e a d i n g  edge (hub s i d e )  

7 .  Ripple type  wear on imoeller eye I D  wi th  sharpening 

of  corner  



SST 3005 Wear Locations 



SST 3005, 12 
HOU aS 
IMPELLER SHOW- 
ING FINE NATUWE 
OF RIPPLE WEAR 
ON IMPRTaLER 
I.D. 



TEST REPORT 

TEST IDENTIFICATION: SST 5 00.6 
Corn a r e  with 5007: ?heck wgar with and w i  hout 

TEST PU-OSE: p ~ m E - o ~ t  vanes: Eva uate Mx I1 l n l e t  nozz 1 e s  
and sidewalls ;  and a l s o ,  Compare concave CW 

TEST NUMBERS: wlth s t r a l g h t  CW 
0 3 6 ,  037 

TEST HARDX'ARE: SST5 with pump-out vanes - A l l  I& I1 hardware 
CW L.E.  has concave t r i m  

TOTAL HOURS IN SLURRY: 6 . 3  HOURS 

TEST COXDITIOh'S: R.?H 

FLOW - 4 8 . 9 ~ 5 5 . 2  gpn 

SAND TYPE - 100 Nesh 
I 

CONCENTRATION - .25 Clg 

TZST RZSULTS: CUTWATER LENGTH FSDUCTION - 
IMP'ELLER FROKT RING LOSS - 
IMP EYE DIA INCREASE - 

TZST OBSERVATIONS: 

1. Def in i te  wear on suction nozzle wear face opposite impeller wear 
face .  

0 
2 .  Sharpening of leakage d i rec t ion  l i p  over 70 of i n l e t  diameter, 

w i l l  eventua l ly  disappear. 

3 .  1/8" r ad ius  on impel ler  a t  leakage path a l l  gone--ripple wear 
evident  a t  impel ler  I. D. 

4 .  Classic .  horseshoe vortex a t  impeller blade L.E. (hub s i d e ) .  

5. Sharpening of impel ler  L . E .  with wear back, cupping of blade 
not iceable  with most of wear 1/8" from shroud location of blade 
L.E. 

6. S l i g h t  r ipple-type wear evident on suct ion s i d e  of blade towards 
T . E .  

.7. Some r i p p l e  wear on c o l l e c t o r  endwalls and volute  s c r o l l  i t s e l f .  

8. Concave CM el iminates  groove j u s t  ahead of CW leading edge. 

9 .  Deep groove on endwall p a r a l l e l  t o  CW on impel ler  s ide  of CI.:. 
S l i g h t  groove on d i f f u s e r  s ide .  

10, Some sharpening of CW leading edge. 



SST 5006 
WEAR 'LOCAT IONS 

CIRCLED NUYBERS 
REk'ER TO TEST 
OBSERVATIOIJS ON 
TEST REPORT 



SST 5 0 0 6  - 12 HOURS 
INLET DIAMETER I M -  
PELLER '(WITH PUMP- 
OUT VANES) 

SST 5006  - 12 HOURS 
STRAIGHT CUTWATER 
AND HORSESHOE VOR- 
TEX 



TEST REPORT 

TEST IDENTIFICATION: SSP 500'7 ' 

TEST PURPOSE: 

TEST NUM3ERS: 

TEST HARD14ARG": 

Compare with 5006; Check wear with w d  without 
pwp-out vanes; and Evaluate Mk I1 nozzles and 
sidewalls--concave CVJ is s t r a i g h t  
036,  037 

SSTS - N o  pump-out vanes - A l l  Mk II hardware 

TOTAL HOURS I N  SLURRY: 6.3 Hours 

TEST CONDITIONS: RPM - 5990-6052 

FLOW - 4 8 . 9 - 5 5 . 2  gpm 

SAND TYPE - 100 mesh 

CONCENTRATION - .25  CW 

TSST RESULTS: CUTWATER LENGTH REDUCTION - 
FRONT RING LOSS 

1-W EYE DIA INC2EASE - 
TEST OBSERVATIONS: 

1. S ~ n e  wear on suct ion  nozzle,  leakaqe face a t  j o i n t  with f r o n t  
wal l .  

2 .  Leakage d i r e c t i o n  l i p  i n  good shape. 

3. Some wear on i n s i d e  impeller walls a t  blade T.E. 

4 .  Scal loping of rear impeller w a l l  a t  t i p  of pmp-out vanes. 

5 .  Some wear grooves evident on f r a t  of pump-out vane st locat ion 
of f r o n t  wa l l ,  suct ion nozzle j o i n t .  

6 ; Some r ipple- type  war between pwn-out vanes on f r o n t  outs ide 
impel le r  w a l l .  

7. S l i g h t  sca l lop ing  on f r o n t  wal l  of impel ler  a t  pump-out vane 
t i p .  

8. Herringbone-type r i p p l e  pa t t e rn  on impeller r ae ius  (shroud) . 
9 .  Impel ler  blade L.E.. sharpening w i t h  some wear back--most wear 

back a t  mid-blade o r  biased t o  shroud s ide .  

10.  S l i g h t  r ipple- type wear on suction side of blade a t  e x i t  end. 

11. Scal lops on impel ler  hub (back s ide  of impel ler)  between pump-out 
vanes . 

216 



1 2 .  Front  impe l l e r  leakage r i n g  n o t  shined but more porous i n  t ex tu re .  

13. Ripple wear on c o l l e c t o r  endwalls and volute  s c r o l l  i t s e l f .  

1 4 .  Formation of horseshoe vor tex  a t  cutwater--both s i d e s  of cutwater 
( i . e .  impe l l e r  s i d e  of cutwater and d i f f u s e r  s i d e ) .  

15. C l a s s i c  sharpening of cutwater with b i a s  towards i r -pe l l e r  s ide .  

16 .  Some horseshoe vortex-type wear on hub side w a l l  of impeller a t  
L . E .  



SST 5907 
WEAR LOCATIOfJS' 

CIRCLED NUMBERS 
REFER TO TSST 
OBSERVATIONS ON 
TEST REPOgT 



SST 5007 - 12 HOURS 
INLET DIAMETER IM- 
PELLER (WITHOUT 
PUMP-OUT VANES) 

SST 5087 - 12 HOURS 
CONCAVE CUTWATER 
MODIFICATION 



TEST REPORT 

TEST IDZNTIFICATIOX: 3308 

TEST PURPOSE: Compare with 3009, Evaluate 4 vs. 5 Blade Impeller, Radical C, 
Modificatioy 81 Leak Direction t i p  vs. Straight Leak Path 

TEST ESU!,IBERS: 046 

. TEST m D W A R E :  SST 3 Mk 11, 5 blade, no P/Q Vane - Wk 11 volute with 
radically cutback cutwater ( with concave Cw) Mk I1 
suction nozzle with direction l ip .  

TOTAL HOURS I N  SLURRY: 12 hr. (See ear l ie r  6 hr. report) 

KBM - TEST CONDITIONS: 

FLOW - 
SAVD TYPE - 
CQNCENTRATZON - 
CUTWATER LZSGTH REDUCTIOS - 
IMPELLER FROKT RING LOSS - 
IMP EYE D I A  IKCREASE - 

TEST OBSBR"JATI0NS: 

1. Directed leakage l i p  remdins over 60' o f  D i a . ,  where l i p  has worn away. 
Wear i s  occurring a t  corner  where l i p  has disappeared. 

2. C~rcumerencia l groove formed orr flirt  portion o f  suction nrjrzlc wear, 
surface. 

3.  Some rippling on sickwalls o f  collector and volute scrol l .  

4 .  Bide angle Cutwater ghows 1Sttle wear, s15:ght grooving on impeller side; 
no horseshae vortex evident. 





TEST 3EbC3.T 

Compare with 3008 - Evaluate 4 vs. 5 Vane Impeller;  Radical C W  
T S S T  PURPOSE: !lad. ; and Leakage Direction Lip vs. S t ra ight  Leak Path 

TEST HARDWARE: SST 3 ;?lk 11 - 4 Vane, no PO Vanes. - !;k I I  !,elute with concave 
Cw - Stra ight  C u t  Suction Sozzle - lio Direction Lip. 

TOTI\,L H ~ T I ~ S  IN SLURRY: 1 2  hr .  (See e a r l i e r  5 hr. r epo r t )  
. . 

TEST CONDITIONS: RP!4 - 

FLOW - 

TZST RZSULTS: 

II4PELLZR 73053 R I X G  LCSS - 
I X P  EYE DIA 1:iCREASE - 

TEST OESERVATIOSS : 

1 .  Continued deep eroslon u f  suct ion nnlrzle - No f l a t  \.rear surface remains. 

2 .  Some r i p p l e  wear on co l l ec to r  s idewalls  and volute s c r o l l ,  

3 .  Continued sharpeninq of volute concave cutwater ,  biased toward impeller 
s ide .  

4 .  Grooving o n  endwall a t  C w ,  more along impeller s ide  than on the Diffuser 
'side. No evidence o f  grmuuving u p s t r e a m  of CL!, ind ica t ive  of horseshoe 
vortex. . . 

5.. P i t t i r ~ y  on s u c t i o n  s i d e  of Impeller,  near t r a i l i n g  edge. 





~ - . . - _  . - .  . . "  '. >:;-,: !,. . , . . . . .. ' 
. ,. 

, . .  . ' , _ I _  . - '  
, '  . . : . ,  ;. I TEST IDENTIFICATION: 501'0 . . . .  

Compare with 301 1  , Eva1 uate  SST 3  vs .  SST 5  Impel l e r  in $,%, SCNL 
. L  . TBST PURPOSE: ' ' based s l u r r y .  ' " . . - . . . . .  .I . _  . . . .  , 

TZST NUMBERS: 042, 043, 044, 048 

.TEST HARDWARE: SST 5  t*?k I1  - No PO Vanes - t4k I1 Volute w i t h  concave - LE.  Trim. 
A71 Ek I1  suc t ion  nozzle .  

TOTAL HOURS IN SLURRY: 14 hr.  

TEST CONDITIONS: RPM - 6022 -5996  

FLOW - 53.7 - 4 2 . 9  

SAND TYPE - 
CONCENTRATION - 25 X C w  

CUTNATEF TtENGTH RE3UCTION - 
INPZLLER FRONT RING LOSS - 
IMP EYE DIA INCRZASE - 

"ST OBSERVATIOXS: 

I .  Dlreuted leakage l i p  wnrri awa,y over '5 of i n l e t  d i d .  

2 .  Deep grooving o f  wear sur face  on suc t ion  nozzle with some c i rcumferen t ia l  
hole development. 

3 .  Large dimple wear illarks on Impeller i n t l e t  wear r ing  r ad iu s .  

4. Wearback and sharpening of Blade L E  with only s l i g h t  wear bac.k near 
s  tiroud. 

5 .  11~1-scshoe v o r t ~ x  t y p e  formation on Impeller h u b  wall a t  blade L E .  

6'. No grooving o f  p ressure  s i d e  oP bliide t r a i l i n g  . e d p  o r  l and .  

7 .  S l i g h t  r i p p l e  wear ( f i n e  n a t u r e )  along c o l l e c t o r  s i d e  wa l l s .  

8 ,  'Sl i g h t  r i p p l e  type wear around volute  wal l .  

9 .  Cutwater sharpening,  biased towards Inipel l e r  s i d e .  

10 .  Grooving a long Impel ler  s i d e  of cu twate r ,  not in  Diffuser  passage. 

1 1 .  No c l a s s i c  horseshow vortex formation on vo lu te  r i ng  s i d e  of cutwater .  



0: 12. Horseshoe vortex typeformation on front  wall (Rote: 90 rnati.ng jo in t  
with cutwafer).,with a t r a i l i n g  vortex frpm 1mpell.er s ide of cutwater.. 

13. Sl ight  r ipple type  wear on suction s ide  bf lrnpelle'r B t  t h e , e x i t  of blade. 



$ST 501 0 Wear L o c a t i o n s  



TEST REP0F.T 

my ILST IDEKTIFICATION: 301 1  

Compare w i t h  5010 - E v a l u a t e  SST 3  v s .  SST 5 I n p e l l e r  i n  $5 TEST PURPOSE: SCflC 

nr, LLST H A R D W A ~ :  SST 3  Mk I 1  5 Vane, No PO Vanes - Mk I 1  V o l u t e  w i t h  concave 
LE T r i m ,  A l l  I lk I 1  s u c t i o n  n o z z l e  

TOTAL HOURS IN SLURRY: 1 4  h r .  

TEST CONDITIONS: RPM - 6022 - 5996 

FLOW - 53.7 - 42.9 GPK 

SAND TYPE - 100 Mesh 

CONCENTRATION - 25 ?: C 
M 

CUTWATER LENGTH RZDUCTIOX - 

IfiITELLER FfiONT RIXG LOSS - 
IMP ZYE DIA I N C ~ A S E  - 

TEST OBSERVATIONS: . . .  

1 .  D i r e c t e d  l e a k a g e  1  i p  worn away o v e r  40;; o f  i n l e t  d i a ,  

2 .  Deep g r o o v i n g  o f  wear s u r f a c e  on n o z z l e  w i t h  some i n d i c a t i o n  o f  c i-rcurn- 
f e r e n t i a l  worm h o l e  development  - wear n o t  as seve re  as 5010. 

3. La rge  d i m p l e  inarks on  i m p s l l ~ r  i n l e t  r i r , g  r a d i u s  s i m f l a r  t o  SST 53'0.  

4 .  Wearback 8 s h a r p e n i n g  o f  ' l ' m p e l l e r  B l ade  LE w i t h  a l m o s t '  no wear Q shroud .  
. . No te :  Wearback n o t  as seve re  s s  on 5010. 

5. On l y  s l i g h t  e v i d e n c e  o f  ho'rseshoe . v o r t e x  fo r -mat ion  on hub s i d e  o f  i m p e l l e r  
w a l l  a t  b l a d e  LE - 5010 i s  worse .  

6.  S l i g h t  r i p p l e  wear ( f i n e )  a l o n g  c o l l e c t o r  s i d e w a l l s .  

7 S l i g h t  r i p p l e  wear a round  v o l u t e  w a l l .  

8. C u t w a t e r  sha rpen jng ,  b i a s e d  t o w a r d  impe l  1  e r  s i d e .  

9 .  G r o o v i n g  a l o n g  I m p e l l e r  s i d e  o f  c u t w a t e r ,  o n l y  v e r y  s l i g h t  g roove  on 
D i f f u s e r  s i d e .  

10 .  No c l a s s i c  horseshoe  v o r t e x  t y p e  f o r m a t i o n  on v o l u t e  r i n g  s i d e  o f  c u t w a t e r .  

11.  ' ~ o r s e s h o e  v o r t e x  t y p e  f o r m a t i o n  on f r o n t  w a l l  (No te  90' m a t i n g  j o i n t  w i t h  
c u t w a t e r ) , ' w i t h  a  t r a i l i n g  g roove  f r o m  I m p e l l e r  s i d e  o f  c u t w a t e r .  

12 .  No wear on  s u c t i o n  s i d e  o f  I m p e l l e r '  a t  e x i t .  



SST 3011 Wear L o c a t i o n s  



TSST ?ZPORT 

TZST I D E S T I F I C A T i 3 E :  SST 3012 

~ 2 s ~  PURPOSE: Cofipare t o  SST 3013 - Evaluate d i f f e r e n t  impel le r  lezkage path 
c o n i i a u r a t i o n s .  Dif e r e n t  c o l l e c t o r  desi  n Square shroud vs .  
round-shroud a t  impe f l e r  O . D .  - in  $ p e r c j n i  SCIK s l u r r y .  

TZST NLT!/laERS: 051, 052, 053, and 054 

TSST IiARDWARZ: SST 3  MI: I 1  impe l l e r ,  no PO vanes with 5  blades .  One square  
shroud,  t he  o the r  i s  round. A nea r ly  ax i a l  ( l jO from a x i s )  
wear r i n g  su r f ace .  Concentric c o l l e c t o r  v:i t h  oval t h r o a t  
d i f f u s e r .  Kk I 1  type s i dewa l l s .  

TOTAL EOUFS I N  SLUXRY: 12.8 

T2ST CONDITICKS: RPM - 5930 - 6010 

FLOW - 63.2 - 50.3 

SP-ID TYPE - 100'mesh 

C ~ N C E X T R A T I O ~ :  - C Y  .= .25 with L, 
percent SCMC 

CUTWATER LE?iGT% RZDUCTION - 
i!.PELLER FRONT RING LOSS - 
IMP EYE DIA I f iCFEkSS - 

( I )  Iio observable  wear due t o  shape of shrouds.  

( 2 )  Very s l i g h t  groove no t iceab le  on pressure  s i d e  of  blade a t  e x i t .  

( 3 )  ho s u c t i o r ~  s i  tie damage on blacie. 

( 4 )  \,!ear on I . D .  of  impel le r  i n l e t  a t  e x i t  of l e a k  flow nozz l e ,  majcr a x i s  of  
s c a l l o p s  of  w e a i  i n  t h e  d i r e c t i o n  of  r o t a t i o n ,  about .30° frorr! t h e  t a n g e n t i a l .  

( 5 )  Sharpening an6 wear back of  blade L . E .  

( 5 )  \!ear on suc t ic r ,  . s ide  of blade extending about 2 "  from L . E .  on shroad s i d e  
(? robab ly  due t o  s epa ra t i on  around i n l e t  c o r n e r ) .  

( 7 )  L!ear on suc t i on  nczz le  a t  en t rance  t o  leakage path.  

0 
( 8 )  b!e.ar o n  s i ~ c i i o n  nozzle d i r e c t i n g  l i p .  Only over  6C o f  s u r f a c e ,  t he  wear 

marks i n d i c a t e  a  mainly t angen t i a l  component and occur in a  l oca t i on  i .ndi-  
c a t i n g  t h a t  a ma jo r i t y  o f  the  leakage flow was inf luenced by t h e  nonuniform, 
c i r c u n f e r e n t i a l  e r e s su r e  g rad ien t  around t h e  im?e l l e r  i r aosed  by t he  c i r c u l 2 r -  
type col 1  e c t o r .  

( 9 )  140 observable  :- ipple weat- on s i d e w a l l s .  

I!$) Some l o s s  a!' : : iaterial  along cutwater  b u t  no horseshoe \lot-tex. 





T 5 S T  PURTOSG: Compare t o  SST 3312 - E v a l u a t e  c o l l e c t o r  d e s i g n  and f r o n t  
i m p e l l e r  l e a k a g e  p a t h  d e s i g n s  

T E S T  RUMBERS: 651,  052,  053 ,  and 054  

T C S T  HARDWAS: SST 3  Kk I 1  i m p e l l e r ,  no  PO vanes,  w i t h  4  vanes.  A 30' 
f rom r a d i a l  f ro .n t  l e a k a g e  r i n g  p a t h .  T y p i c a l  v o l u t e  w i t h  

. (I+k 11)  concave c u t w a i e r ,  L .E .  t r i m  

TOTAL HOURS I N  SLUIIRY: 12.8 
. . .  

T E S T  CONDITIONS:  R?M 

FLOW - 63.2 . -  50.3 

S-AND TYPE . - 100  mesh 

CONCENT-SATION - CG! = .25 w i t h  t, 
p e r c e n t  SCtlC ' 

CUTWATER LZSGTH FECUCZ'ION - 
I Y P S L L E R  FROKT RING 'LOSS - 
IMP EYE D I A  I S C R E A S E  - 

T E S T  OBSERVATIOSS:  

( 1 )  S u c t i o n  s i d e  b l a d e  wear a l o n g  most  o f  t h e  b l a d e .  

(2,) Much b l a d e  L . E .  s h a r p e n i n g  and wear back .  

:3)  C i  r c u n f e r e r , t i a l  g roove  f c r m i n g  or, i m p e l l e r .  wear  r i n g  s u r f a c e .  

( 4 )  Chewing- type  wear a t  I .D.  o f  i m p e l l e r  wear  r i n g  s u r f a c e  w h i c h  e x t e n d s  i n t o  
eye  o f  i m p e l i e r  and t i p  p o r t i n n s  o f  t h e  b l a d e .  A x i s  o f  wear  marks 
t y p . i c a l 1  y 33' f r o m  t a n g e n t i  a1 . 

( 5 )  S u c t i o n  s i d e ,  s h r o u d  s i d e  wear on i m p e l l e r  b l a d e  ( p r o b a b l y  due t o  
s e p a r a t i o n  a r c u n d  i n l e t  r a d i u s ) .  

( 6 )  Some hub s i d e  wear .  

( 7 )  S u c t i o n  n o z z l e  wear  a t  e n t r a n c e  t o  l e a k a g e  p a t h .  

( 8 )  Some r i  p p l  e  wee r. on  s i  d e w a l l  s  . 
( 9 )  T y p i c a l  g r o o v i n ~  o n  b o t h  s i d e s  o f  c u t w a t e r  on end  w a l l s  - no  u p s t r e a m  

g roove  t y p i c a l  l y '  ho r seshoe  v o r t e x .  

( 1 0 )  S h a r p e n i n g  o f  c u t x a t e r  and c u t w a t e r  L.E. wear  b a c k ,  





SLURRY VISCOSJTY MEASrlsEMENT 

I n  a n  e f f o r t  t o  p r o v i d e  _a more v i s c o u s  c a r r i e r  f o r  

t h e  s a n d  s l u r r y ,  and e v a l u a t e  i ts e f f e c t  on wear,  2n a d d i t i v e  
known a s  sodium carboxy methyl c e l l u l o s e  (SCMC) was mixed with  

w a t e r .  The r e s u l t a n t  f l u i d  is s u b j e c t  t o  c o n s i d e r a b l e  shea r  
t h i n n i n g .  The need t o  unders tand more about  t h e  behavior of 
t h i s  f l u i d  brought  about  t h e  t e s t s  which produced t h e  r e s u l t s  
shown i n  F i g u r e  C 1 .  I t  i s  d e s i r e a b l e  t o  u s e  a m i x t u r e  o f  
SCMC, s a n d  and  w a t e r  d u r i n g  t h e  p ro to type  pump e v a l u a t i o n  i n  
a n  e f f o r t  t o  a p p r o a c h  t h e  c o n d i t i o n s  faced  by t h e  pump i n  a  
s y n f u e l  a p p l i c a t i o n ,  

The t e s t  nethod c o n s i s t e d  of t iming  a  measured quant-  

i t y  of s l u r r y  f lowing through a  0,490" d i a n e t e r ,  about  10 f e e t  
l o n g  t u b e ,  and  r e c o r d i n g  t h e  p r e s s u r e  d r o p  a t  s e v e r a l  f low 
r a t e s .  Each f l o w  r a t e  can  be r e l a t e d  t o  an "averagen shez r  
r a t e  a n d  t h e  v i s c o s i t y  may b e  c a l c u l a t e d  by c h o o s i n g  a n  
a p p r o p r i a t e  f r i c t i o n  f a c t b r  . For  t h e  h i g h l y  v i scous  s l u r r y  
( 2 %  SCMC m i x t u r e ) ,  a  laminar  f r i c t i o n  f a c t o r  ,is asstmed. The 
c u r v e  o n  t h e  t o p  of  F i g u r e  C 1  a p p e a r $  i n s e n s i t i v e  t o  s and  
c o n c e n t r a t i o n ,  perhaps  due t o  t h e  laminar  n a t u r e  of t h e  flow. 
F o r  t h e  l e s s  v i s c o u s  s l u r r y  (1/28 SCMC m i x t u r e ) ,  a  t u r b u l e n t  
f r a c t i o n  f a c t o r  i s  used  i n  c a l c u l a t i n g  v i s c o s i t y .  Here, a  
d e f i n i t e  s e n s i t i v i t y  t o  sand c o n c e n t r a t i o n  e x i s t s  perhaps  as  a  

r e s u l t  o f  t h e  mo t ion  o f  t h e  p a r t i c l e s  i n  ' t he  t u r b u l e n t  flow 
f i e l d .  





- S O L I D  S T O R A G E  S I L O  

- S G L I D  S A S D L I K G  E Q U I P K E N T  

- SLURRY T A E K  

- SLURRY B O O S T E R  P U K P  

- SLURRY A G I T A T O R  

- SLURRY V A L V E S  

- K E I G H  HOPPER ASSEK'BLY 

- CYCLGKE 

- S P I R A L  EEAT EXCHANGER 

- R A D I A T O R  C O O L E R  . 

- CIRC~JLA.TIOK PUMP 

- DATA LOGGER-ALARM 

- P R E S S U R E  T R A N S M I T T E R  & READOUT , - . 



S O L I D  STQBGE SILO 

* M a n u f a c t u r e r :  S c h u l d  M a n u f a c t u r i n g ,  K o s i n e e ,  Wiscons in  

* A p p l i c a t i o n :  Dry Sand S t o r a g e  

* F e a t u r e s :  C a p a c i t y  - 2 5  Tons  

8 F t  D i a . ,  9 F t  S t r a i g h t  S i d e s ,  6 0  Deg Cone, 
1 9  F t  6 I n .  H igh .  

1 0  I n .  ~ i c . ,  F l a n y e d  Opening wiL.11 4 Ft Clearance  
Above G r a d e  

h v e  H e i g h t  - 1 9  F t  6 I n .  

2 0  I n .  D i a .  Combina t ion  El~nway P /V R e l i e f  Va lve  I n  De'ck 

2 4  I n .  D i a . . F l a n g e d  E i l l s i d e  Opening f o r  D u s t  C o l l e c t o r  
i n  D e c k  

2 I n .  S c h  4 0  F l a n g e d  Opening f o r  C o n t i n u o o s  Leve l  
S e n s o r  i n  D e c k  

OSHA L a d d e r ,  Cage tnd P e r i m e t e r  Guard w i t h  Twebossd 

F u l l  S k i r t e d  Bot tom w i t h  Hinoed Door 

4 I n .  Dia  S c h  80 I n t e r n z l  F i l l  L i n e  \\l/Quick D i s c o n n e c t  
C o u p l i n g  



5 O L I D  H A N D L I N G  EQUIPMZNT 

* E;anufacturer : Duplex M i l l  & Manufacturing C'o., 
S p r i n g f i e l d ,  OH (513) .  325-5555 

* Appl i ca t i on :  Dry Sand Feed from S i l o  t o  S l u r r y  Tank 

* Nosel K-64-9 Ke l ly  Duplex Bucket E leva tor  

* F e e t u r e s :  

Feeding Capac i ty  - 10 Ton/Hr 

Discharge Height  - 25 F t  

Geer Reducer Drive k?/1.5 H P  TEFC Motor 230/460 V 

Lower Hinged I n s p e c t i o n  Door 

Se rv i ce  P l e t fo rm 

10  F t  Ladder on S ide  

* biodel 6 "  U-Through Kel ly  Duplex Screw Conveyor 

* F e a t u r e s :  

Feeding Capac i ty  - 10 Ton/Hr 

Gear Notor 3 HP TEFC 230/460 V 

I n l e t  - 1 4  I n c h  Diemeter 

Top Shroud 

* References :  Drawing No. DM1467 Ke l ly  Duplex 



S L U R n Y  TANK 

* M a n u f a c t u r e r :  Tampa T a n k ,  T a n p a ,  F l o r i d a  
( 8 1 3 )  6 2 3 - 2 6 7 5 '  

* A p p l i c a t i o n :  Sand-Wate r  S l u r r y  K i x i n g  Tank 

* F E ~ ~ I I ~ P S I  . . 

C a p z c i t y  - 1 5 0 0  G a l l o n s  B r i m  F u l l  

7  F t  D i a . ,  5 F t  S t r a i g h t  S i d e ,  1 5  Deg C o n i c a l  Bo t tom 

F o u r  B a f f l e s ,  8"  Wide ,  2 "  S t a n d o f f ,  S p z c e d  9 0 , ~ e $ ,  Apart  

R e i n f o r c e d  C o v e r  w i t h  O p e n i n g s  & H i n g e d  k n - W a y  

S t r u c t u r a l  Lec S u p p o r t s  

O v e r 2 1 1  H e i g h t  - 8 F t  1 0  Iri 
. .  , .  

B o t t o m  D i s c h a r g e  P i p e s  - One 5 I n .  S c h  I C ,  Onc 2 I n .  
S c h  8 0  

I !oun t ing  S u p p o r t  S t r u c t u r e  f o r  Weigh H o p p e r ,  A g i t a t o r  
a n d  C y c l o n e  

* R e f e r e n c e s :  Drawing  K O .  740-2  Coleman E q u i p m e n t  



SLURRY E30STER PUMP 

* I \ lanufacturer:  ' \?arman ~ n t e r h i t i o n a l  . , I n c .  
I~'ladison, WI (608) 221-2261 

* hlodel 4 / 3  CAH Heavy ~ u t y , ' ~ l u r r y  Pump 

* Appl i ca t i on :  Sand/Water S l u r r y  (50% Sand by W t .  1 

* F e a t u r e s : ,  

Impe l l e r  - Molded Elastomer wi th  Pump O u t  Vanes 

~ i n , e r  - Rubber Bol ted t o  Cuter  Casing 

Gland Sea l '  (Requi res  5 GPM K a t e r )  

Kotor - 30 HP, Overhead Mounted, V-Belt Drive 

* Performznce S p e c i f i c a t i o n s :  

F lowra te  - 5 0 0  GPM S~nd /Wate r  (50% Sand by V t . 1  

Eead - 8 0  F t  TDH 

S p e c i f i c  Grav i ty  - 1 .45  
. ~ 

E f f i c i e n c y  - 5 ; ~  

BHP - 26 HP 

Pump RPM - 1600 

NPSH Req. - 11 F t  

'* References :  Performance Curve WPA 43AO.lAU March, 1979 



* ~ l a n u f a c t u r e r :  Ph i l ade lph ia  Mixer 
Div .  of Phi ladelphia  Gear Corp. 
Palmyra, PA 17078 ( 7 1 7 )  838-1341 

* Godel: KT-02-PTO 

T o t a l  Gear Rat io:  1 7 . 1  ; 1 

Output Speed: 100 RPPi 

Motor: 5 Hp 1800 rpm 3/60/230-460 Voit TEFC 

S h a f t :  2 "  Diameter 62" Long 

Impel le r :  30" Diameter Four 45  Degree Blades 

Wetter P a r t  K a t e r i a l :  Carbon S t e e l  

Reference: S/N 83BAF1035 



FLURRY VALVES 

E'lanufecturer: Clarkson Company, Palo Alto, CA 94303 
(415) 494-1010 

Description: Knifesete Valve for O n / O f  f Application 

Air Cylinder Actuator 

316 Stainless Steel Sate 

Retainer Flanges 

Limit Switch 

Gum Rubber Sleeve 

Descripti~n: Pinch Valve for ~ n / ~ f f  aid Throttling 
Application 

Positioning Pneumatic Actuator 

Gum Rubber Sleeve 

Limit Switch 

Model: C3-U1-X 

Description: Concentric Sleeve Constriction for 
Throttling Application 

Unitized Pneumatic -Actuator and.Positioner 

Gum Rubber Sleeve 



LTIGH HQPPER ASSEMBLY 

M a n u f a c t u r e r :  Tampa Tank,  Tampa, F l o r i d a  
( 8 1 3 )  6'23-2675 

* F e a t u r e s :  

C a p a c i t y  - 200 G a l .  Brim . F u l l  . 

42 I n .  D ia  24 I n .  S t r a i g h t  S i d e ,  90 Deg Cone 

1 4  In ' .  D ia  B o t t o n  Opening  

Top C e n t e r l i n e  Book f o r  Load C e l l  

* 1t :anufacturer  : .  K i s t l e r - F o r s e  C o r p . ,  B e l l e v u e ,  Wasn. 
( 2 0 6 )  641-4200 

* );ode1 Load Link  300 S e r i e s  R a t i n g  5000 Lb T r a n s d u c e r  

* 1~;odel 5 2 6  D i g i t a l  I n d i c a t o r  

* F e a t u r e s :  

Load C a p a c i t y  - 5GGO ~ b  

~ o a d  L ink  Accuracy  - 0 .25  ~ e r ' c e n t  

I n d i c a t o r  - S o l i d  S t a t e  E l e c t r o n i c s  

S e n s o r  E x c i t a t i o n  V o l t a g e  - 24  V 

S e p a r a t e  Span and  Zero C o n t r o l s  

W a l l  Mounted J I C  E n c l o s u r e  

* R e f e r e n c e s :  Drawing No, T1-0078 Ris t l e r  Elorse Load 'Link 



CYCLONE 

* l i anufac ture r :  Krebs Engineers ,  Menlo Park ,  CA 
(415) 325-0751 

* Model D10B-840 

* Appl i ca t i on*  Desanding Water 
(40% Sand by Pieight Max. 

* Fea tu re s :  Involu ted  Feed Nozzle 

Replaceable  G u m  ~ u b b e r  L iner  

Repleceable  Nihard Vortex F inder  

Fixed Ceremic Apex Assembly No. 368 

* S p e c i f i e d  F lowra tes :  Feed- 200 GPM 

Overflow - 118.5 GP14 

Underflow - 81.7 GPM 

* P r e s s u r e  Drop - 25 p s i  

* References:  Drawing No. 840 

P a r t s  L i s t  PL-116 

Capac i ty  Curve D10B-840-467 



SPIRAL HEAT EXCHANGEE 

* M a n u f a c t u r e r :  A l f a - L a v a l ,  I n c .  F t .  Lee, N J  
( 2 0 1 )  592-7800 

* F'lodel: AHRCO S p i r a l  E x c h a n g e r ,  Type.  1 H H  

* A p p l i c a t i o n :  S a n d - K a t e r  S l u r r y  C o o l i n g  
( 1 5 %  S a n d  by  \ $ ? e i g h t  Flax. 

4 ~ 

* ~ e a t u r e s :  6 0  Sq.  F t .  A r e a -  

0 . 1 8 7 5  ' I n c h  T h i c k  Carbon '  S t e e ' l  

Removzb le  End C o v e r s  

S l u r r y  C h a n n e l  Open f o r  C l e a n - O u t  

E t h y l e n e  G l y c o l  C h a n n e l  FJelded C l o s e d  . 

C h a n n e l  S p a c i n g  - 0 . 5  I n c h  S l u r r y  S i d e  
0 . 3 1 3  I n c h  E .  G l y c o l  S i d e  

D i a r e t e r  - 1 8  I n c h e s  

K i d t h  - .  24 I n c h e s  

* P e r f o r m e n c e  S p e c i f i c a t i o n s :  

Meat  E x c h a n g e d  - 5 . 8 2 5  ETU/NIN 

S l u r r y  T e m p e r a t u r e  - , 1 2 5 - 1 3 0  Deg. F 

E .  G l y c o l  T e m p e r a t a u r e  90-93.6  Deq. F 

LMTD - 35.7 D e y .  F 

S l u r r y  V e l o c i t y  3 . 2  F t / S e c  

E .  G l y c o l  V e l o c i t y  9 .4  F t / S e c  

A l l o w a b l e  P r e s s u r e  D r o p  - 1 5  p s i  Max 

W o r k i n g  P r e s s u r e  - 50 psi9 

D e s i g n  T e m p e r a t u r e  - 250  Deg F .  

* R e f e r e n c e s :  D r a w i n g  No. 1HN8004-1 



* M a n u f a c t u r e r :  0 & . M  N a n u f a c t u r i n g  Co.,  Hous ton ,  TX 
( 7 1 3 )  675-3511 

* )!ode1 VS-17.5-7.5 V e r t i c a l  Remote R a d i a t o r  

* A p p l i c a t i o n :  50 /50  W a t e r / E t h y l e n e  G l y c o l  S o l u t i o n  C o o l i n g  

* F e a t u r e s :  
b i o t o r  - D i r e c t  D r i v e ,  7 . 5  Hp; 1 1 5 0  RPM 

230/460 V o , l t r  3  PHI 60  C Y r  254-T TEFC 
Frame 

Fan - 48 I n c h  Diaa  PJestern 16  Deg P i t c h  

R a d i a t o r  Core  A s s e n b l y  Type 955 

Frame Lounted  

Fan and  Core  Guards  

F i l l e r  a n d  P r e s s u r e  Cap 

* P e r f o r m a n c e  S p e c i f i c a t i o n s :  

H e a t  R e j e c t i o n  - 5.726 BTU/MIN 

F l u i d  F l o w r a t e  - 220 GPM 

Fan A i r  ~ e l i v e r ~  - 28.00 SCFM 

F l u i d  T e m p e r a t u r e  - 90-94  Deg P 

* R e f e r e n c e s :  Drawing No. 8536 



* Manufacturer: Ingersoll-Rand Co., Allentown, PA. 

* Model 3 x 5 SMP - 3 HP 3000 Series 
* ~pplication: 50/50 Water/Ethylene Glycol circulation 

* Features: 
singie-stage, End Suction 

Closed Impeller Design 

Close Coupled Motor Driver - 3 HP 

Naximun Temperature - 212 Deg F. 

Ptaximuin Pressure - 100 Psiq 
* Perfornance Specifications: 

Flowrate - 220 GPM 
Head - 45 Ft TDH 

Efficiency - 7 6 5  

P U I I I ~  RPEI - 3450 
NPSH Req - 8 Ft. 

* References: Performance Curve SMP-3000-1 6-2-82 



DATA LOGGER-ALARM 

* Manufacturer :  Yokogava E l e c t r i c  Works,, Shenandoah, GA 
' ($04)  253-7000 

* Model 4088 . 

* Appl i ca t i on :  Record unat tended Opera t ion  and prov ide  
Automatic ShutZown wi th  Alarm C i r c u i t  

* F e a t u r e s :  
30 Channels I n d i v i d u a l l y  Prog.rarr.mable f o r  Range 

Vol tage Inpu t  - 0 MV t o  50 V o l t s  

Thermocouple Input  - Type R , K , E , J  and T wi th  
B u i l t - I n  Compensation 

Scans  30 Channels i n  8 Seconds 
.. . 

Channel I d e n t i f i c e t i o n  Numbering 

Char t  Speed - S e l e c t a b l e  from 1-999 P:I'I/HR 

Program L i s t  P r i n t o u t  

Battery-Backup Memory 

P r o g r ~ m  and Panel  Lock-Out C a p a b i l i t y  

30 Alarm Relays  - 1 2 0  V ,  5A, SPST 
. . 

Wire-Dot P r i n t e r .  6 Color ~ i l b b , ,  

Bas i c  Accuracy: 0.25 Pe rcen t  of Span 

Z-Fold Char t  Paper 



ERESSURE TRANSMITTER-READOUT 

T r a n s m i t t e r  M a n u f a c t u r e r :  R o s e x o u n t ,  I n c .  
B a s b r o u c k  H e i g h t s ,  N J  
( 2 0 1 )  288-1101  

D i f f e r e n t i a l  P r e s s u r e  T r a n s m i t t e r  CTY-2 
E a s i c  T r a n s m i t t e r  - I i o d e l  1151DP-7-E-12-S2-B2 
R e m o t e  S e a l  - Model  1199RTW-21-A-11-E-13 
C a p i l l a r y  T u b i n g  - Model  119CAP-11-A-10-A-11 
F l u i d  F i l l  - Model  C10485-0007 

G a g e  P r e s s u r e  T r a n s m i t t e r  QTY-2 
Easic T r a n s m i t t e r  - K o d e l  lP51GP-6-E-12-Sl-B2 
R e m o t e  S e a l  - Model  1199RT\+21-A-11-E-13 
C a p i l l a r y  T u b i n g  - ~ o d o e l  1199CAP-11-A-10-A-11 
F l u i d  F i l l  - Model  C10485-0007 

A p p l i c a t i o n :  Pump I n l e t  a n d  D i f f e r e n t i e l  P r e s s u r e  
f o r  S a n d / b ? a t e r  S l u r r y  

F e a t u r e s :  
P r e s s u r e  R a n g e  - D i f f e r e n t i 2 1  )!ode1 0-300 .Psi9 

Gage  fblodel 0-1CO P s i ?  
O u t p u t  - 4-20 M i l l i a r p  
' E x t e r n 2 1  S p a n  a n d  Z e r o  A d j u s t m e n t s  
A c c u r a c y  - 0 . 2 5  P e r c e n t  o f  S p a n  
R e q u i r e d  Power  S u p p l y  - 1 2  t o  45  VDC 
S o l i d  S t a t e ,  P l u g - I n  P r i n t e d  C i r c u i t  E o a r d s  
C o m p a t i b l e  w i t h  a n y  2 - w i r e  S y s t e ~  

R e a d o u t  M a n u f a c t u r e r :  I n t e r n a t i o n a l  K i c r o t r o n i c s ,  
T u c s o n ,  A Z  ( 6 f l 7 1  7 4 8 - 7 9 0 0  

M o d e l  357 P r o c e s s  K o n i t c r  
k'ea t u . r  e& t 

I n p u t  - 4 t o  20  N i l i a m p  DC 
O u t p u t  - 0  t o  1 0 0  P s i  QTY-2 

0  t o  3 0 0  P s i  QTY-2 
A n a l o g  O u t p u t  - 0  t o  1 . 0 0 0  V o l t  f o r  I n p u t  R a n g e  
Power  S u p p l y  R e q u i r e d  - 1 1 5 / 2 3 0  VAC 
Z e r o  and  ~ a i l l  A d j u s t a b l e  
S a m p l i n g  R a g e  - 3 / S e c .  

*U.S. GOVERNMENT PRINTING ORICE:19 84 -746 -0 811 26 40 REGION NO. 4 




