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High-cyc le  fat igue  damage imparted on a  BB5 pump 
impel ler  operat ing  at  low f low operat ion  po ints  was  
ana lyzed v ia  numer ica l  methods .

A  1-way F lu id -Structure  interact ion  approach whereby a  
t rans ient  CFD subsequent ly  mapped to  a  st ructura l  FEA 
showed a  s ign i f icant  increase  in  f luctuat ing  st ress  
ranges  as  the  f low decreased.  

The authors  present  severa l  mit igat ion  opt ions  in  the  
case  where  low f low operat ion  cannot  be  avo ided.  

Abstract



A  b o i l e r  fe e d wate r  p u mp  s e r v i c i n g  a  comb i n e d  
c yc l e  p owe r  p l a nt  b e ga n  op e rat i n g  b eyon d  
a c c epta b l e  v i b rat i on  l eve l s  a n d  wa s  p u l l ed  for  
i n s p e c t i on .

• P r o b l e m  w a s  t r a c e d  t o  1 s t s t a g e  i m p e l l e r  w h e r e  
a  s e c t i o n  o f  t h e  s h r o u d  w a l l  h a d  b r o ke n  o f f.

• T h e  i n c i d e n t  l e d  t o  m o r e  f r e q u e n t  i n s p e c t i o n s  
w h i c h  f o u n d  c r a c k s  i n  t h e  1 s t s t a g e  i m p e l l e r  
w e r e  a p p e a r i n g  r e g u l a r l y.

C ra c ks  we re  fou n d  on l y i n  t h e  1 st sta ge  
i mp e l l e rs .   

• A p p e a r  b e t w e e n  3  m o n t h s  a n d  1  y e a r  o f  
o p e r a t i o n .

• S a m e  l o c a t i o n :  s h r o u d  s i d e  t r a i l i n g  e d g e  f i l l e t .

Background



Metal lurg ica l  Ana lys is  Conducted
• D i d  n o t  f i n d  a ny  a n o m a l i e s .   C o n c l u d e d  m a t e r i a l  d e fe c t s  

w e re  n o t  t h e  c a u s e .

Review of  End User ’s  Operat iona l  Data
• T h e  p u m p  w a s  o p e ra t e d  b e l o w  p re s c r i b e d  m i n i m u m  f l o w ra t e  

fo r  b r i e f  p e r i o d s .
• N o  V F D,  n o  m i n  f l o w  re c i rc  va l ve .
• E n d  u s e r  re q u e st e d  a n  i nve st i ga t i o n  a s  t o  w h e t h e r  o p e ra t i o n  

b e l o w  m i n i m u m  f l o w  c o u l d  b e  a  s o u rc e  o f  t h e  c ra c k s .

Numerica l  Ana lys is
• C F D  A n a l y s i s :   Tra n s i e n t ,  F u l l  W h e e l  w /  f ro n t  &  b a c k  l e a k  

p a t h s ,  3 0 +  re vo l u t i o n s ,  1 ° o f  ro t a t i o n  p e r  t i m e  s t e p .
• F l o w ra t e s  o f  1 0 0 %  o f  B E P,  5 0 % ,  2 5 % ,  1 7 % ,  9 % .
• P re s s u re  d a t a  t ra n s fe r re d  f ro m  C F D  t o  F E A .

Root Cause Analysis Overview



Pressure Results from CFD Input to FEA Analysis FEA Results scoped to 
area of interest

Modified Goodman 
Diagram

Transient/Cyclic Stresses
Area of InterestHigh Fidelity CFD Setup

Analysis Process Map



Bad F low increases  the  var iab i l i ty  of  the  loca l  pressure  at  the  
rotor -stator  inter face.   
A  f low v isua l i zat ion  technique in  the  CFD post  process ing  was  
used to  h igh l ight  the  reg ions  of  Bad F low .

• Ve l o c i t y  c o m p o n e n t s  w e r e  b r o ke n  d o w n  i n t o  r a d i a l  a n d  t a n g e n t i a l  f l o w.
• G o o d  F l o w  i s  w h e r e  t h e  r a d i a l  v e l o c i t y  i s  o u t w a r d  f r o m  t h e  r o t a t i n g  

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

i n d i c a t i n g  G o o d  F l o w  a n d  n e g a t i v e  d i r e c t i o n  i s  b l u e  i n d i c a t i n g  B a d  F l o w.

Centerline Plane plots of 
Tangential velocity at 100% BEP 
flowrate (LEFT) and 10% BEP 
flowrate (RIGHT).

Fluid Dynamics Analysis



Bad Flow
Ve l o c i t y  p l o t s  s h o w i n g  w h e re  f l o w  
i s  m o v i n g  ra d i a l l y  i n w a rd  ( r i g h t )  
o r  i n  t h e  o p p o s i t e  d i re c t i o n  o f  
i m p e l l e r  ro t a t i o n  ( l e f t ) .   

T h e  B a d  F l o w  i s  c o l o re d  B l u e .

At  1 0 0 %  B E P,  n e a r l y  a l l  t h e  f l o w  i s  
m o v i n g  i n  t h e  p ro p e r  d i re c t i o n s .

At  9 %  B E P,  9  o u t  o f  1 2  d i f f u s o r  
p a s s a ge s  a re  f u l l y  s t a l l e d .  
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9% BEP Flowrate

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

D i f f u s o r  
p a s s a g e ’s  f l o w  
d i r e c t i o n  i s  
b a c k w a r d s !

F l o w  e n t e r i n g  
t h e  i m p e l l e r ’s  
o u t l e t  

Bad Flow at Rotor-Stator Interface



Pressure Data at the Impeller OD

0

5

10

15

20

25

0 0.5 1 1.5 2 2.5 3

p
g

[b
ar

]

rotor rev. [-]

50% BEP @ ps 

0

5

10

15

20

25

0 0.5 1 1.5 2 2.5 3

p
g

[b
ar

]

rotor rev. [-]

100% BEP @ ps

0

5

10

15

20

25

0 0.5 1 1.5 2 2.5 3

p
g

[b
ar

]

rotor rev. [-]

25% BEP @ ps

0

5

10

15

20

25

0 0.5 1 1.5 2 2.5 3

p
g

[b
ar

]

rotor rev. [-]

17% BEP @ ps

Location: ps 

A  M o n i t o r  P o i n t  i n  t h e  
C F D  a n a l y s i s  w a s  u s e d  
t o  u n d e r s t a n d  t h e  
v a r i a b i l i t y  o f  t h e  
i n s t a n t a n e o u s  p r e s s u r e .

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



Pressure & Head Analysis
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T h e  t o t a l  d i f f e r e n t i a l  h e a d  a c r o s s  
t h i s  s t a g e  ( i n l e t  t o  o u t l e t )  d o e s  n o t  
p r o d u c e  l a r g e  f l u c t u a t i o n s  ( <  3 % ) ,  
e v e n  a t  l o w  f l o w r a t e s .

T h e  v a r i a b i l i t y  o f  t h e  R M S  p r e s s u r e  
a t  t h e  M o n i t o r  P o i n t i s  g e n e r a l l y  l o w  
a s  w e l l  ( <  1 2 % ) ,  e v e n  a t  l o w  f l o w s .

T h e  v a r i a b i l i t y  o f  t h e  i n s t a n t a n e o u s  
p r e s s u r e  a t  t h e  M o n i t o r  P o i n t ,  
m e a s u r e d  p e a k - t o - p e a k  i s  q u i t e  h i g h  
( > 8 0 % ) .  
• T h i s  o c c u r r e n c e  w o u l d  n o t  b e  a b l e  

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

Inlet
Outlet



Structural Analysis
M a p p i n g  t h e  t ra n s i e n t  p re s s u re  a n d  
a d d i n g  a  c e n t r i f u ga l  l o a d  t o  t h e  
s t r u c t u ra l  F E A  re ve a l e d  a  p e a k  s t re s s  
l o c a t i o n  w h i c h  c o i n c i d e s  w i t h  t h e  
l i ke l y  a re a  o f  c ra c k  i n i t i a t i o n .



T h e  p e a k  s t re s s  fo r  t h e  
c r i t i c a l  f i l l e t  l o c a t i o n  wa s  
p l o tt e d  a t  e a c h  o f  t h e  7  
b l a d e s  fo r  va r i o u s  
f l o w ra t e s .

T h e  p e r i o d i c  n a t u re  o f  t h e  
s t re s s  i s  a  re s u l t  o f  a n  
i n c re a s e  i n  l o c a l  p re s s u re  
a s  t h e  i m p e l l e r  b l a d e  
ro t a t e s  p a st  t h e  d i f f u s o r  
va n e .

Structural Analysis



A s  f l o w r a t e  d e c r e a s e s ,  t h e  s t r e s s  
r a n g e  i n c r e a s e s  s i g n i f i c a n t l y.
• 4 x  a t  1 8 %  B E P  v s .  1 0 0 %  B E P !

Structural Analysis



C yc l i c  s t re s s e s  w e re  
ex t ra c t e d  f ro m  t h e s e  p l o t s  
fo r  t h e  p u r p o s e  o f  fa t i g u e  
a n a l y s i s .

N o t e :   o n l y  1 2 0  d e g re e s  o f  
ro t a t i o n  w a s  c o n s i d e re d  
d u e  t o  c o m p u t a t i o n a l  
c o n st ra i n t s .   I t  i s  q u i t e  
p o s s i b l e  t h a t  h i g h e r  p e a k  
s t re s s e s  w e re  n o t  c a p t u re d .   

Structural Analysis



Fatigue Analysis

C yc l i c  s t re s s e s  w e re  
ex t ra c t e d  f ro m  t h e s e  
p l o t s  fo r  t h e  p u r p o s e  
o f  fa t i g u e  a n a l y s i s .

L a rge  re d u c t i o n  i n  
fa c t o r  o f  s a fe t y  w i t h  
re s p e c t  t o  I n f i n i t e  L i fe  
w i t h  d e c re a s i n g  f l o w.

M a t e r i a l  i s  C A 6 N M



Fatigue Analysis Summary

A l t h o u g h  M o d i f i e d  G o o d m a n  fa t i g u e  a n a l y s i s  t e c h n i c a l l y  i n d i c a t e d  
“ i n f i n i t e  fa t i g u e  l i fe ”  fo r  t h e  i m p e l l e r  a t  l o w  f l o w s ,  t h e  va r i a b i l i t y  
o f  t h e  m a ny  i m p o r t a n t  o f  i n p u t s  m e a n s  w e  a re  n o t  s u r p r i s e d  b y  t h e  
re s u l t  o f  n u m e ro u s  b u t  n o t  a l l  t h e  s e ve n  i m p e l l e r  b l a d e  f i l l e t s  
ex p e r i e n c i n g  c ra c k  i n i t i a t i o n  a n d  g ro w t h .

Po t e n t i a l  s o u rc e s  o f  e r ro r  i n  Fa t i g u e  L i fe  A n a l y s i s  c a l c u l a t i o n s :
• C o r r o s i o n  e f f e c t s  i g n o r e d
• R e s i d u a l  S t r e s s e s  f r o m  c a s t i n g / q u e n c h i n g

• S t r e s s  r i s e r s  f r o m  t h e  f i l l e t  b e i n g  r o u n d e d  b y  h a n d  g r i n d i n g
• S t r e s s  r i s e r s  f r o m  u n d e r s i d e  o f  f i l l e t  b e i n g  a  ‘c a s t  s u r f a c e ’
• F a t i g u e  l i f e  o f  c a s t  s u r f a c e  h a s  h i g h  s c a t t e r

• P r e s s u r e  d a t a  w a s  o n l y  s a m p l e d  f o r  1 2 0  d e g r e e s  o f  r o t a t i o n
• S p e c i f i e d  t r a i l i n g  e d g e  f i l l e t  v a l u e  o f  R = . 0 2 m m  i s  c r e a t e d  b y  h a n d  

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



T h e  c ra c k s  o n  t h e  i m p e l l e r  w e re  h i g h l y  l i ke l y  t o  h ave  
b e e n  c a u s e d  b y  t h e  i n c re a s i n g  s t re s s e s  a t  t h e  c r i t i c a l  
a re a  w h e n  f l o w  w a s  re d u c e d  b e l o w  2 0 %  o f  t h e  B E P  
f l o w ra t e .

Fa t i g u e  l i fe  c a l c u l a t i o n s  h ave  a  h i g h  l e ve l  o f  
u n c e r t a i n t y  d u e  t o  t h e  va r i a b i l i t y  o f  m a ny  o f  t h e  
i n p u t s .

• C F D  m a y  n o t  h a v e  c a p t u r e d  t h e  h i g h e s t  p r e s s u r e -
p u l s a t i o n  t h e  i m p e l l e r  e x p e r i e n c e s  d u e  t o  t h e  
c o m p l e x  n a t u r e  o f  s i m u l a t i n g  c h a o t i c  f l o w.

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

M i t i ga t i o n  e f fo r t s  t o  re d u c e  s u s c e p t i b i l i t y  t o  h i g h  
c yc l e  fa t i g u e  a re  d i s c u s s e d  i n  t h e  s u b s e q u e n t  s l i d e .   

Summary



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

• T h i s  s t u d y  s h o w s  c y c l i c  f a t i g u e  d a m a g e  c a n  b e  a  c o n c e r n  w i t h  r e s p e c t  t o  
O E M s  s p e c i f y i n g  a  m i n i m u m  f l o w r a t e .  

• M i t i g a t i o n  e f f o r t s  w i t h  r e s p e c t  t o  i m p e l l e r  d e s i g n i n c l u d e :
• R e d u c i n g  t h e  o u t e r  d i a m e t e r  o f  t h e  i m p e l l e r  i n  o r d e r  t o  i n c r e a s e  t h e  g a p  

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

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

• M i t i g a t i o n  e f f o r t s  w i t h  r e s p e c t  t o  p u m p  o p e r a t i o n  i n c l u d e :   

• D o  n o t  o p e r a t e  b e l o w  m i n i m u m  f l o w  ( ~  3 0 %  B E P )
• R e d u c e  m o t o r  s p e e d  ( u t i l i z e  V F D )  t o  r e d u c e  f l o w.
• A d d  a n  a u t o m a t i c  r e c i r c u l a t i o n  v a l v e .

Lessons Learned


